
1 INTRODUCTION

The Dutch coastline along the South-East part of the
North Sea is about 350 km long. Commonly the
Dutch coast is divided into three regions, viz. (1) the
Delta coast in the south, (2) the Holland coast in the
centre and (3) the Wadden coast in the north. When
focusing on the Holland coast between Hoek van
Holland and Den Helder, the morphology is typi-
cally a storm-dominated sandy coast. Its primary
function is to protect the low-lying hinterland from
flooding. The sandy coast, however, represents im-
portant value to other functions as well: e.g. ecologi-
cal value, drinking water supply, recreation, residen-
tial and industrial functions. Coastal erosion,
dominant along half of the Dutch coast, is endanger-
ing these functions.

In order to stop any further structural recession of
the coastline the Dutch government initiated the de-
velopment of a new coastal policy, at the end of the
1980's, the so-called "Dynamic Preservation of the
Coastline" (Min V&W, 1990). The strategic objec-
tive was to guarantee a sustainable safety level and
sustainable preservation of values and functions in
the dune area. To reach this strategic objective, a
clear operational target has been specified: the coast-
line will be maintained at its position in the year
1990.

The bathymetry of the Holland coast is monitored
on an annual basis through the program JARKUS
which has been operational since 1963. The coastal
depth profiles are measured from the first dunes up
to  1 km in a seaward direction, at alongshore inter-
vals of 250 m.  The  most  compact  and/or  most  con-

venient way to summarize the above mentioned type
of information is in terms of sediment budgets and
cross-shore positions. Among others, the Momentary
CoastLine  or  MCL  position  is  defined  as  a  Coastal
State Indicator that suitably describes the coastline
position as a function of the volume of sand in the
nearshore zone.

The  description  of  the  actual  state  of  the  system
(i.e. the expected state for the coming year) is per-
formed each year by means of linear extrapolation of
the MCL positions observed during the 10 previous
years. The actual state of the system can be therefore
compared with the reference state, i.e. the position in
the year 1990. This comparison provides an indica-
tion for the (expected) coastal state in the coming
year: an (expected) coastline position that moves
landward with respect to the reference state repre-
sents a signal to the responsible coastal  authority to
consider intervention. As the name "Dynamic Pres-
ervation" implies the goal to make optimal use of
natural processes, the principal intervention proce-
dure is sand nourishment.

However, we assume here that moderate rates of
structural erosion or accretion should be described
on a larger time scale than merely one decade. By
visual inspection, the JARKUS data-set reveals typi-
cal properties of cyclic behaviour on a decadal scale.
Amongst the analyses is that of Wijnberg and Ter-
windt (1995) pointing towards the existence of four
distinct morphodynamic regimes, each characterised
by their own particular sub-aqueous bar dynamics,
that may affect the behaviour of the MCL position at
a corresponding temporal scale. In some parts of the
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Dutch coast, the return period of a certain bar topog-
raphy is estimated to be about 15 years.

Besides, a nourishment intervention clearly repre-
sents the introduction of a disturbance to the natural
configuration of a coastal system. The impact of the
nourishment  can  be  seen  as  a  shift  of  the  after-
project MCL position-value due to the superposition
to the reference state. According to the saw-tooth
concept (e.g. Roelse, 2002), the erosion of the nour-
ished sand over time implies moreover the tail off of
the initial input spike in the MCL position time se-
ries. In such a case, a 10 years linear trend extrapo-
lation of the MCL positions is not valid anymore,
and coastal managers must predict the actual state of
the  system  on  the  basis  of  a  limited  amount  of  ob-
servations and/or must rely on expert judgment.

Although the choice for a (10 years) linear trend
extrapolation  of  the  MCL  positions  to  describe  the
actual state of the system was inspired by the objec-
tive  to  counter  structural  rather  than  incidental  ero-
sion, such a linear description has limited accuracy
because of not taking into account the influence of
the nearshore bars dynamics and the effect of the
nourishment interventions. It appears therefore nec-
essary to model the coastal variability, as repre-
sented here by the MCL position, by means of pa-
rameterised functions of time, representing the
deterministic long-term systematic variations in the
temporal  evolution  of  the  MCL  position.  Still,  the
embedding of the model in a stochastic environment
should be considered, as having the important ad-
vantage that apart from estimates for the parameters
also uncertainties can be derived for these model pa-
rameters, as well as uncertainties in the model and
uncertainties in its predictions.

In this paper, stochastic regression models are
used for a quantitative analysis of the long-term be-
haviour of the MCL position. The model includes
several components for the mathematical representa-
tion of the most relevant physical phenomena such
as: long-term trends, effects induced by the near-
shore bar dynamics, and the impact of nourishments.
The modelling is based on the long term trend analy-
sis of yearly-recorded JARKUS measurement data
gathered along the Holland Coast (The Netherlands).
The stochastic model has been identified and applied
for 3 sites along the Holland Coast.

2 THE MODEL

2.1 Model formulation
The starting point in the approach is that the tempo-
ral evolution of the MCL position at a particular spa-
tial position is described by a parameterised time se-
ries model of the form:

|t tZ t V (1)

For the meaning of the symbols in this equation,
the following must be mentioned:

The tZ  denotes the MCL position as function of a
(continuous) time t.

The |  is also a function of time and repre-
sents (a parameterised model for) the deterministic
long(er) term temporal variations in the MCL posi-
tion.

The  are one or more uncertain parameters in
the description of the systematic temporal variations.
Estimates of these parameters must be obtained on
the basis of measurements of the MCL position.

The tV  is a random noise that accounts for errors
in the modelling of the MCL position, and/or the er-
rors in the observations. The noise tV  is particularly
introduced to deal with the shorter term, non-
systematic, and non-deterministic fluctuations.

As  a  result,  Equation  1  represents  a  stochastic
time series model for the MCL position.

An important issue in the modelling is that an ac-
curate formulation of the deterministic component

|  is derived. Preferably this formulation is
based upon physical (system and process) knowl-
edge, and/or is based on observed patterns in meas-
ured time series of the MCL position. Such temporal
patterns may represent important sub-processes of
different time scales. Separate models can be de-
rived for the sub-processes and/or time scales, lead-
ing to a superposition according to:
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Both from a physical viewpoint, and from visual
inspection of the presently available observed time
series of the MCL position, and from knowledge
about human interferences in the coastal zone, it was
readily concluded that in the present case at least
three sub-processes/sub-models must be taken into
account: (1) long term trends in the MCL position
with gradual variations that extend over at least one
or  more  decades  of  years,  (2)  cyclic  or  quasi-
periodic variations with periods in the range of 7 to
15 years, representing the influence of the migratory
nearshore bar behaviour, and (3) the effects of
(beach, shore face) nourishments.

In the present modelling, a superposition of these
sub-processes is considered. In fact, if the nourish-
ment source material does not differ too much from
the native material, we may expect that the natural
variability remains approximately constant. Conse-
quently, a linear representation of the relevant phe-
nomena is assumed to be acceptable.



Taking all these sub-processes into account the
following extension of the model is obtained:
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Parameters  account for a long-term (linear)
trend in the temporal evolution of the coastal state
indicator. Parameter P  denotes the period (here in
years) of the harmonic variation, while A  and B
denote the amplitudes of the associated cosine and
sine components. The effect of a shore face and/or
beach nourishment is represented by the sub-models

( ) ( )S  and ( ) ( )B  respectively, where:
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The ( )S
i  in Equation 4 denote the times of (indi-

vidual) shore face nourishments. The response or
transfer function ( ) ( )S

iN  represents the (after)effect
of a nourishment at time ( )S

i  on the coastal state in-
dicator. This (impulse) response function is mod-
elled as follows:
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In this way, the effect of a shore face nourishment is
represented by a product of two sigmoid functions,
each including two parameters consisting of a shift
parameter  and a shape parameter . Parameter c
in Equation 6 is a scaling factor that represents the
effect of a nourishment of unit magnitude. At the
same time, a parameter K is included to account for
the actual amount (volume or density) of the nour-
ishment at time ( )S

i . This amount iK  will be known
for each nourishment time ( )S

i , but for the other five

parameters ( ) ( ) ( ) ( ) ( ) ( )
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mates must be obtained through model calibration.
For the modelling of the response to beach nour-

ishments, here denoted by ( ) ( )B
iN , a fully similar

approach is followed as described above for ( ) ( )S
iN ,

leading to the following formulation:
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This model for the effect of beach nourishments in-
duces another set of five parameters ( ) :B

( ) ( ) ( ) ( ) ( )
1 1 2 2, ; , ;B B B B Bc  that must be estimated

through model calibration.
The model parameters  in Equation (3) then fi-

nally consist of:
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For more details on the mathematical formula-
tions of the sub-models |n n  (and the involved

uncertain model parameters n ), one is referred to
Brière and Van den Boogaard (2008).

Finally,  a  model  must  be  formulated  for  the  ran-
dom fluctuations tV  as well. In the present case this

tV  is assumed to be a zero-mean Gaussian noise. The
spread  (or variance 2 ) of the noise tV  is usually
not known. Together and simultaneously with the
deterministic model parameters , the spread
must then be estimated from the observed MCL po-
sitions.

2.2 Calibration of the model
Dealing  with  a  stochastic  model  implies  that  a

statistically consistent and well defined calibration
procedure must be applied. Here a so-called Maxi-
mum LikeliHood (MLH) approach is followed. This
leads to a procedure where a function of the parame-
ters, the so-called minus log-likelihood function,
must be minimised. This log-likelihood function is
closely  related  to  a  least  squares  criterion.  Due  to
non-linearities in the modelling, numerical tech-
niques had to be used for the actual minimisation of
the log-likelihood function. The result of the calibra-
tion are optimal estimates ˆ  and ˆ  for the uncer-
tain model parameters.

2.3 Uncertainties in the parameters and model-
predictions

The stochastic formulation of the models, and the
Maximum Likelihood based calibration procedure,
has an important advantage that also uncertainties in
the (estimates ˆ  and ˆ  for the) parameters can be
derived in a fully quantitative form. In standard
MLH procedures it is assumed that the estimates ˆ
and ˆ  satisfy a Gaussian distribution, and from the
minimised log-likelihood function the spread in the
ˆ  and ˆ  can be computed. From these spreads, and

still assuming a Gaussian distribution, confidence in-



tervals (e.g. 95%) can be constructed. These (sym-
metric) confidence intervals can be used for assess-
ing the accuracy and (statistical) significance of the
estimates for the parameters.

3 MODEL APPLICATION

3.1 Heemskerk
Heemskerk is located in the central part of the

North-Holland  coast,  and  belongs  to  the  LSCB-
region III following the classification of Wijnberg
and Terwindt (1995). In this area, the return period
of a certain bar topography is estimated to be about
15 years. No nourishments have been directly ap-
plied at Heemskerk and we assume that the lee-
influence of adjacent nourishments is weak. Conse-
quently, the sub-processes that have been taken into
account are the long-term trend in the MCL position
and the cyclic variation representing the influence of
the migratory nearshore bar behaviour. The model of
Equation 3 is therefore reduced to:
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The long-term behaviour of the MCL position is
displayed in Figure 1. The MCL position exhibits a
regressive evolution over the last decades, at a rate
of –0.2 m/year. A cyclic component, representing
the influence of the migratory bar behaviour, has
been added, characterised by a calculated period of
the oscillation of 12.8 years, that is consistent with
the analysis of Wijnberg and Terwindt (1995).

Figure 1. Long-term behaviour of MCL position (m), where the
symbols ‘+’ represent the observations. The solid line, the
dashed-dotted lines, and the dotted lines represent the simu-
lated mean trend, the boundaries of the 95% skew confidence
interval, and the boundaries of the 95% skew prediction inter-
val, respectively. The dashed line represents the linear trend for
the period 1995-2005.

By taking into account the cyclic variation repre-
senting the influence of the migratory nearshore bar
behaviour, instead of extrapolating the MCL posi-
tions  by  means  of  a  10 years linear  trend,  the  sto-
chastic model describes the long-term evolution of
the MCL position with more insight into the existing
physical phenomena. For example, Figure 1 shows
that the linear trend estimate (dashed line) for the pe-

riod 1995-2004 leads to a significant overestimation
of the MCL position value in 2005 when compared
to the model prediction.

3.2 Zijpe
Zijpe is located in the northern part of the North-
Holland coast, and belongs to the LSCB-region II
following  the  classification  of  Wijnberg  and  Ter-
windt (1995). In this area, the return period of a cer-
tain bar topography is estimated to be about 15
years. Along the considered coastal stretch, beach
and shore face nourishments (Figure 4, bottom
panel) have been applied in the past and the repre-
sentation of their impacts has been considered when
investigating the long-term behaviour of the MCL
position.

Consequently, the sub-processes that have been
taken into account in the modelling are the long-
term trends in the MCL position, the cyclic variation
representing the influence of the migratory near-
shore bar behaviour, and the effects of both beach
and shore face nourishments (see Equation 3).

The long- term behaviour of the MCL position is
displayed in Figure 2 (top panel). The MCL position
exhibits a slightly regressive evolution until 1987, at
a rate of –0.1 m/year. A cyclic component, repre-
senting the influence of the migratory bar behaviour,
has been added, and, within the model calibration, a
period of 14.9 years was identified for this oscilla-
tion. This estimate agrees well with the literature,
see Wijnberg and Terwindt (1995).

Figure 2. Long-term behaviour of MCL position (m), where
dots and the solid line represent the observations and the identi-
fied mean trend, respectively.

Accretion (in terms of seaward migration of the
MCL position) is noticed after the application of the
nourishments (Figure 2), and the positive impacts
are gradually disappearing after a couple of years.
The model properly reproduces these phenomena. In
fact, the transfer functions representing the impacts
of a beach and a shore face nourishments on the



MCL position (Figure 3) exhibit the following be-
haviours: (1) in case of a beach nourishment, the
maximum impact is found about 0.5 to 1 year after
the application of the nourishment, and the lifetime
is estimated to be about 7 to 8 years; (2) in case of a
shore face nourishment, the maximum impact is de-
layed, occurring about 5 years after the application
of the nourishment, and the lifetime is estimated to
be about 8 to 9 years.

Figure 3. Normalised identified transfer functions representing
(a) the impact of a beach nourishment on the MCL position,
and (b) the impact of a shore face nourishment on the MCL po-
sition.

These findings agree well with the saw-tooth
concept (see e.g. Roelse, 2002), which is used glob-
ally as a nourishment design basis.

As discussed by Lescinski et al. (2008), there are
two key components in the saw-tooth design: first, a
steeply positive-sloped trend, illustrating the initial
increase in the beach volume due to the placement of
the nourishment, and secondly, the tail off of the ini-
tial input spike depicting the erosion of the nour-
ished sand over time; the slope of this tail being
equal to the decay rate of the nourishment.

The model is able to provide a quantitative esti-
mate of these parameters (i.e. initial increase, decay
rate).

3.3 Bergen-aan-Zee
Bergen-aan-Zee is located in the central part of the
North-Holland  coast,  and  belongs  to  the  LSCB-
region III following the classification of Wijnberg
and Terwindt (1995). In this area, the return period
of a certain bar topography is estimated to be about
15 years as well, and shore face nourishments have
been applied since 1990 (Figure 4, bottom panel).

Consequently, the sub-processes that have been
taken into account in the present modelling are the
long-term  trends  in  the  MCL  position,  the  cyclic
variation representing the influence of the migratory
nearshore bar behaviour, and the effects of both
beach and shore face nourishments (see Equation 3).

The long-term behaviour of the MCL position is
displayed in Figure 4 (top panel). The MCL position
exhibits a regressive evolution until 1990, at a rate
of –0.4 m/year. A cyclic component, representing
the influence of the migratory bar behaviour, has
been added, and is characterised by a calculated pe-
riod  of  the  oscillation  of  9.5 years, that is much
lower than the prior expected 15 years-value.

Figure 4. Long-term behaviour of MCL position (m), where
dots and the solid line represent the observations and the simu-
lated mean trend, respectively.

In case of a beach nourishment (Figure 5a), the
first impact is found immediately after the applica-
tion of the nourishment, and a gradual seaward mi-
gration  of  the  MCL  position  is  then  observed.  In
case of shore face nourishment, the maximum im-
pact is obtained immediately after the application of
the nourishment, and the transfer function exhibits
then an asymptotic behaviour. In such a case, the
saw-tooth concept is not valid anymore. Although
the initial spike in the saw-tooth is observed, the de-
creasing tail is not (re)produced through the model-
ling. Such shapes of the transfer functions are asso-
ciated to a blocking mechanism, in combination with
the net longshore transport occurring on the beach
system, as also shown by Lescinski et al. (2008);
sand is then transferred to the dune system. The ac-
cretion appearing after the nourishment and post ini-
tial blocking phase is consistent with van Duin et al.
(2004) and with Grunnet and Ruessink (2005).

Figure 5. Normalised calculated transfer functions representing
(a) the impact of a beach nourishment on the MCL position,
and (b) the impact of a shore face nourishment on the MCL po-
sition.

4 CONCLUSIONS

Considering 43 years long records of measured
JARKUS data, stochastic regression models have
been identified for a quantitative description of the
long-term behaviour of the Momentary Coastline or
MCL position. The modelling includes mathematical
representations of the following physical processes
and/or interventions: (1) the long-term trend in the



MCL temporal evolution, (2) the influence of near-
shore bars, and (3) the impact of sand nourishments.

The stochastic model has been identified and ap-
plied to 3 different sites (with one site not influenced
by nourishments, and two others with significant
nourishments), showing its ability to deal with struc-
tural evolutions of the MCL position (e.g. effects in-
duced by the nearshore bar dynamics).

Besides, the stochastic model appears to be a use-
ful tool to describe mathematically the impact of
nourishments on the long-term evolution of the
MCL position. The modelling displays either a re-
gressive (in time) behaviour of the transfer function
representing their impact, that is consistent with the
saw-tooth concept, or a retentional or progressive (in
time) behaviour of the transfer function, that is asso-
ciated to a blocking mechanism in combination with
the net longshore transport. Still, these inconsisten-
cies in the system response to nourishment interven-
tions carry interesting implications for current
coastal management practices, and they especially
support the use of the stochastic model for the quan-
titative description of the actual state of the coastal
system.

Moreover, the description of the actual state of
the system is performed with more insight into the
structural developments (in particular related to the
nearshore bars dynamics) when using the stochastic
model rather than simply extrapolating the MCL po-
sitions by means of a 10 years linear trend. Further-
more, the model application leads to an indication
for the (expected) coastal state in the years T to T+5.

More generally, with a quantitative measure for
the model parameters and the uncertainties, the
MCL positions can be predicted for a quite extended
period out of the range of the observations,  and the
model can therefore be used in decision support is-
sues and/or for the design (length, volume, imple-
mentation time) of optimal nourishment strategies.
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