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Abstract 

 

The lower shoreface is an important part of the coast because it is the foundation of the beach 

and dunes that prevent the hinterland from flooding. The lower shoreface has been under 

reviewed and sediment transport and the morphodynamics have been poorly quantified. The 

study objectives are therefore to quantify the large-scale bed level changes, find the 

responsible sediment exchanges and validate the transport model results of Grasmeijer et al. 

(2022). Bathymetric changes based on Vaklodingen between 2019-2017 and transport data 

between 2013-2017 from Grasmeijer et al. (2022) are combined to study the shoreface of the 

Dutch Holland coast in different zones (both longshore and depth-dependant cross-shore). 

The results show flattening of the lower shoreface due to larger net erosion in the shallow part 

compared to the deeper part. Three sections were identified: an eroding northern section, an 

accumulating central section and a stable southern section. The modelled transport data 

shows an increasing total and longshore transport towards the north due to increasing tidal 

flood dominance (Grasmeijer et al., 2022). The overall onshore-directed cross-shore transport 

increased towards smaller water depths. The modelled transports were shown to result in 

longshore and cross-shore exchanges. These are dependent on the transport magnitude, the 

shoreface width and the vicinity of mega nourishment. The shoreface width modulates the 

length of the lateral boundaries and seaward boundary is curving so that transport is oblique 

to this boundary along the majority of the shoreface This results in alongshore sediment 

exchanges for the different zones. Additionally, bathymetry- and transport-based sediment 

volume changes are determined and compared. The volumes show almost no resemblance. 

Possible explanations are inaccuracies of the bathymetric data, the excluded sediment 

exchange with the upper shoreface and the excluded effect of undertow in the transport model 

results. Vaklodingen result seem to result in uncertainties so the results must be considered 

carefully. The combination of bathymetric data and modelled transport data however is a useful 

method to study the lower shoreface. 
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1. Introduction 

 

1.1 Background information and problem formulation 

The shoreface is the sloping transition zone between the coastline and the continental shelf. 

The shoreface forms the foundation of the subaerial dunes and beach that function as natural 

barriers to safeguard the hinterland from flooding hazards (e.g. Quataert et al., 2021). It is 

therefore necessary maintain the coastal foundation. With that, an artificial supply of sand is 

required to the coastal zone to counteract coastal recession and prevent flooding because of 

the rising sea levels (Rijkswaterstaat, 2020; van der Werf et al., 2017). In the Netherlands, it is 

coastal management policy since 1990 is to supply sand to the coastal foundation (see Figure 

1) using shoreface nourishments to make sure that the coast is in an dynamic equilibrium. This 

strategy of shoreface nourishments depends on natural processes to transport and distribute 

the sand from the nourished area to the regions where it is needed the most (e.g. Brand et al., 

2022). However, to effectively apply shoreface nourishments to maintain the coastal 

foundation, it is necessary to understand the bed-level evolution of the shoreface (Hinton & 

Nicholls, 2007) and the processes that are responsible (e.g. Grasmeijer et al., 2022; Spek et 

al., 2020; Vermaas et al., 2015). 

The hydrological and morphological processes across the shoreface are driven by a dynamic 

mixture of waves, tides and currents. Because of the large extent of the shoreface and the 

seaward decaying water depth, processes are spatially variable. As a result, the shoreface can 

be split up in the shallow upper and deeper lower shoreface. The upper shoreface is prone to 

wave processes such as breaking, dissipation, return and longshore currents. The upper 

shoreface is active and responds morphodynamically on short timescales (i.e. days to years). 

The lower shoreface is generally driven by shoaling waves and tidal processes and is much 

less active and responds on much larger timescales (i.e. years to decades) (e.g. Ortiz & 

Ashton, 2016; Vermaas et al., 2015). Sediment transport processes and morphodynamics on 

the upper shoreface have received much more attention compared to the lower shoreface as 

a result (Anthony & Aagaard, 2020). Small morphodynamic changes over large surface areas 

such as the lower shoreface result in the exchange of large sediment volumes (Anthony & 

Aagaard, 2020). Therefore, the lower shoreface requires more focus.  

Nevertheless, progression has been made over the past decades to better understand the 

lower shoreface. The lower shoreface has received increasing interest with regard to sediment 

shortage due coastal recession and the sea level rise (Aagaard, 2011, 2014; Backstrom et al., 

2009; Grasmeijer et al., 2022; Kleinhans & Grasmeijer, 2006; Ortiz & Ashton, 2016; Patterson 

& Nielsen, 2016; Spadon, 2000; Vermaas et al., 2015; Walburg, 2005). This occurred 



5 
 

especially in the Netherlands since the new coastal policy in 1990. However, it remains difficult 

to scale up transport processes towards lower shoreface scales using models (Anthony & 

Aagaard, 2020). Transport processes are sometimes not included in models which causes 

uncertainty (e.g. Knook, 2013). The recent study of Grasmeijer et al. (2022) presents a useful 

transport model for the Dutch shoreface, however the results of the model have not been 

validated morphodynamically. Moreover, field measurements on the lower shoreface are 

lacking (Anthony & Aagaard, 2020) and consequently models are difficult to calibrate and 

validate. Bathymetric data often does not cover the entire depth range of the lower shoreface 

(Van Rijn, 1997; Walburg, 2005) and responsible transport processes cannot be derived from 

bathymetry only (Spadon, 2000; Vermaas et al., 2015). 

Combining bathymetric data and a transport model is potentially a powerful method to increase 

our understanding of the lower shoreface in terms of sediment exchanges and 

morphodynamics. Hence, van Rijn (1997) set up a sediment budget model for the Holland 

coast with such an approach. However, they could only validate the budget model for the zone 

landward of -12 m water depth by hindcasting the morphodynamic change because of the 

limited bathymetric data. The bathymetric data is least covering the shoreface for the Holland 

coast (Walburg, 2005). Consequently, the zone of the lower shoreface between -12 and -20 m 

was not validated properly. The knowledge on bed level (or volumetric) changes on the Dutch 

lower shoreface and the responsible sediment exchanges is therefore incomplete and should 

be expanded. The problem is addressed with this study through a combination of recent 

bathymetric data and the newly set-up transport model by Grasmeijer et al. (2022). 
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Figure 1: The Dutch shoreface and the study area (yellow box). 

 

1.2 Objectives and approach 

The research question is: 

1. How did the largescale bathymetry on the Dutch lower shoreface evolve over the last 

decade and what are the responsible sediment exchanges on the Dutch lower shoreface? 

The objectives for this study are as follows: 

1. Quantification of the recent large-scale bed level changes across the lower shoreface 

of the Dutch Holland barrier coast to determine the spatial distribution. 

2. Determination of the dominant sediment exchanges that are responsible for these 

large-scale bed level changes.  

3. Morphodynamical validation of the lower shoreface transport model from Grasmeijer et 

al. (2022) for the Dutch Holland barrier coast.  

Bathymetric data between 2008 and 2017 are used based on Vaklodingen to study the bed 

large-scale level changes in a number of subdivided zones of the lower shoreface. These 

results are combined with modelled shoreface sediment transport rates between 2013-2017 
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from Grasmeijer (2018) and Grasmeijer et al. (2022) to determine the sediment exchanges. 

The analyses are used to determine the recent (past decade) evolution of the lower shoreface 

in terms of bed level changes and the responsible sediment exchanges. To achieve the thrid 

goal, sediment volume changes based on both the measured bathymetry and on the modelled 

sediment transport are determined and compared.  

 

1.3 Reading guide 

The water depth in this study is given as m NAP which is the depth with respect to the Dutch 

datum for the mean sea level. Chapter 2 provides a literature review about shoreface transport 

mechanisms and the Dutch shoreface hydrodynamics, sediment transport and 

morphodynamics.  Chapter 3 is a description of the methods used to achieve the objectives. 

Chapter 4 includes the results of the bathymetric and transport analyses. A discussion of the 

results is presented in Chapter 5 and Chapter 6 holds the conclusions for this study. The study 

contains an appendix and a reference list as well.  
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2. Literature review 

 

2.1 Shoreface transport mechanisms 

 

2.1.1 Cross-shore transport 

In order to be able to explain bathymetric changes on the shoreface, it is important to 

understand the underlying transport mechanisms. In this section the transport processes are 

discussed for the shoreface. Whereas this study focuses on the lower shoreface, it was chosen 

to include the upper shoreface here as the upper and shoreface are coupled in terms of the 

dynamics (Hinton & Nicholls, 2007) and the extent of some of the processes is of not entirely 

restricted to either the upper or the lower shoreface. 

As mentioned before, the upper shoreface is much more active in terms of morphodynamics 

and on shorter timescales compared to the lower shoreface. The upper shoreface 

encompasses the depth range including the surf and swash zone. Therefore, the bed is 

frequently agitated by wave effects. Large sediment transport rates therefore occur on the 

upper shoreface, especially during storm events (e.g. Anthony, 2013; Backstrom et al., 2009; 

Castelle et al., 2015; Holman et al., 1978; Loureiro et al., 2012; Thornton et al., 2007; Vidal-

Ruiz & Ruiz de Alegría-Arzaburu, 2019; Witteveen, 2012). On the upper shoreface, the 

direction and magnitude of cross-shore sediment transport are determined by the combination 

of mechanisms that have been studied extensively (Aagaard, 2011; Aagaard & Greenwood, 

1994; Aagaard & Kroon, 2007; Backstrom et al., 2009; Baldock, Manoonvoravong, & Pham, 

2010; Battjes, Bakkenes, Janssen, & Van Dongeren, 2004; Bertin et al., 2018; De Bakker, 

Herbers, Smit, Tissier, & Ruessink, 2015; Hassan & Ribberink, 2005; Hoekstra et al., 1997; 

Hsu, Elgar, & Guza, 2006; Knook, 2013; Mariño-Tapia, Russell, O’Hare, Davidson, & Huntley, 

2007; Navas, Cooper, Malvares, & Jackson, 2001; Nielsen, 2006; Reniers, Macmahan, 

Thornton, & Stanton, 2006; Ruessink, Houwman, & Hoekstra, 1998; Ruessink, Ramaekers, & 

Van Rijn, 2012; Van Rijn, 1997; Verschure, 2014; Witteveen, 2012).  

Much less attention has been attributed to the lower (Hamon-Kerivel et al., 2020). Similar to 

the upper shoreface, waves and mean currents induce cross-shore transport on the lower 

shoreface (Aagaard, 2011; Backstrom, et al., 2009; Héquette et al., 2008). However, the rates 

of sediment transport are much lower resulting in slower adaptations of the sea bed (e.g. 

Vermaas et al., 2015). The impact of waves diminishes towards the lower shoreface and hence 

wave-driven transport as well (e.g. Aagaard, 2014; Héquette et al., 2008; Kleinhans & 

Grasmeijer, 2006; Knook, 2013). Transport on the shoreface is often dominated by currents 
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however waves mobilize the sediment and may contribute significantly to the net transport 

(King et al., 2019; Kleinhans & Grasmeijer, 2006; Van Dijk & Kleinhans, 2005). Wave 

skewness, up- and downwelling by wind-induced,  density-induced currents and return 

currents determine the cross-shore transport on the lower shoreface (e.g. Aagaard, 2011, 

2014; Backstrom et al., 2009; Grasmeijer, 2018; Grasmeijer et al., 2022; Knook, 2013; Loureiro 

et al., 2012; Ortiz & Ashton, 2016; Patterson & Nielsen, 2016; Stive & de Vriend, 1995; van 

Rijn, 1997).  

The following cross-shore transport mechanisms are present on the shoreface: 

• Wave skewness (onshore transport) – the onshore directed orbital velocities under a 

wave slightly exceed those offshore, resulting in a net-onshore transport. This 

increases with decreasing water depth and is thus variable in the cross-shore. Low-

sloping shorefaces also result in larger transport by wave skewness. 

• Wave streaming (onshore transport) – Waves induce a current in the direction of wave 

propagation in the boundary layer close to the bed. This increases with decreasing 

water depth and is thus variable in the cross-shore. Similar to wave skewness, it 

increases with decreasing water depth. Low-sloping shorefaces also result in larger 

transport by wave skewness. 

• Return currents (offshore transport) – Onshore propagating waves and surges 

transport of water to the shore. This causes the formation of return currents (undertow 

and rip currents) to balance this onshore transport in mass. The magnitude is 

dependent occurs primarily in the zone of wave breaking and is slope-dependant. It 

thus increases during storms. Steep sloping shoreface generally tend to enhance 

offshore transport by return currents.  

• Wind-induced currents (offshore/onshore transport) – Onshore (offshore) winds drive 

an onshore (offshore) surface current. To balance this in terms of mass conservation, 

a bottom return current is often present causing net-transport in one direction. This is 

called upwelling/downwelling based on the direction. 

• Density-induced currents (onshore transport) – Stratification near freshwater outflows 

may cause the formation of a low-density lens on top of dense seawater. The lateral 

expansion of this lens is balanced by a bottom current towards the shore, causing net 

onshore transport. 

• Infragravity waves (onshore/offshore transport) – Infragravity waves generate currents 

that interact non-linearly with stirred sediment by incident waves. This results in 

onshore or offshore transport depending on the conditions and water depth and occurs 

primarily in the surf and swash zone during storms, close to the beach. 
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The hydrodynamic sediment transport processes on the upper shoreface have been measured 

frequently in the field during all sorts of conditions or in laboratory environments (Baldock et 

al., 2010; Battjes et al., 2004; De Bakker et al., 2015; Hassan & Ribberink, 2005). This allows 

for a good quantification of the above cross-shore processes on the upper shoreface. The data 

from field measurements (e.g. Witteveen, 2012)  have been used widespread to set-up good-

functioning and quite accurate models (Giardino et al., 2010; Huisman et al. 2019, 2018; 

Roelvink et al., 2009; Ruessink et al., 1998). 

Cross-shore transport on the lower shoreface has been poorly quantified (Aagaard, 2014). 

Several challenges complicate studying processes on the lower shoreface. Upscaling the 

short-term transport processes to large temporal and spatial scales faces challenges such as 

including non-linear behaviour (e.g Aagaard, 2014; de Boer, 2009; Van de Meene & Van Rijn, 

2000). Modelling results depend heavily on the hydrodynamic input and the probability of the 

conditions (e.g. Grasmeijer et al., 2022; Kleinhans & Grasmeijer, 2006). To cope with such 

processes lower shoreface transport and hydrodynamic processes are often parametrised and 

as a result the model results are uncertain (e.g. Aagaard, 2014; Kleinhans & Grasmeijer, 2006; 

Ortiz & Ashton, 2016; Ruessink et al., 2012; Stive & de Vriend, 1995). Besides, the relative 

contribution of the different mechanisms cannot be derived from parametrized models because 

they are not process-based. In other cases transport mechanisms are not implemented in the 

models, e.g. Knook (2013) excluded density-driven currents in their model. Bathymetric 

measurements and budget studies are a solution to the above challenges to understand how 

transport processes affect the lower shoreface such as for Backstrom et al. (2009). However, 

the data coverage of bathymetric measurements is often too limited in terms of spatial extent 

and/or temporal resolution such as for van Rijn (1997) and Walburg (2005). On a smaller scale, 

there is a lack of data of the lower shoreface processes because measuring transport is difficult 

(da Motta, Toldo, de Almeida, & Nunes, 2015; Kleinhans & Grasmeijer, 2006) since installing 

and retrieving measuring equipment is more difficult in large water depths (Anthony & Aagaard, 

2020). Consequently, shoreface research has been heavily focused towards the upper 

shoreface whereas the lower shoreface is under reviewed in terms of sediment transport. 

 

2.1.2 Longshore transport 

Longshore transport on the shoreface may be dominant over cross-shore transport 

(Grasmeijer et al., 2022; Héquette et al., 2008; Kleinhans & Grasmeijer, 2006). This is the case 

for the Holland coast as well. With that it is important to know the current state of knowledge 

of longshore transport mechanisms as well.  
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Wave-driven currents generally dominate the alongshore transport on the upper shoreface, 

especially in cases where to propagate obliquely to the shoreline. In some cases wind strongly 

affects the longshore transport (Aagaard, 2011; Grasmeijer et al., 2022; Héquette et al., 2008). 

Towards the lower shoreface wave-driven transport diminishes (Patterson & Nielsen, 2016) 

and (net) transport due to the tide becomes dominant (Grasmeijer et al., 2022; Héquette et al., 

2008; Kleinhans & Grasmeijer, 2006; Van de Meene & Van Rijn, 2000).  

On shoreface scales, longshore transport is sometimes determined as an input or output value 

to assess the sediment budget of the shoreface (Aagaard, 2011; Brunel et al., 2014; da Motta 

et al., 2015; Hapke et al., 2010). Though, it is difficult to measure longshore transport (da Motta 

et al., 2015) and hence the longshore transport values are therefore mere estimates and 

consequently include uncertainty (Hapke et al., 2010). On smaller scales, measurements have 

contributed to our knowledge of the local conditions (Aagaard, 2011; Héquette et al., 2008; 

Kleinhans & Grasmeijer, 2006; Van de Meene & Van Rijn, 2000) and models predict the 

hydrodynamics and transport processes with reasonable accuracy, mostly on cross-shore 

profile or nourishment scales (e.g Giardino, van der Werf, & van Ormondt, 2010; Grunnet, 

Walstra, & Ruessink, 2004; Hoekstra et al., 1997; B. G. Ruessink, Miles, Feddersen, F.Guza, 

& Elgar, 2001). However, most studies focus on the upper shoreface again most of the time. 

Additionally, studies that describe alongshore transport on the shoreface either focus on the 

sediment budget of an entire coast (Aagaard, 2011; Brunel et al., 2014; da Motta et al., 2015; 

Hapke et al., 2010) or on scales much smaller (a single location, cross-shore profile or a 

nourishment) (Giardino et al., 2010; Héquette et al., 2008; Hoekstra et al., 1997; Kleinhans & 

Grasmeijer, 2006; Ruessink et al., 2001). There is only a limited amount of studies about the 

effects of longshore transport on a scale in between (i.e. for different locations along a 

shoreface): Grasmeijer et al. (2022) and van Rijn (1997) studied alongshore variations in 

alongshore transport at different locations along the Dutch coast and Aagaard (2011) along 

the Danish coast. They all show that transport gradients are significant along a coastline. In 

the case of van Rijn (1997) and Aagaard (2011) they are explanatory for observed sediment 

volume changes along the shore in combination with cross-shore transport. The longshore 

transport gradients and their effect on shoreface bed level changes should therefore not be 

neglected. The results of Grasmeijer et al. (2022) have not been validated in a 

morphodynamical sense yet. However, the the hydrodynamic output was validated and 

showed a good reprentation of the observed conditions. 
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2.2 The shoreface of the Holland coast 

This study focuses on the shoreface of the Holland along the Dutch closed barrier coast. In 

this section, we elaborate on this research area specifically to determine the existing 

knowledge about sediment transport and bed level changes.  

 

2.2.1 The Holland coast 

Van der Werf et al. (2017) performed an extensive literature study of the Dutch shoreface, 

which is very useful for this study. We refer to them for a more extensive literature study. The 

study area of this study encompasses the lower shoreface of the closed barriers coast of 

Holland. This is the zone between -20 (the seaward limit of the coastal foundation) and -10 m 

depth contour, see the yellow box in Figure 1. The lower shoreface has a variable width along 

the shore. At the south, it is around 5 km wide. In the central part is around 12 km wide and 

diminishes again towards the north where it has a width of roughly 6 km. The lateral ends of 

the lower shoreface are bordered by the Zeeland estuaries including the Meuse and Rhine 

river mouths in the south and by the Texel inlet of the Wadden in the north. The 

Noordzeekanaal splits the barrier coast in a northern and southern part. At the central part of 

the coast, a zone of shoreface-connected ridges is present (Van de Meene & Van Rijn, 2000). 

The closed barrier coast formed when the sea level rise levelled out during the Holocene 

around 5000 BP and the coast went from a retreat towards a stable coast (Van der Werf et al., 

2017). The inlet systems from the period of coastal retreat were filled with sediments and due 

to peat formation and a barrier could form, closing the coastline. The shoreface geology 

consists of Holocene and Pleistocene sediments and with that it there is abundant sediment 

available for transport (Van der Werf et al., 2017).  

 

2.2.2 Hydrodynamic and wind conditions 

The hydrodynamics are the driving forces behind sediment transport and hence bed level 

changes. The general hydrodynamic setting is therefore briefly described in this section. The 

knowledge on the hydrodynamics on the Dutch lower shoreface has progressed sufficiently 

and models have been developed to simulate the hydrodynamics with small errors only (e.g. 

Grasmeijer et al., 2022; Zijl et al., 2018). The hydrodynamics on the lower shoreface of the 

Holland coast include waves, wave-driven currents, tidal currents, wind-induced currents and 

density-driven currents (Van der Werf et al., 2017). The tidal range decreases from 1.76 near 

Scheveningen to 1.60 m near Callantsoog (Van der Werf et al., 2017). The combination of 

currents results in alongshore currents. Semidiurnal tides propagate from south to north and 
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due to interaction with the shoreface and shelf, the waves develop an increasing tidal 

asymmetry towards the north (Dronkers, 1986; Grasmeijer et al., 2022). The flood currents 

dominate over the ebb currents, hence resulting in northward directed depth-averaged residual 

currents. These are primarily directed along the shore. The ratio of maximum flood currents 

over the sum of maximum flood and ebb currents increases northward from 0.57 at offshore 

of Scheveningen to 0.60 offshore of Callantsoog (Grasmeijer et al., 2022). On the upper 

shoreface, tidal currents diminish towards shallow water depths and wave-driven alongshore 

currents dominate (Giardino et al., 2010; Ruessink et al., 2001). The wave and wind regime 

includes a dominant southwestern direction and wave heights increase northwards from a 

mean significant wave height of 1.06 m offshore at Scheveningen to 1.19 m offshore at 

Callantsoog. In the North, the tidal currents near the Texel are probably slightly affected by 

tidal inlet processes according to Elias & Van Der Spek (2017). Storms events are important 

in the study area and may cause large increases in the significant wave height (up to 7 m 

offshore at Egmond), especially when the wind blows from the northwest (de Winter et al., 

2015). The hydrodynamics are influenced by an annual fresh water supply of 2500 m3/yr of the 

Rhine-Meuse river mouths at the southern end of the coast (de Boer, 2009). It creates a 

stratified plume along the shore with dense salt water at the bottom and a freshwater lens on 

top. The extent of this plume is variable based on the mixing conditions and may cover nearly 

the entire shoreface of the Holland coast. This results in a radial seaward flow at the sea 

surface and balancing onshore-directed bottom currents (upwelling). Onshore winds 

counteract and offshore winds reinforce this effect (Van de Meene & Van Rijn, 2000). Whereas 

the annual depth-averaged residual currents were calculated to be dominated by the tide, near-

bed residual velocities were primarily onshore due to the effects of density and wind 

(Grasmeijer et al., 2022). 

 

2.2.3 Sediment transport 

Such as stated earlier, transport is generally poorly quantified on the lower shoreface. This 

subsection focuses on lower shoreface transport for the Holland coast to determine what the 

current state of knowledge is for this area. 

Local sediment transport on the lower shoreface of Holland was determined by Kleinhans & 

Grasmeijer (2006) and Meene & Van Rijn (2000). Kleinhans & Grasmeijer (2006) developed a 

bedload transport predictor in water depths using hydrodynamic measurements between 13-

18 m water depth near Noordwijk. Waves are important for mobilizing sediment and promote 

gross transport by tidal currents. Waves were relatively unimportant for net transport however, 
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which was in the direction of the tidal flood currents. The prediction model showed much lower 

bed load transport rates compared to other studies such as an Rijn (1997). 

Similar transport mechanisms were observed by van de Meene & Van Rijn (2000) for both 

bedload and suspended load at a similar water depth at Zandvoort on top of a shoreface-

connected ridge. During fair weather conditions, transport primarily occurred in a 2-hour 

window around the peak tidal currents when the currents exceeded a threshold value for 

transport. During storm conditions, waves stirred sediment more easily and transport was 

dominated by mean fluxes. Density driven-residual currents resulted in a secondary onshore 

transport component.  

Knook (2013) studied cross-shore transport along a cross-shore profile of the shoreface at 

Noordwijk for the 5 m depth contours. The effect of density is excluded from the Unibest-TC 

transport model when in fact density effect on sediment transport has been found to be non-

neglectable on the Holland shoreface (Grasmeijer et al., 2022; Van Rijn, 1997). Nonetheless, 

their model results show net onshore transport comminated by waves and offshore transport 

comminated by return currents on the lower and upper shoreface, respectively. Adding waves 

with a variable angle and tidal currents reversed this pattern and caused offshore transport 

dominated by the tidal currents on the lower shoreface and onshore wave-related transport on 

the upper shoreface.  

Van Rijn (1997) and Grasmeijer et al. (2022) set up models to simulate the longshore and 

cross-shore transport for the shoreface of Holland and the entire Dutch coast, respectively. 

Van Rijn (1997) set up a combined known sources and sinks of sediment with gradient-driven 

transport formulations. Their calculations identify density-driven currents as the dominant 

transport mechanism for cross-shore transport at the seaward boundary of the shoreface at 

20 m water depth. Transport induced by wave skewness effect, infragravity waves, Longuet-

Higgens streaming and return currents is negligible according to their calculations on this 

boundary. In 8 m water depth, these mechanisms are much more important and density-driven 

currents were the weakest mechanism. However, the cross-shore transports at the 8 m water 

depth were uncertain. The longshore transport increases northward and is nearly restricted to 

the surf zone near the breaker bars, although the annually integrated value show large 

uncertainties.  

Grasmeijer et al. (2022) computed annual transport rates at the Dutch lower shoreface using 

a Delft3D model. The modelled transports of Grasmeijer et al. (2022) have not been validated 

yet morphodynamically. The transport rates show that the tidal asymmetry is dominant and 

results in an increasing alongshore transport towards the north. Through a sensitivity analysis, 

they showed that density- and wind-effects significantly affected the transport. Density-effects 
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promoted onshore transport and counteracted longshore transport towards the north. Wind 

effects diminished onshore transport and reinforced longshore transport towards the north. 

The sensitivity of return currents was tested as well. Including return currents reduced annual 

transport across the seaward boundary at 20 m water depth with 11-20 percent. This is in 

contrast to van Rijn (1997) who estimated that return currents were negligible at such water 

depths. Variable conditions for the years studied (2013-2017) also resulted in variable 

transports across the boundary at 20 m water depth, showing the importance of the forcing 

hydrodynamic conditions. 

There is clearly no agreement on the magnitudes and importance of transport mechanisms for 

the shoreface of the Holland coast. The different studies indicate different magnitudes and the 

dominant transport mechanisms differ. This is probably the result of different approaches 

and/or because different sites were studied at different times where the conditions differ. 

Comparing results derived from different locations, at different times and with different methods 

should be done very carefully to avoid the apparent differences in the sediment transport 

magnitudes. To solve this problem it is recommended to apply a single method to the entire 

shoreface of Holland such as for the model studies of van Rijn (1997) and Grasmeijer et al. 

(2022).  

 

2.2.4 Local and regional morphodynamics 

Studying the bed level changes and understanding the processes responsible requires a basal 

knowledge of the morphodynamics of the studied area. Here the currents knowledge is 

explained about the morphodynamics of the Holland shoreface. These are split into 

local/regional and large-scale (= shoreface scale) morphodynamics. 

The central part of the shoreface near the Noordzeekanaal is affected by a large field of 

shoreface-connected ridges with a SW-NE orientation. However, it is not certain how these 

morphodynamic features affect the sediment on the lower shoreface of Holland (Spek et al., 

2020). They seem to be affected by a combination of the persistent tidal currents along the 

shore and waves during storm events (Van de Meene & Van Rijn, 2000). Hence, their 

orientation is not entirely the same as the dominant tidal currents. The shoreface-connected 

ridges propagate northward with the tidal currents however, meaning that accumulation occurs 

at the north and erosion at the south of the ridges. These dynamics result in dropping and 

rising bed levels on the central part of the lower shoreface. 

In the same region, sand waves with amplitudes over a meter are superimposed on the 

shoreface-connected ridges (Van Dijk & Kleinhans, 2005). At 14-18 m water depths, waves 
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stirred tidal currents moved the sediment, resulting in large migration rates. Offshore in 26-30 

m water depths, the effect of waves was restricted to storm events only, hence the migration 

rates were much smaller. Similar to the shoreface-connected ridges, the movement of these 

features induce bed level variations in the sandwave regions (Van Dijk & Kleinhans, 2005; 

Vermaas et al., 2015).  

The morphodynamics of the Holland shoreface are anthropogenically affected. Harbour 

seawalls and groynes on the upper shoreface in shallow water induce flow convergence and 

with that erosion of the deep part of the upper shoreface and also the upper part of the lower 

shoreface. This has a steepening effect the middle part of the shoreface (Van Rijn, 1997).  

Shoreface nourishments occur on the upper shoreface shoreward of -10 m according to 

Huisman et al. (2019). They studied the evolution of large number of shoreface nourishments. 

The zones seaward of the nourishments also showed a decrease in the sediment volume 

indicative of erosion. This is the cause of increased wave skewness and consequential 

onshore transport seaward of the nourishment zones. Thus, the upper part of the lower 

shoreface is prone to this effect. Mega nourishments such as the Sandmotor extend further 

seaward even onto the lower shoreface and thus induces artificial bed level changes. Because 

the convergence of flow, this results in increased alongshore transport at the tip of the mega 

nourishment and thus erosion (= decrease in bed level) (Huisman et al., 2018). For the 

Hondschbosche Duinen mega nourishment, such effects are not yet studied but assumed to 

be similar.  

 

2.2.5 Large-scale morphodynamics 

Via bathymetric measurements, the largescale morphodynamics and evolution of shoreface 

has been addressed in multiple studies (Hinton & Nicholls, 2007; Spadon, 2000; Van Rijn, 

1997; Walburg, 2005).  

Hinton & Nicholls (2007) studied the bed level changes on the shoreface of the Holland coast. 

They indicated that morphodynamic activity occurs in deep water levels on the lower shoreface 

as well, especially on larger temporal scales (i.e. a decade). Moreover, they showed that the 

upper and lower shoreface were coupled in terms of bed level changes and that the lower 

shoreface generally showed a decrease in bed level due to a constant onshore flux of 

sediment.  

The bed level change along cross-shore profiles was also investigated by Spadon (2000). He 

analysed the movement of depth contours to determine erosion and sedimentation trends. 

Based on this analysis, he showed that the zone between -14 and -8 m water depth was prone 
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to erosion. This is consistent with the findings of Hinton & Nicholls (2007). This resulted in 

deepening of the lower shoreface and steepening of the cross-shore profile since the shoreline 

is fixed due to nourishments. 

The transport-based results of the morphodynamic evolution of a cross-shore profile such as 

modelled by Knook (2013) also indicated shoreface steepening and lower shoreface 

deepening in the case a tidal current and variable wave angle was included. Offshore transport 

on the lower shoreface and onshore transport on the upper shoreface caused this steepening 

and deepening effect. 

Vermaas et al. (2015) studied the range and rates in bed level changes for the Dutch lower 

shoreface. The bed level changes diminished towards the lower shoreface for the Holland 

coast and the mean changes were roughly 0 seaward of 10 m water depth for both Noord-

Holland and South-Holland. This is different compared to the previously mentioned studies of 

Spadon (2000) and Hinton & Nicholls (2007) who identified a negative trend in the bed level 

for the lower shoreface. Maybe this related to differences in data between 

Vaklodingen/JARKUS and that of the Hydrografische Dienst. 

The lower shoreface is found to deepen and the shoreface slope is found to steepen in the 

middle part because vast amounts of sediment have been nourished over the past decade to 

counteract coastal recession and to fix the shoreline. From the transport section, the net 

transport direction was found to be slope-dependant. The steepened slopes on the shoreface 

of the Holland coast may eventually affect the balance between onshore wave-related 

transport and offshore transport by return currents and trigger a reversal of the net transport 

direction. It would be interesting to model shoreface transports for two different bathymetries 

(original versus steepened shoreface) to discover the effects of this. The mega nourishments 

are a relatively new management technique to assure that the coastal foundation contains 

enough sediment. However, nourishing such large amounts of sediment may cause a local 

excess of sediment and dispersal to the lower shoreface. It is therefore uncertain how they 

affect the bed levels on the lower shoreface.  
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3. Methods 

 

3.1 Research area 

The study area is the lower shoreface for the Holland coast of the Netherlands. An extensive 

description of the study area can be found in the literature review. The boundaries of the study 

area are similar to the nearshore zones described by Vermaas et al. (2015), see left of Figure 

2. The -20 m NAP contour is the seaward boundary. The landward boundary was moved to -

10 m NAP contour to exclude the effect of shoreface nourishments. This closed barrier 

coastline is selected to minimalise tidal inlet processes from the Zeeland estuaries in the south 

and from the Texel inlet in the north. The study area is split into a northern and southern section 

by the Noordzeekanaal (see Figure 2). The study area is a sandy environment with grain sizes 

between 250 and 300 μm (Van der Werf et al., 2017).  

The northern and southern sections are each divided into three separate zones (Figure 2), 

both cross-shore longshore and are coded N and S. The orientation of the coastline was 

determined from taking 14 JARKUS section orientations along the coast: both at the 

boundaries and in the middle of each longshore zone, depicted as the red triangles in Figure 

2. Moreover, the grid of the transport data is shown.  
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Figure 2: The bathymetry, longshore zones and JARKUS sections (left) and the transport grid and the coastal 
orientation (right). 

 

3.2 Bathymetric data and sediment volumes 

3.2.1 Vaklodingen data 

The bathymetric data is retrieved from the Vaklodingen dataset. It is measured and processed 

by Rijkswaterstaat in 12.5x10 km rectangular tiles of the Dutch coastal waters called 

Vaklodingen. The data reaches down to a water depth slightly over -20 m NAP. The data has 

a spatial resolution 20 m. The temporal resolution is different for sections of the Dutch coasts 

and varies between 1 to 6 years. The data fully covers the study area in the period between 

July 2005 and January 2017. The time window of the analysis was narrowed down to 2009-

2017 because of an unknown data error in the measurements of 2005 (see Appendix A).  

The measurements for different sections of the study were carried out at different times, 

resulting in a mosaic of data, such as for Walburg (2005). Resampling of the data to equal 

moments in time was required. The bathymetry was therefore interpolated linearly between 

the available measurements for each grid cell to four queried time points per year (1 January, 

1 April, 1 July and 1 October). The number of available measurements present in the studied 

Noordzee-
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Zeeland 
inlets 
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period between 2009 and 2017 is shown in Figure 3. Interpolation to a finer temporal resolution 

demanded too much computing power because of the fine spatial resolution of the data (20x20 

m). Because of the slow sediment transport rates on the lower shoreface, it assumed that 

linear interpolation causes small errors only and that long-term trends are captured in the data 

anyway. 

 

Figure 3: Number of available Vaklodingen bathymetric measurements in the study area between 2009-2017 

I refer to Wiegman et al. (2002, 2005) for an elaborate description of measuring and calibration 

accuracy and errors regarding the use of Vaklodingen data. A part of these errors show 

stochastic behaviour and level out on the scale of entire coastlines (Walburg, 2005) so the 

effect for the results is this study are minor. Systematic errors are introduced due to the 

innovation of measuring equipment and calibration techniques. The systematic errors induce 

false bathymetric changes and may affect the results of this study. This will be further 

discussed in the Discussion section. The bathymetric data clearly contains outliers in 2005 and 

these are interpolated to the period between 2005 and 2009 (Appendix A). A rectangular patch 

of grid cells orthogonal to the shoreline extends from the coast to the seaward boundary at -

20 m and shows an anomaly. Analysis pointed out that a number of transects 2005 included a 

negative bias (underestimation) in the water depth roughly between 35 and 40 cm. Through 
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interpolation, this results in a patch of underestimated water depths. The measurement from 

2005 is therefore discarded and excluded from our analyses.  

 

3.2.2 Data analysis 

The bathymetric changes are determined between 2009 and 2017 for each cross-shore and 

longshore zone. The northern and southern section are each divided into three cross-shore 

zones (shallow, intermediate and deep), based on the most recently measured water depth 

(January 2017). Table 1 shows the depth ranges that are used. The longshore zones are also 

labelled. Table 2 shows the labelling for these zones, signified with an N (northern section) or 

S (southern section) and a subscript. The characteristics of 14 JARKUS sections used for the 

coastal orientation are also used and labelled in the same table. 

Table 1: Cross-shore zone labelling based on the water depth. 

Label Depth range (m NAP) 

Shallow -10 to -14 

Intermediate -14 to -17 

Deep -17 to -20 

 

Table 2: Longshore zone plus transect labelling and JARKUS characteristics for the 14 used sections.  

Type Label Jarkus 

transect ID 

RDx 

(m) 

RDy 

(m) 

Orientation 

(°) 

Length 

(km) 

Transect Nnorth 7000994 108770 542203 284 9.09 

Zone Nnorth 7001421 107751 538036 286 - 

Transect Nnorth- Ncentre 7001755 106788 534840 287 8.82 

Zone Ncentre 7002935 103982 523387 276 - 

Transect Ncentre- Nsouth 7003825 102978 514535 278 8.01 

Zone Nsouth 7004650 101737 506367 282 - 

Transect Nsouth 7006225 100493 500749 283 17.42 

Transect Snorth 8005675 99418 496379 287 14.79 

Zone Snorth 8006325 97344 490200 291 - 

Transect Snorth- Scentre 8007150 94164 482582 293 17.54 

Zone Scentre 8008000 90433 474982 298 - 

Transect Scentre- Ssouth 8009425 82816 462942 309 10.97 

Zone Ssouth 9010338 76647 456197 311 - 

Transect Ssouth 9011109 71586 450361 310 5.97 
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A comparison was made between the changes in sand volumes on the shoreface determined 

from the bathymetry and between a transport-based method. To do this, the bathymetric 

changes were converted to sediment volumes using the surface areas of the zones, listed in 

Table 3 in km2. The bathymetry was here taken between 2013 and 2017 to match the period 

of the transport data (Grasmeijer et al., 2022). 

Table 3: Surface areas of the longshore and cross-shore zones for both analysis in km2. 

 Nshallow Nintermediate Ndeep Sshallow Sintermediate Sdeep 

Cross-shore zones 67.9 148.1 97.9 67.7 159.7 364.6 

 Nnorth Ncentre Nsouth Snorth Scentre Ssouth 

Longshore zones 183.6 123.3 61.6 247.3 275.7 140.3 

 

3.3 Transport data 

The transport data was derived from Grasmeijer et al. (2022). They modelled the transport for 

the period between 2013 and 2017 on the Dutch shoreface by combining the 3D Dutch 

Continental Shelf Model with Flexible Mesh model (3D DCSM-FM-model) with a wave 

transformation method and a 1-dimensional vertical (1DV) transport model. We refer to 

(Grasmeijer et al., 2022) for a more extensive description of the approach.  

The 3D DCSM-FM model computes water levels, currents, salinity and temperature on the 

North Sea shelf on various temporal and spatial scales by solving the shallow-water equations 

for 20 vertical layers each from 5% water depth in the water column. The vertical resolution 

thus increases in shallow regions. 33 tidal constituents were used from the FES2012 model to 

force the hydrodynamics at the open boundaries. The model includes river discharges as well 

as meteorological effects on the water surface, e.g. by wind and air pressure variations. The 

meteorological parameters were obtained from the Hirlam7.2 model. The Hirlam7.2 resolution 

is about 840 by 930 m near the Dutch coast and decreases towards larger water depths. The 

3DCS-FM model water levels were validated for 13 stations along the Dutch coast. The root-

mean-square-error (RMSE) in the water levels was 9-10 cm. Moreover, the model currents 

speeds were validated by comparing two offshore stations 27 and 28 km from the coast of 

Egmond aan Zee. The model overestimated current speeds up to a maximum of 7 cm/s. 

The wave input was derived from a wave transformation matrix. A set of 269 different observed 

offshore conditions, divided into classes of wave height, period and directions was used to 
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simulate the wave transformation across the Dutch shoreface using SWAN. These simulations 

were used to determine transformation factors for the wave (height, peak period and direction), 

wind properties (speed and direction) and the surge. Consequently, the wave conditions on 

the shoreface can easily be computed from offshore conditions.  

To compute transport, a 1DV (one-dimensional vertical) TSAND model was used based on the 

approach from van Rijn (2007a,b). The transport model is suitable for sandy environments 

such as the Dutch shoreface. The transport model determines total transport as the sum of 

depth-integrated suspended load and bedload transport: 

𝑞𝑠 =∑(𝑢𝑐)𝑑𝑧

ℎ

𝑎

 

𝑞𝑏 = ∫ 𝑞𝑏,𝑡𝑑𝑡
𝑇

0

 

𝑞𝑡𝑜𝑡 = 𝑞𝑠 + 𝑞𝑏 

In which qs is the suspended load transport, h the water depth, a the reference height above 

the bed, u the current speed, c the concentration of suspended load, qb the bedload transport, 

T the wave period, qb,t the intra-wave time-dependant transport and qtot the total transport.  

The cross-shore and longshore zones were used as well to determine the mean transport in 

each of the zones. Moreover, the transport was decomposed into a longshore and cross-shore 

component using the coastal orientation based on the 14 JARKUS sections. The coastal 

orientations were extrapolated to the grid points of the transport model, as shown in Figure 4. 
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Figure 4: JARKUS-based orientation of the transport model grid points. 
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4. Results 

 

4.1 Bathymetric changes 

This section presents the mean bed level changes between 2009 and 2017 in the cross-shore 

and alongshore zones. Note that the colour axis is variable for the different figures.  

 

4.1.1 Cross-shore analysis 

Figure 5 shows the mean bed level changes between 2009 and 2017 for the cross-shore 

zones. Deep, intermediate and shallow refer to the depth ranges of -20 to -17, -17 to -14 and 

-14 to -10 m NAP, respectively (see Table 1). The entire northern section showed net erosion 

with larger erosion values near the shore.  The southern section was prone to seaward 

accumulation in Sdeep and Sintermediate and accumulation in the shallow part of the lower 

shoreface. The difference between the cross-shore zones is therefore larger for the southern 

section. This is consistent with Vermaas et al. (2015) who showed that range in bed levels is 

larger for Zuid-Holland compared to Noord-Holland. The observed bed levels in the cross-

shore zones are indicative of flattening of the lower shoreface. For the northern section this is 

the result of increased deepening in the shallow part of the lower shoreface. For the southern 

section, this is due to deepening of the shallow part of the shoreface in combination with 

accumulation on the deep part of the shoreface. In other words, the flattening is largest on the 

southern section of the lower shoreface. Our results are contrasting with those of (Spadon, 

2000) who indicate a steepening of the lower shoreface. The shoreface deepening such as 

observed by Hinton & Nicholls (2007) and modelled by Knook (2013) only partially agrees with 

this study: for North-Holland Steepening of the shoreface in its entirety is likely: the upper 

shoreface remains fixed due to nourishments (e.g. Brand et al., 2022) and the upper part of 

the lower shoreface erodes according to the bathymetric results.  
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Figure 5: Mean bathymetric changes between 2009-2017 in the cross-shore zones between -20 and -10 m NAP. 

4.1.2 Longshore analysis 

Bed level changes for longshore zones were determined as well and are presented in a similar 

manner to those for the cross-shore zones. Figure 6 presents the mean bathymetric changes 

in the period 2009 to 2017 for the longshore zones. The mean bed level changes are variable 

alongshore. The zones of Nnorth and Ncentre were prone to erosion. As a consequence, the mean 

bed levels decreased in Nnorth and Ncentre. Accumulation occurred on the middle part of lower 

shoreface of Holland hence showing an increasing mean bed level in Nsouth and Snorth. Changes 

in the lower section of the Holland coast were small: the bed level slightly decreased in Scentre 

and increased in Ssouth.  
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Figure 6: Mean bathymetric changes between 2009-2017 in the longshore zones between -20 and -10 m NAP. 

 

4.1.3 Local bed level changes within the zones 

Figure 7 shows the internal bed level changes within the zones between 2009 and 2017. For 

this figure, it was chosen to include the upper shoreface to show the impact of the mega 

nourishments and harbour seawalls. It can be observed that the bed level changes are much 

larger than the mean bed level changes in Figure 5 and Figure 6. Strong accretion is observed 

generally close to the shore, especially in Ncentre and in Snorth close to the IJmuiden harbour. 

These changes are due to frequent nourishments on the upper shoreface (e.g. Brand et al., 

2022; Quataert et al., 2021; Huisman et al., 2019) and due to the harbour seawalls (Schuiling, 

2019; Van Rijn, 1997). Large changes occur in deep water in Scentre and Snorth both as regions 

of erosion and accretion. The area is known to be affected by shoreface-connected ridges in 

combination with sandwaves (Van de Meene & Van Rijn, 2000). The dynamics are likely to be 

related to this such as found by Vermaas et al. (2015). Slight decreases in bed level occur 
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generally in the deeper parts of Nnorth and Ncentre whereas widespread accretion is measured in 

the region of Nsouth.  

 

 

Figure 7: Bathymetric changes between 2009-2017. 

 

4.2 Sediment transport 

Transport data was derived from process-based simulations using the 3D DCSM-FM-model, 

a wave transformation method and a 1DV transport model (Grasmeijer, 2018; Grasmeijer et 

al., 2022). The hydrodynamic and meteorological conditions of the period 2013-2017 were 

used as input to determine the annual transport rates ono the lower shoreface. From this the 

mean total, longshore and cross-shore transport was determined and analysed for the cross-

shore and longshore zones.  

 

4.2.1 Cross-shore analysis 

Figure 8 shows the calculated mean annual transport within the cross-shore zones (colours) 

and at every grid point of the transport model output (vectors). The total and longshore 
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transport show similar patterns (Figure 8, left and middle panel) because the longshore 

transport dominates the cross-shore transport for the Dutch coast. All the cross-shore zones 

of the northern section accommodate large transport rates compared to the southern section 

of the coast. The mean longshore transport shows this pattern as well with nearly equal values. 

The cross-shore transport showed a landward gradient (Figure 8, right panel). Both the vectors 

and the mean cross-shore transport values in the zones increase towards the boundary at 10 

m water depth. The mean transport is onshore for each of the zones. In the northmost part of 

the coast, north of the narrow section of the shoreface, transport directions are divergent. This 

is possibly the result diverging currents and hence transport around Hondsbosche Duinen 

mega nourishment project (e.g. Schuiling, 2019) visible in Figure 7. The increasing cross-shore 

transport towards the shore (transport gradient) could potentially result in erosion such as 

observed in Figure 5. The gradient is larger for the northern section, also explaining why the 

erosion is stronger for that section (Figure 5) 

 

 

4.2.2 Longshore analysis 

A similar analysis was performed, but with the coast divided into longshore zones. Figure 9 

shows the calculated mean total, longshore and cross-shore transport in the longshore zones. 

Figure 8: Total (left), longshore (middle) and cross-shore (right) transport for the cross-shore zone. 
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The vectors are the same as described above for the cross-shore zones in Figure 8. 

Comparable to the analysis for the cross-shore zones, the total and longshore transport values 

and patterns are comparable since the total transport is dominated by longshore transport. The 

larger mean transports between the cross-shore zones in northern and southern section of the 

coast as shown in Figure 8 are now more clearly visible as a longshore gradient in total and 

longshore transport for the entire Holland coast (Figure 9, left and middle panel). The total and 

longshore transport increases from small values in the south to large values in the north. The 

mean transport in the longshore zones increases with a factor over seven from Ssouth towards 

Nnorth.  

The mean cross-shore shows a much different distribution compared to the total and longshore 

transport (Figure 9, right panel). The mean cross-shore transport is overall onshore-directed, 

whereas locally it is offshore-directed at some grid points. The mean cross-shore transport is 

very small within Nnorth with a value of only 0.8 m3/m/year. The transport vectors show opposing 

transport directions. The larges mean transports occur in Nsouth and Ssouth.  

  

4.3 Transport-based sediment volume changes 

The change in sediment volume per longshore zone is determined by summing up the 

integrated sediment transport along the lateral and seaward boundaries. The exchange across 

Figure 9: Total (left), longshore (middle) and cross-shore (right) transport for the longshore zones. 
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the -10 m NAP contour is excluded because the transport is uncertain in shallow water 

(Grasmeijer et al., 2022). The results are shown in Figure 10. The black arrows depict the 

longshore transport along the points of the transects, the coloured arrows represent the mean 

direction and magnitude of the transport per transect (excluding -10 to 0 m water depth). The 

numbers in the left panel are the volume changes for the longshore zones in x105 m3/yr. The 

numbers in the middle and right panel show the volume exchanges across the boundaries in 

the same units. The transport across the lateral boundaries of the zones increases towards 

the north similar to Figure 9 in the left panel. At the transect Ssouth transport is primarily directed 

along the boundary, possibly because the density-driven currents are most strongest in that 

region close to the Rhine-Meuse river mouths (de Boer, 2009). So, the sediment input from 

the south is small. At the boundary between zones Nnorth and Ncentre, the transport vectors show 

the increase in transport due to flow convergence around the mega nourishment at the 

Hondsbosche Duinen. The sediment exchanges across the lateral boundaries of the longshore 

zones depend not only on the transport rates but the length of the boundaries is important as 

well. The curvature in the seaward boundary at -20 m NAP is the result of the variable width 

of the shoreface of the Holland coast. The curvature results in transport directions obliquely 

and parallel to the boundary dependant on the location. This results in sediment import where 

Figure 10: Volumetric changes in sediment in 105 m3/yr based on longshore and cross-shore sediment exchanges. 
Exchanges with the upper shoreface are not included due to uncertainties in the transport. The middle panel shows the 
transport directions and rates (vectors) and sediment volume exchange in 105 m3/yr (numbers) across the longshore 
transects. The right panel shows the transport directions and rates (vectors) and sediment volume exchange in 105 m3/yr 
(numbers) across the seaward boundary at -20 m NAP. The black vectors are the transport directions and rates along each 
point of the transects and the coloured arrows represent the mean transport direction and rate for each transect. 
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the shoreface widens and export where the shoreface narrows towards the north. 

Consequently, sediment exchanges across the seaward boundary sometimes exceed the 

longshore exchanges. 

 

4.4 Comparison of bathymetry- and transport-based sediment volume change 

The change in sediment volume in the longshore zones due to the transport (Vq) was compared 

with bathymetry-based changes in sediment volumes (Vbat). The results are shown in Figure 

11. The differences between them were also calculated (Vdiff). The changes did not match at 

all. The comparison shows that the changes trends in erosion/accumulation are opposite for 

all zones except for Ncentre. The root-mean-square of the difference in volume change is 6.76 x 

105 m3/yr which is in most cases larger than the change in sediment volumes determined from 

the bathymetry and transport. The smallest difference is 1.57 x 105 m3/yr and the largest 

difference is 1.06 x 106 m3/yr. The large differences suggest either uncertainty in the used data 

or that sediment exchange with the upper shoreface is important for the observed volume 

changes.  
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Figure 11: The annual volumetric change based on bathymetric measurements (Vbat) and longshore transport 
across the transects (Vq) for each of the longshore zones. The difference between them is plotted as well as Vdif = 
Vbat – Vq. 

 

4.5 Key results 

The measured mean bed level changes and modelled annual sediment transport rates were 

studied to quantify the lower shoreface evolution and to point out the responsible sediment 

exchanges. Here the key results are pointed out: 

• The cross-shore zones showed that the lower shoreface is flattening due to relatively 

large erosion of the shallow part of the lower shoreface compared to small erosion for 

Noord-Holland and accumulation for Zuid-Holland on the deep part of the lower 
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shoreface. This is consistent with the findings of Spadon (2000) and the observed lower 

shoreface deepening by Hinton & Nichols (2007) only holds for Noord-Holland. 

• The longshore zones showed that the shoreface can be divided into an eroding norther 

part, an accreting central part and a relatively stable southern part. 

• The mean (Figure 5 and Figure 6) are very small and in the order of centimetres. This 

also holds for the majority of local (Figure 7) bed level changes. The question arises 

whether the changes are significant. This point requires further discussion.  

• A longshore gradient was present in the modelled longshore and total annual sediment 

transport due to increasing tidal asymmetry in favour of flood (Grasmeijer et al., 2022).. 

A cross-shore gradient in onshore-directed cross-shore transport was also found in the 

modelling results, likely due to increased wave impact.  

o This cross-shore gradient could be an explanation for the flattening of the lower 

shoreface. 

o Based on the longshore gradient it would be expected to show erosion of the 

entire shoreface, but this is not the case according to the mean bed level 

changes in the longshore zones.  

o The longshore transport was the largest near the Hondbosche Duinen mega 

nourishment, probably due to flow convergence. 

• The sediment exchanges based on the modelled transport data depended on the 

variation in transport and on the shoreface width. The shoreface width modulated the 

length of lateral boundaries of the zones and resulted in seaward boundary that is 

oblique to the total transport direction most of the time (meaning import or export of 

sediment)  

• The bathymetry- and transport-based changes in sediment volumes did not match at 

all and showed opposing trends in accumulatio and erosion. This suggests either that 

the data is insignificant or that other transport processes govern the bathymetric 

changes such as transport across the -10 m NAP boundary. 
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5. Discussion 

 

5.1 Vaklodingen data 

 

5.1.1 Interpolation errors of measured bathymetry 

The measured bathymetry is interpolated from transects spaced every kilometre longshore to 

a 20m x 20 m grid using DIGIPOL. Detailed bed topography is therefore not captured in the 

grid cells. Longshore oriented and very large features such as bars and shoreface-connected 

ridges are therefore well captured in Vaklodingen data. Features that are partly oriented cross-

shore and small-scale features such as tidal dunes and sandwaves are less well captured in 

the Vaklodingen data. According to (Perluka et al., 2006), the accuracy after processing the 

data is 40 cm for the Wadden Sea and Western Scheldt, including the effect of measuring 

errors to the interpolated bathymetry. This would pose a problem for our study, as the 

shoreface Dutch shoreface is covered with migrating tidally-induced sand waves, especially at 

larger water depths (e.g. Van Dijk & Kleinhans, 2005; Vermaas et al., 2015). The interpolation 

could result in significant under- or overestimation (bias) of the sediment volumes. However, 

the problem is scale dependent. The bias was found to converge to 0 when using Vaklodingen 

in polygons larger than 60 km2, according to Erik van Onselen (Deltares). This information was 

part of a study that will not be published.  

 

5.1.2 Systematic errors 

The outlier that was removed from the study was clearly visible with the naked eye (see 

Appendix A). This was probably due to a systematic error (Wiegman et al., 2005; Wiegmann 

et al., 2002). Checking the data for smaller systematic errors (biases) was beyond the time 

scope of this study. These smaller errors may be larger than the observed bathymetric 

changes, which would make the measured bathymetric changes uncertain. On the one hand, 

since results show lower shoreface flattening and deepening consistent with other studies, it 

is assumed that the trends are at least captured in the data of this study. On the other hand, 

these biases might be explanatory for the differences observed in the bathymetry- and 

transport-based sediment volumes. The effect of these biases requires more attention. 

Moreover, studying the changes over larger periods is an option to make sure that the 

observed bathymetric changes really happened as they will exceed the biases. 
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5.1.3 Implications 

On the basis of this discussion on Vaklodingen data, the following is suggested to be the case 

for usage of Vaklodingen at the Holland coast: 

• Usage of the Vaklodingen data on large spatial scales is preferable – this results 

in stochastic errors to be cancelled out. Moreover, interpolation biases due to detailed 

bathymetry (sand waves/dunes/megaripples) are nearly not present at large scales (10 

– 100 km).  

• Usage of Vaklodingen data on large temporal scales is preferable – in this way, 

bathymetric changes exceed the measuring and interpolation inaccuracies and 

systematic errors, causing trends to be more obvious and certain. 

The first point was implemented in this study. However, the effect of small biases over large 

areas and consequential errors remains uncertain. Our results should therefore be analysed 

and interpreted carefully.  

 

5.2 Sediment dynamics on the lower shoreface 

 

5.2.1 Cross-shore sediment exchange across the -10 m NAP boundary 

Due to uncertainty in the modelling results of Grasmeijer et al. (2022), the sediment exchange 

with the upper shoreface was excluded. However, the transport rates generally increase 

towards the shore (e.g. Patterson & Nielsen, 2016). The sediment exchange of sediment 

across the -10 m NAP boundary is likely to have a large effect on the volume change within 

the longshore zones of Figure 10. The modelled annual transport is onshore, so it is an output 

of sediment for the lower shoreface. An estimation of the cross-shore transport based on the 

length of the coast and the mean annual transport for the cross-shore zones between -14 and 

-10 m NAP suggest an exchange of at least 1.0 x 106 m3/yr. However, Van Rijn (1997) showed 

that 4.9 x 105 m3/year was supplied annually from the zone seaward of -8 m NAP to the upper 

shoreface. An exchange with the upper shoreface would result in a smaller difference for the 

bathymetry- and transport-based sediment volumes for Nnorth, Ncentre and Ssouth but would have 

an opposite effect for the other zones.  
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5.2.2 Return currents effects 

Return currents are not included in the modelled transport data. This has two effects for the 

observed volumetric changes due to the longshore transport. Firstly, the return currents result 

in increased offshore or decreased onshore transport across the seaward boundary at -20 m 

NAP. However, the currents are primarily present in shallow water depths and during high 

wave energy events. Thus, the offshore transport at -20 m NAP will not be as large compared 

to other currents (density, wind, tidal). Though, the annual transports may be 11-20% smaller 

at across the -20 m NAP boundary the currents are included (Grasmeijer et al., 2022). 

Secondly, it counteracts the observed onshore transport across the -10 m NAP boundary, 

causing smaller net onshore transports or even net offshore transport. The importance of return 

currents has been marked previously in literature as an important driver of sediment dynamics, 

however primarily on the upper shoreface (e.g. Knook, 2013; Mariño-Tapia et al., 2007). Return 

currents at -10 m NAP will exceed those at -20 m NAP. Therefore, the net effect is that return 

currents will reduce the amount of sediment that is lost to onshore transport from the lower 

towards the upper shoreface. This means that the transport-based volumetric changes will be 

higher or less negative than we calculated. Also, the cross-shore transport gradient in Figure 

8 will be smaller, thus losses to the upper shoreface will be smaller as well. Return currents 

are slope-dependant (e.g Knook, 2013) and might show variations along the shoreface. The 

effect of including return currents would thus be alongshore variable. 

 

5.2.3 Vicinity of tidal inlet systems 

Another factor that might explain the deviation between the bathymetric measurements and 

the longshore transport-based method is the presence of the tidal inlet to the north and south 

of the coast as well. The 3D DCSM-FM model has a resolution of 840 by 930 m near the shore. 

Near tidal inlets such as in Nnorth and Ssouth, the resolution is most certainly too coarse to 

accurately model the flow the complex situation at tidal inlets with respect to flow patterns and 

the bathymetry of ebb-tidal morphologies (e.g. Nederhoff, 2019). Therefore, the transport 

model output used is uncertain near the inlets. This should cause a large deviation in the 

determined volumetric change.  
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6. Conclusions 

 

The aim of the study is to quantify the large-scale bed level changes, to find the responsible 

sediment exchanges and to validate the transport model results of Grasmeijer et al. (2022). 

Bathymetric changes based on Vaklodingen between 2019-2017 and transport data between 

2013-2017 from Grasmeijer et al. (2022) are combined to study the shoreface of the Dutch 

Holland coast. The lower shoreface shows flattening due to larger net erosion of the shallow 

part compared to smaller net erosion (Noord-Holland) or net accumulation (Zuid-Holland) in 

the deeper part. The northern part of the lower shoreface shows net erosion, the middle part 

net accumulation and the southern part is relatively stable (mean result over the entire depth). 

The modelled transport data shows an increasing total and longshore transport towards the 

north due to increasing tidal flood dominance (Grasmeijer et al., 2022). The cross-shore 

transport is generally onshore and increased towards smaller water depths due to increased 

wave effects. The modelled transports results in longshore and cross-shore exchanges. These 

are dependent on the transport magnitude, the shoreface width and the vicinity of mega 

nourishment. The shoreface width modulates the length of the lateral boundaries and results 

in a curving seaward boundary so that transport is oblique to this boundary most of the time. 

This results in alongshore variable inputs and outputs for the different zones. Additionally, 

sediment volume changes are determined based on the measured bathymetry and on the 

modelled transport. The results show almost no resemblance. This is for unknown reasons. 

Possible explanations are inaccuracies of the bathymetric data, the excluded sediment 

exchange with the upper shoreface and the excluded effect of undertow in the transport model 

results. The study is designed to overcome the uncertainties that come with Vaklodingen 

usage, however, the results must be taken in carefully. It is suggested that uncertainties in 

Vaklodingen data require more attention. Studying the changes over a longer period so that 

they are larger is also a solution to the uncertainties Nevertheless, the combination of the 

bathymetry and transport data of this study provides useful information for coastal 

management. 
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Appendix A 

 

Bathymetric changes between 2005 and 2017 in per 

two years. 2005-2007 and 2007-2009 shows an 

rectangular area of strong erosion, probably due a 

systematic error in the measurements. 

 

 

 

 

 

 

 

 

 

 


