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Abstract

The long-term physical existence of sandy shores critically depends on a
balanced sediment budget. From the principles of Building with Nature it
follows that a sustainable protection of sandy shores should employ some
form of shore nourishment. In the spatial design process of urbanized sandy
shores, where multiple functions must be integrated, the knowledge and
the prediction of sediment dynamics and beach-dune morphology thus play
an essential role. This expertise typically resides with coastal scientists who
have condensed their knowledge in various types of morphological models
that serve different purposes and rely on different assumptions, thus have
their specific strengths and limitations. This paper identifies morphological
information needs for the integrated spatial design of urbanized sandy shores
using BwN principles, outlines capabilities of different types of morphological
models to support this and identifies current gaps between the two. A clear
mismatch arises from the absence of buildings and accompanying human
activities in current numerical models simulating morphological developments
in beach-dune environments.
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1. Introduction

Coastal dunes on sandy shores provide multiple ecosystem services to
urbanized coastal areas: they protect against flooding by offering a buffer
against storms and a higher ground to live on (a regulating ecosystem ser-
vice), provide drinking water by collecting and filtering water in the coastal
freshwater lens (production service) and provide an attractive environment
for leisure and beach tourism (cultural service). A good spatial design for an
urbanized beach-dune area takes the full spectrum of these functions into
account. However, these desired ecosystem services can only exist by the
grace of the supporting ecosystem services. Therefore, a truly integrated spatial
design not only combines all desired functions into a favourable spatial ar-
rangement, it must also explicitly take into account and use the supporting
ecosystem services.

In the case of dynamic landscapes like sandy shores, the prime support-
ing ecosystem service is the sediment cycle. The long-term physical existence
of sandy shores depends critically on a balanced sediment budget, which is
closely connected to sea level rise. Therefore, sediment budgets and ~dynam-
ics are essential in any sustainable spatial design of urbanized sandy shores.
This leads to our definition of Building with Nature (BwN) for sandy shores:
using natural forces (waves, tides, wind) and morphodynamics to redistrib-
ute sediment to desired locations in order to achieve integrated spatial design
goals.

Solutions for coastal protection are needed most where shores are ur-
banized. Developing such solutions in urbanized coastal landscapes following
BwN principles requires an integrated spatial design, which not only intro-
duces additional, and possibly contrasting, functional demands, but also adds
the new challenge of how different functions will interact morphologically.
On many urbanized shores, the built environment encroaches onto the beach
in the form of beach restaurants or series of beach huts in front of the dune,
and related infrastructure such as board walks and concrete pathways (fig-
ure.1). Such structures interact with wind-driven flows of sediment that are
an inherent part of BWN solutions to protect the shore. Therefore, making an
integrated spatial design to solve these conflicts — or more likely prioritize
and optimize accordingly - requires knowledge of both functional demands of
the services and of morphological interactions between them.

The essential role of sediment dynamics in BwN design makes morpho-
logic modelling a crucial part of the design process. The challenge for spa-
tial designers is to develop spatial designs in a beach-dune environment that
must remain dynamic because of its BwN functionality.
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Figure 1. Example of urbanized shore with ‘Building with Nature’ intervention; Kijkduin, Sand Motor

mega-nourishment, The Netherlands. (Source: Zandmotor, 2017)

This implies they not only need to understand how static structures in-
teract with the wind-driven sediment flow but, as part of the spatial design
process, also need to actively use such interactions. This way a true BwN de-
sign solution is achieved where presence and location of structures become
part of a dynamic spatial design for urbanized shores. To do so, morphological
models are needed to evaluate the impact of different possible spatial designs
and design principles. (See Van Bergen et al., 2020, for actual examples of
such design principles).

Numerous coastal morphological models have been developed by coast-
al scientists and coastal engineers for various purposes. However, it is often
unclear for spatial designers what can be expected from these models with
respect to level of detail of the simulation, accuracy, temporal and spatial
scales of problems for which models are suitable. Furthermore, models de-
scribe certain aspects more accurately than others because modelers develop
their models with a certain purpose in mind.

To our knowledge, modelers so far have never specifically considered the
information needs of spatial designers when developing beach-dune models.
Therefore, this paper identifies morphological information requirements in
the spatial design process of urbanized sandy shores using BwN principles.
It also outlines the capabilities and limitations of different types of morpho-
logical models to simulate impacts of constructions on beach-dune devel-
opment. To bridge the ‘language gap’ between spatial designers and mor-



phological modelers, we have attempted to avoid jargon, or explain it, and
illustrate different approaches through examples from the ShoreScape! pro-
ject. Hereby, we aim to match the morphological information requirements of
spatial designers and morphological model capabilities to identify knowledge
gaps where current models do not match information needs for integrated
spatial design of urbanized shores.

2. Morphological information needs for integrated spatial
design of urbanized shores

An integrated spatial design of urbanized sandy shores requires under-
standing and prediction of sediment dynamics and morphological change in
interaction with a (possibly) dynamic built environment (Van Bergen et al,
2020). The specific morphological information needs vary during the differ-
ent phases of the design process, as outlined below.

In the ‘inquiry and analysis’ phase of the design process, design re-
quirements and context are explored to grasp the parameters of the urban
and eco-morphological spatial systems involved. In the case of a BwN ap-
proach, this requires information on the dynamic context. That is not just spa-
tial characteristics of the system at a given time, as can be represented in a
Geographical Information System (GIS), but of the full system’s behaviour.
For instance, considering a specific nourishment scheme, which beach width
variation over time, or which combinations of dune height and width can be
expected to develop in areas of a planned waterfront design? What are char-
acteristic bed level profiles across the beach-dune zone during this develop-
ment? Which morphodynamic mechanisms exist to direct the location and
amount of erosion and deposition using buildings placed at the beach (such
as already present on Fig. 1 for recreational use)? Additionally, in this phase
of the design process rules of thumb are desired that summarize interactions
of buildings with wind-driven sediment flows. For instance, a simple formu-
la describing the relation between inter-building spacing and the amount of
blockage of wind-driven sediment flow. Similarly, what would be the sed-
iment blockage factor of raised buildings as a function of their vertical dis-
tance above the beach?

The above type of information is important for understanding landscape
and urban processes and to identify parameters for the exploration of possi-
ble futures. Integrated spatial designs for urbanized shores with wide beach-
es, rapidly eroding shorelines and large spatial variations therein, such as at

1 ShoreScape is a research project that aims to develop knowledge, tools and design principles for the
sustainable co-evolution of the natural and built environment along sandy shores.
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the Sand Motor (figure 1), will most likely differ from those with more gradual
advancing shoreline positions and slowly seaward advancing dune fronts.

In the subsequent phase of ‘design feasibility’, different spatial arrange-
ments are tested and combined into one design. Interactions of urban design
and morphological development are studied by so called ‘rapid prototyping’.
For example, when planning for beach housing in a dune formation zone, var-
ious layouts are explored by systematically varying the types and configura-
tions of buildings and the timing of their placement. A combination of several
design aspects will lead to variants and plausible solutions, ready to fit the
dynamic context and urban program.

Finally, in the phase of ‘design optimization’, interactions between dif-
ferent design aspects are studied in detail and optimized. Now decisions have
to be made that have financial consequences and thus require a higher level
of accuracy and precision of morphological information. For example, when
considering sea level rise, a proposed nourishment scheme and arrangement
of beach houses should guarantee natural growth of the dunes, such that flood
safety levels and natural values provided by the dunes will be maintained. This
requires detailed information about, amongst others, the amount of sand in
the dunes over time, including a prediction of its topographic evolution, to
enable the application of models that test flood safety levels through time.
This optimization process will lead to a favourable solution, underpinned by
quantitative tests based on the output of morphological modelling.

3. Model types for evaluating morphodynamics of the beach-
dune system on urbanized sandy shores

In the context of simulating topographic changes (related to sand trans-
port by wind and water) in a beach-dune environment, the term ‘model’
or ‘morphodynamic model’ refers to a simplified version of reality that, in
its very essence, incorporates topography (bed elevation) and the sediment
transport processes that change it. Models differ in how they incorporate
sediment transport processes. Broadly, we can identify three types of mod-
els, differing in their simplification approach: conceptual models, physical
models ((scaled) lab experiments), and numerical simulation models. For a
beach dune environment, numerical simulation models can be split into pro-
cess-scale models and rule-based behavioural models. In the following, we
will explain these different modelling approaches, what type of information
they can provide as well as their present, or inherent, limitations.



Conceptual models

In the context of morphodynamic modelling, a conceptual model refers
to a schematization of the beach dune systems in a qualitative manner. It de-
scribes, in words, how beach-dune topography changes under the influence
of one or more factors (such as wind, waves, or sediment surplus), often with
the help of diagrams and sketches. Relations between factors and bed level
changes are often described in terms of positive or negative feedback. Con-
ceptual models can be based on a combination of phenomenological knowl-
edge, derived from field observations, and theory (first principle physics,
analogies). For example, Psuty (2004) describes how various dune typologies
develop on accreting and eroding beaches and links these with a diagram of
sediment budget curves for beach and foredune (figure.2).
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Figure 2. Example of a conceptual model, showing the relationship between the sediment budget of the
beach and the resulting sediment budget of the foredune with related topographies of this sand-sharing
system. Note that for the situation of a slightly negative sediment budget of the beach, maximum sand
storage in the foredune (max. foredune dimension) and maximum inland sand transport expressed
through parabolic dune development, are closely positioned and may even occur simultaneously along a
given coastline (modified after Psuty, 2004).

Rules of thumb also are conceptual models and have a quantitative ele-
ment to them. For example, in a given region, initiation of sand-drift dikes?

2 Asand-drift dike (stuifdijk) is an artificially created linear dune ridge, initiated by erecting long lines of
reed bundles and willow on coastal sandflats to capture windblown sand, often accompanied by plant-
ing marram grass at a later stage. Traditional Dutch coastal maintenance practice (see Boeschoten,
1954).
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will be unsuccessful when the sandflat is less than 1.3 m above mean sea level
(Boeschoten, 1954). Rules of thumb are often based on empirical relations that
may be derived from field monitoring or lab experiments (physical models),
although they may as well form a way of schematizing insights derived from
numerical simulation models. Empirically derived, as well as process-scale
modelling-derived rules of thumb can form input for rule-based morphody-
namic simulation models.

A conceptual model generally forms the basis for developing a numerical
simulation model by providing the elements that may be quantified in nu-
merical simulation models. Conceptual morphological models themselves do
not provide quantitative information on rates of change, sediment volumes,
or specific complications that could arise from interventions. Morphological
experts may use conceptual morphological models to provide:

- afast overview of possible, first order impacts on morphology of interven-
tions/designs or objects

- rules of thumb for indicating types of natural topographic evolution to be
expected in different zones of the beach dune system.

Physical models - scaled lab experiments

A physical model is a tangible representation of a natural system, sim-
plified, but still faithfully reflecting important relationships between rele-
vant processes. Observations and measurements in a physical model can be
used to infer information about the behaviour of the natural system itself. As
physical models are often built on a reduced spatial and temporal scale, they
are also called scale models.

In coastal studies, physical models are mostly used to examine hydro-
dynamics and morphodynamics and are generally developed in a laboratory
setting. For instance, Boers et al. (2009) used a wave basin to study storm
erosion of a scaled dike-and-dune system; wind flow around buildings or over
dunes can be studied in wind tunnels (e.g. Fackrell, 1984; Wiggs et al., 1996).
Occasionally, physical experiments are located in a field setting. For exam-
ple, Visser et al. (1991) conducted a full-scale dike breach experiment at Het
Zwin. Other examples are scale experiments at the beach examining effects of
building geometry on sedimentation and erosion patterns in their surround-
ings (Poppema et al, 2019).

The reduced complexity and scale of physical models, in comparison to
the full-scale, real world setting, makes them flexible, relatively cheap and
easy to adapt, and suitable to:

- Investigate archetypical situations and underlying principles (e.g. Fackrell
(1984) and Martinuzzi and Tropea (1993) on the flow structure around a



cube);

- Systematically vary a specific variable to investigate its effects (e.g. gradually
increasing wind speed to examine deposition patterns around houses like
Liu et al. (2018) did for snow accumulation);

- Answer explorative design questions (e.g. ‘can a funnel-shaped configuration
of a series of beach huts, located seaward of the dunes, induce locally in-
creased sediment supply towards the dunes?’);

- Evaluate design performance (e.g. ‘Does beach house configuration X lead to
the desired sedimentation pattern?).

Physical models also have drawbacks and limitations. As for all types of
models, processes not included in the model can be an issue (e.g. growing
vegetation). On top of this, a basic problem of physical models is scaling. If
the geometry is scaled (e.g. using a 1:20 scale model of a beach house in a wind
tunnel experiment), a faithful representation of real world conditions regard-
ing wind and sediment requires other properties (such as weights, forces, ve-
locities, and time scale) to be scaled as well. This scaling involves physical
scaling laws that may pose conflicting constraints on how scaling should oc-
cur. As a result, scaling cannot be perfect, and the model maker has to decide
which processes are chosen and scaled properly.

An example application of physical models in the context of urbanized
beach modelling, is to examine effects of building size and shape on size and
location of deposition and erosion patterns. In the ShoreScape project, we
placed cuboid scale models of buildings with various dimensions on the beach
(see Fig. 3) in order to derive general rules for the effects of building dimen-
sions that can be used in rule-based morphological computer models (see
section 14.3.4). We placed the scale models on the beach instead of in a wind
tunnel to reduce some of the scaling issues and remove limitations of the
physical size of a wind tunnel. By using scale models, instead of full-scale ob-
jects, one can more easily vary test configurations. Other advantages of field
deployment are that longer-term effects with changing wind conditions can
be examined and that inherent natural wind and sand transport variations
are automatically captured. This simultaneously brings a clear disadvantage
of field deployment: one cannot control weather conditions, hence experi-
ments performed on different days will experience different wind conditions,
complicating a comparison of results on different days and requiring care-
ful interpretation. The latter can be supported by developing complementary
numerical modelling experiments using CED (see Section 14.3.3) where the
influence of different wind speeds can be systematically studied and under-
stood.
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Figure 3. An elevation map (left) and orthophoto (right), showing the erosion and deposition around
the same set-up with two scale models of buildings that differ in width. As an example, the measured
dimensions indicate that both the width and length of the deposition upwind of the models increase with
increasing scale model width.

Process-scale numerical simulation models using CFD

Computational Fluid Dynamics (CFD) is a method enabling computers to
solve problems of flow in liquids as well as gasses. In fluid dynamics, flow is
described by fundamental physical laws, which include continuity of mass,
momentum and energy. These laws describe how these quantities change in
time and space due to physical processes. This means that flow properties
like density, velocity, pressure and temperature are described through these
equations. In practice, the model equations are not easy to solve. Numeri-
cal techniques can be used to find approximate solutions for these equations,
as the continuous model equations cannot be solved directly. Therefore, the
model equations are discretized into a set of algebraic equations. This can be
achieved by subdividing the computational domain into a finite number of
small cells. These discrete equations can then be solved to find approximate
solutions of flow properties.

Sediment transport depends on flow conditions, so CFD can be used to
obtain the forcing of sediment transport models. Spatial variations in the flu-
id flow near the sand surface result in spatially variable sediment transport
rates, which causes bed level changes through erosion at one location, and
deposition at another. In return, these bed level changes again affect the flow
field, closing the feedback loop, also known as a morphological loop.

Using CFD to solve flow problems has advantages but also limitations. By
increasing the number of cells, the numerical solution converges toward the
exact solution. Therefore, this solution method can be very powerful for find-
ing flow properties in high resolution in time and space. However, increasing
the number of cells also increases the computational time required. There-
fore, in CFD simulations, there is always a balance between computational
cost and resolution. In comparison with field experiments, where all variables



are constantly changing, CFD simulations allow a systematic investigation of
the impact of specific variables of interest. Numerical modelling can be a
powerful tool for providing insight into physical processes. Model results are
often simplifications of reality and will therefore not replace experimental
research, but rather be complementary to experiments.

This makes CFD models suitable to:

- Systematically vary the value of a specific variable to investigate its effects.
Parameter values can be precisely specified, or certain processes can be
eliminated to focus on processes of interest. (e.g. gradually increasing
wind speed to examine influence on size of erosion and deposition patterns
around houses)

- Focus on specific aspects of the problem of interest by turning processes on
and off in simulations. Processes that could be investigated are for instance:
does soil moisture affect wind driven sediment transport.

- Compute detailed flow and sediment transport estimates around a single design
for very short timescales (up to minutes) and a limited number of condi-
tions. Solving airflow equations around buildings requires solutions for a
wide range of spatial scales; from the large-scale flow around the building
to small-scale flow structures in the turbulent wake behind the building.
Even though the small-scale flow structures will be parameterized, the
wide range of spatial scales limits the simulated time to several minutes.
Computational times typically take hours or days.

- Obtain system knowledge through CFD, which can result in rules of thumb.

Even though computers become increasingly powerful, solving turbu-
lent wind flow at the required level of detail and fast enough for a long-term
morphological evolution of quantitative accuracy, is not yet realistic. Average
flow simulations can be used but result in a lack of physics on smaller scales.
Note that most morphological models used in coastal engineering applica-
tions are hydro-morphodynamic models that use a more schematized way of
CFD modelling, with cell sizes of tens to hundreds of meters and often only
depth-averaged fluid flow instead of the full 3D flow field. These models can
be applied to simulate the development of the submerged nearshore seabed
and can be used, for instance, to evaluate the longer-term shoreline evolution
of mega-nourishments due to waves and currents.

A preliminary result of the use of CFD modelling in the ShoreScape project
is shown in Fig. 4. CFD can provide detailed airflow patterns around various
geometries and arrangements of beach houses. Aeolian sediment transport
can then be computed by using sediment transport equations that are de-
pendent on bed shear stress and near bed flow velocities, which are calculated
for each cell in the computational domain of the CFD model. The morpholog-
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ic change is derived from the conservation of sediment. Simulations can be
made for full scale beach houses, but also at the scale of the physical model
experiments at the beach by Poppema et al (2019) to support interpretation
of observed sedimentation patterns in terms of underlying mechanisms and
test for possible scaling effects.
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Figure 4. Example snapshot of calculated flow field around a cube-shaped building using CFD modelling:
a) side view, slice along centre line z/L=0, b) top view, slice along y/L=0.5. Fluid flow from left to right. Blue
to red colours indicate low to high flow velocities.

Rule-based coastal morphodynamic models

Like CFD models, rule-based morphodynamic models describe the
beach-dune topography using a large number of cells on a regular grid, usu-
ally a two-dimensional surface. The difference lies in the rules that describe
the behaviour of these cells. Discrete numbers represent the state of each
grid cell (e.g. its elevation, density and type of vegetation in the cell, depth of
groundwater). Cell states can change according to transition rules that define
how the current state of a cell depends on the previous state of this cell and
of its surrounding cells. For example, the probability of sediment deposition
in a cell depends on the presence of vegetation within the cell (which would
trap sediment) and on the presence of a higher elevation in an upwind cell (a
dune creates a shadow zone with decelerated wind and increased deposition
behind it). This type of model, with grid cells and discrete cell states governed
by transition rules, is most commonly referred to as Cellular Automata (CA)
model (Fonstad, 2013).

The evolution of the beach-dune topography is calculated by applying
these transition rules multiple times to all grid cells, where each iteration
(i.e. application of the rules to all grid cells in the model) represents a time
step. The mathematical functions that control cell state transitions can be as
simple, or complicated, as desired to achieve the aim of the model. To create a
meaningful CA model of a natural system, a physical rationale for the math-
ematical functions of each transition rule is essential. Transitions should be
based on general rules or on empirical estimates derived from measurements
and must account for all necessary processes required for the desired pattern/
phenomena.



So far, the DUBEVEG (Dune, Beach and VEGetation) model (Keijsers et al.,
2016, Galiforni-Silva et al., 2018, 2019) is the only attempt to simulate beach-
dune development solely using a CA approach. It includes the main process-
es involved in the dynamics of the beach-dune system, such as wind-driven
sediment transport, vegetation growth and decay, hydrodynamic erosion and
supply, and groundwater depth. Model rules are applied with a weekly time
step, under the assumption of a given long-term average wind-driven sand
transport. This results in short computing times, making the model suitable
for long-term morphodynamic studies over tens of years.

The main advantages of CA modelling are its flexibility and range of
modelling possibilities with a relatively low computational effort. Rules can
be simple and are usually easily adaptable. For instance, DUBEVEG only needs
sediment transport rules without separate rules for fluid flow (air or water),
contrary to CFD models where repeated fluid flow computations are an essen-
tial and computationally intensive component.

A limitation of the beach-dune CA model is that total aeolian sediment
supply is user-specified, either derived from other models or from long-term
monitoring data. This implies that the total wind-driven sediment volume
increase, totalled over the simulated period, is imposed by the user and not
an outcome of the interacting processes in the model. Also, because CA mod-
els focus on interactions at a certain location (e.g. changes in sand transport
around a dune), rather than the movement of objects through space (e.g. the
transport of sand grains), the model does not simulate sand fluxes as required
for commonly used model validation methods (e.g. comparison to a measured
sand flux). CA model outcomes can therefore only be validated at a higher
level of aggregation, such as overall trends and spatial patterns in morpholo-
gy. Hence model outcomes cannot be used as a quantitatively accurate predic-
tion or reproduction of beach-dune topography at a given time.

Following from all advantages and limitations, CA models for beach-
dune dynamics are currently useful as exploratory rather than predictive
tools. Their characteristics make them suitable for:

- Investigating underlying principles of archetypical situations (e.g. can dune
formation be explained solely from shadow zone effects and avalanching
when slopes become too steep?).

- Investigating process interactions (‘How do seasonally present houses in
front of a dune affect this dune?’)

- ‘Rapid prototyping’ to answer explorative design questions (e.g. ‘can strategic,
time-varying placement of beach houses help build up a dune?’)

- Qualitatively comparing designs (‘will a design with larger distances between
houses result in a higher dune? ¢)
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An example of the output of a CA model simulating the impact of beach
houses on dune development is shown in Fig. 5. Here, a series of beach houses
are implemented in the CA model DUBEVEG by defining non-erodible cells
and adding a rule that states a zero probability for sand deposition on top of a
house. The nine houses are 2.5 m high, 4 m wide, and 10 m long, and have a 4
m spacing. As we used the DUBEVEG version described in Galiforni-Silva et al
(2018), specific rules for the impact of rectangular objects on sedimentation/erosion
patterns have not yet been implemented.
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Figure 5. Example illustrating a possible outcome of implementing beach houses in a CA model, where
it should be noted that the CA model used does not yet include rules that specify the impact of bluff-
body objects, such as beach houses, on local sedimentation-erosion patterns. a) Top view of beach-dune
topography after 10 years simulation, white rectangles represent beach houses; b) top view of beach-
dune topography at start of simulation, rectangles represent beach houses; c) average topography along
transects crossing the middle of a beach house (red dashed), transects in between beach houses (red
solid), transects without beach houses (black solid, where green infill indicates sedimentation).

4. Matching morphological information needs and
morphological model capabilities

A BwN approach for developing integrated spatial designs for urban-
ized sandy shores requires morphological modelling at both small and large
scales. It requires models to predict the larger scale evolution of the coastline
under different nourishment strategies as well as the evolving topography of
beach and dunes on smaller scales. For the latter, understanding shorter term



interactions of wind-driven sediment transport, vegetation growth, dune de-
velopment, human use and the built environment are essential to simulate
the long-term consequences for the upper beach and dune evolution. Under-
standing and modelling these complex interactions, where sediment has to
move from the submerged domain to the subaerial domain and interact there
with the biotic system and the socio-economic system is at the frontiers of
coastal modelling (Lazarus et al, 2016).

In the ‘inquiry and analysis’ phase of spatial design, conceptual mod-
els, physical scale models, and CFD models all contribute to meeting identi-
fied morphological information needs. In this context, CFD modelling serves
two main purposes. Firstly, detailed 3D airflow simulations combined with
sediment transport calculations may enhance insight into underlying mech-
anisms of building impacts on erosion/sedimentation patterns, leading to
rules of thumb. Secondly, coarse grid CFD models (grid size of tens to hun-
dreds of meters) with highly reduced complexity fluid flow equations or sur-
rogate modelling techniques (e.g. Berends et al., 2019), can be used to pro-
vide morphological information on the approximate effects of nourishment
schemes on the coastal profile or shoreline position over many years to a few
decades. Regarding modelling of wind-driven sedimentation and erosion
around buildings, many studies exist that model airflow around buildings
(e.g. Ozmen et al., 2016), but none have calculated related sediment trans-
port patterns. A few modelling studies exist where zones of acceleration and
deceleration of the wind near the sand surface, induced by the building, were
interpreted as zones of erosion and deposition (e.g. Van Onselen, 2018). Note
that the process-scale numerical modelling of wave- and current-driven
sedimentation and erosion around hard coastal protection structures at ur-
banized shores, such as seawalls, is much more advanced (e.g. Smallegan et
al., 2016; Muller et al, 2018)

In the phase of ‘design feasibility’, it is ‘rapid prototyping’ that puts high
demands on the computational time of long-term morphological simulations
(covering several years to tens of years). It requires numerical models that
can quickly evaluate morphological effects of multiple spatial design alter-
natives, considering the interaction of buildings and sediment flows, as well
as interaction with vegetation development (all of which influence dune for-
mation). This makes CA models currently the most suitable type of model,
even though they do not yet include rules for interactions of buildings with
wind-driven sand transport. Also, it has been observed that activities related
to the recreational use of the beach, such as beach raking or beach traffic,
may affect vegetation growth and hence dune development, as does local me-
chanical removal of aeolian sand deposits by property owners (Jackson and
Nordstrom, 2011). Respective relations are still lacking in current beach-dune
morphological models.
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Regarding the phase of ‘design optimization’, expressed morphological
information requirements seem to be rooted in the tradition of static spatial
designs, where the final design can be highly detailed and precise. However, in
the case of BwN-based spatial designs, the final design is not a static situation
but an inherently dynamic, evolving situation and a static end situation will
never exist. Regarding the assessment of flood defence functionality of future
dune landscapes, adaptive approaches may be needed (cf. Vuik et al, 2018).
Moreover, the assessment of the safety level of a dune with hard objects in
or on top of it, is still a difficult issue (e.g. Boers et al., 2009). Apart from the
difficulties of knowing details of future beach-dune topography, even pre-
dicting the total amount of sand in a dune area is still a major challenge. No
models are available yet for accurate prediction of long-term sediment supply
to the dunes. Recent efforts in coupling subaqueous and subaerial domains in
numerical model studies (e.g. Roelvink and Costas, 2019; Hallin, 2019) help to
obtain quantitative insight in the time-varying amount of sand supply that is
delivered by the waves and tides and can be picked up by wind for continued
onshore transport. In short, present-day capabilities of morphological mod-
els to support design optimization are still limited.

5. Conclusion

Using ‘Building with Nature’ principles in the spatial design of urban-
ized sandy shores asks for a new design approach. A recognition of the inter-
connectedness between urban and morphological spatial systems implies the
need for dynamic and adaptive, instead of static, designs. Combining the de-
mand for multi-functionality - flood protection, nature, recreation and econ-
omy - while at the same time explicitly considering and utilizing sediment
dynamics, requires truly integrated spatial design. This poses new challenges
to morphological models supporting it.

Numerical models (computer models) able to accurately predict the mor-
phological effects of interaction between wind-driven sediment dynamics
and buildings are currently lacking. This is most severely felt in the phases
of ‘design feasibility’ and ‘design optimization’, where alternatives like con-
ceptual and physical models - particularly useful in the ‘inquiry and analysis’
phase — are less suitable. In the ‘design optimization’ phase, a gap exists be-
tween model capabilities and morphological information needs as it is diffi-
cult to accurately predict the long-term sediment supply to dunes with nu-
merical models. Finally, the observed influence of human activities on urban
beaches on vegetation development is currently absent in all morphological
models. Hence predicted location and/or rate of new dune formation will be
inaccurate for urbanized beaches.



To conclude, arriving at integrated spatial designs for the sustainable
protection of urbanized sandy shores using BwN principles requires morpho-
logical models that can go beyond the hydro-morphological simulation of
nourishment behaviour alone and can include interactions with how humans
use the beach.
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