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INTRODUCTION
It is well known that a major part of the Netherlands lies below sea level. An intricate system

of sea defences protects the country from flooding with an explicitly defined certainty. The sea
defences along the North Sea are partly formed by dunes.

These dunes however have two functions; defending Holland against flooding by storm
surges and providing space for nature, recreation, tourism and housing. The first function is well
studied, but the consequence of the first for the second drew only attention in the last years. During
storm surges the dunes will be eroded over some distance and the property located in this zone will be
undermined and lost. As the width of this eroded zone is limited to 50 to 100 meters, the people living
there can flee to the safe hinterland and no casualties are expected. At some places especially at the
location of seaside resort town, the dunes are covered with restaurants, hotels, apartment buildings, etc.
and the related roads and walkways. Now the question is to what degree the property should be
protected by the government against the erosive forces of the sea. Two principles could be followed
here: equity or efficiency. The first principle would require the same safety for the inhabitants of the
dunes as for the people behind the dunes. Although this is not exactly comparable as explained above,
proponents of this principle would like to prohibit activities with fixed assets seaward of a safety
contour of 10-4 per year. Such a policy would however exclude a very attractive zone of the seafront
from economic activity. This seems economically inefficient because the rate of return on investment
in this zone is higher than the probability of losing it. Therefore the second principle is researched
further in this paper and the question is answered up to which level of probability (contour) the
government should prohibit fixed investment if the reasoning is limited to material damage and
economic efficiency.

Starting with the distribution of the invested value as a function of the distance from the high
water line and using the probability of exceedance of a certain distance by erosion, the risk can be
calculated as a function of the distance. After some mathematical manipulation the risk can also be
depicted in a frequency-damage curve, a FD-curve similar to the well known FN-curve (the FN-curve
plots the probability of exceedance against the number of casualties).  Finally it is attempted to find an
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economic optimum by equating the cost of beach nourishment with the reduction of property risk due
to dune erosion.

DUNE EROSION DURING STORM SURGES
Because the windfield of the cyclone is the moving force behind the wave growth and the

wind setup in the North Sea, the significant wave height and the storm surge level at the Dutch coast
show considerable dependancy. This dependancy is enhanced by wave breaking in the shallow coastal
area where the water depth is governed by the bottom topography and the storm surge level. Therefore
the erosion ε(HW) of the coastal dunes during storm surges can be reasonably well described as a
function of the water level HW alone. A simple approximation, that enables further mathematical
analysis, is given by:

(1)

In which:
n the beach slope
P the dune foot
γ a calibration factor
hdune the dune height at position P

From Eqn. (1), an expression of HW as a function of ε can be derived:

(2)

Using this expression one can transform the high water probability distribution into probability
distribution of the dune erosion Fε(x).  Given an exponential distribution for HW with location A and
scale B (Van Dantzig, 1956), the distribution function for ε is given by:

(3)

A graph of this probability distribution in the form of its complement, the probability of exceedance
line, is given below.
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Fig. 1.  Probability of exceedance of the erosion
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This probability of exceedance line gives the position of the lines parallel to the coastline
with a probability of p=1/N to be exceeded.  The position xp of such a line or contour, that is
determined by the p-quantile of dune erosion can be analytically determined from P(ε > xp) = p and is
given by:

(4)

A map showing the layout of the seaside resort with the 1/10, 1/50 and 1/100 lines is a suitable element
in the communication between the authorities and the citizens in the final decision making process.

ECONOMIC VALUE IN THE COASTAL ZONE
In the Dutch sea side resorts like Scheveningen and Noordwijk considerable investment is

done to develop tourism. Everywhere the structure of the development differs. Sometimes a boulevard
stretches along the coast on top of the dunes in front of the guesthouses, in other cases the properties
are directly at the sea front (Carvalho and Coelho 1998).

The distribution of the economic value  in the coastal zone is parameterized as a function of
the distance from the coastline by the value density function fv(x), where the integral of fv(x)  over the
coastal zone is the total value of the property.  Practical experience for Scheveningen and Noordwijk
shows that the value density is best modelled by a multi-uniform distribution or a histogram as given
by:

(5)

For Scheveningen three zones were needed, as shown here, for Noordwijk a single zone appeared to be
sufficient. It should be noted that this form of fv(x) could be the result of economic facts as well as of
the relative crudeness of the property tax evaluation that forms the basis of the data.

Fig. 2. The value density function for Scheveningen in Dfl/m2

THE RISK IN THE COASTAL ZONE
The risk at position x is described by the product of the probability that the erosion during a storm
exceeds x and the value of the investment at x:
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Fig. 3. Coastal risk profile

 (6)

The coastal risk profile Risc(x) results thus practically speaking from the multiplication of the graph of
the erosion exceedance line and the value density function. A graph of Risc(x) is depicted here.

The expected value of the damage per m1 is equal to the integral:

(7)

For Scheveningen the order of magnitude of the total risk for the coastal zone amounts to 25 Dfl/m.y.

              In the field of risk communication the FN-curve is often used (Vrijling, 2001). This curve
depicts on a double logarithmic scale the frequency of an accident against the number of fatalities.
Because nobody is expected to loose his life in case of a storm surge the FN-curve is of lesser
importance here. It might however be helpful to have a Frequency-Damage Curve, a FD-curve, that
plots the frequency of the storm surge against the size of the damage.

Earlier the distance x was expressed as a function of the p-quantile of the erosion.  The
cumulative distribution of the investment Fv(x) can be found by integrating  the value density function
fv(x).  Now the FD-curve can be found by eliminating of x from the cumulative value distribution Fv(x)
using the p-quantile of the erosion given by x(p).  This results in the following FD-curve:

A practical check with a theoretical basis is that the area under the FD-curve is equal to the expected
value of the damage. This value was calculated earlier as the total risk.
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OPTIMAL SAFETY LEVEL
Now the question is to what frequency or contour line the property should be protected by the

government against the erosive forces of the sea. There are two principles that give guidance in
problems regarding the distribution of scarse resources i.e. tax payers money: equity or efficiency. The
first principle would require the same safety for all.  Thus the inhabitants of the coastal zone on top of
the dunes should have the same safety level for their property as the people behind the dunes.
Although both cases are not exactly comparable because the people behind the dunes run also the risk
of drowning as explained above, proponents of this principle would like to prohibit activities with
fixed assets seaward of a safety contour of 10-4 per year. This would however exclude a very attractive
zone of the seafront from economic activity. This seems economically inefficient because the rate of
return on investment in this zone is higher than the probability of losing it. Therefore the second
principle will be researched further. The question is answered up to which level of probability
(contour) the government should prohibit fixed investment if the reasoning is limited to material
damage and economic efficiency.

To answer the question to which return period the development of property should be allowed
a decision problem has to be formulated equating the cost of protection with the risk. Two alternative
policies are studied. Following the first called “retreat” the government reduces the risk by removing
the property from the seashore up to xo. The total cost of this policy is the cost of removal and the
present value of the remaining risk. Because the present value of the risk is taken from t=0 to infinity
the present value operator becomes 1/r where r = the rate of interest.

   (8)

To find the optimal value of xo the expression for the total cost must be differentiated with respect to
xo. In this case the derivative of the integral is equal to the integrand with xo as argument:

(9)

With some clever rearranging the optimal p-quantile for
“retreat” is found to equal the rate of interest:

(10)

So if the real rate of interest is 0.02 - 0.04 per annum the coastal zone should be vacated up to the
contour with a return period of 50 to 25 year.  One should be aware that disagreement might arise
between the owner of a specific property and the government. If his property generates a return on
investment that exceeds the rate of interest (which is not unlikely) the owner is inclined to opt for a
return period equal to the reciproke of his rate of return on investment. The government should allow
this on the condition that the owner accepts all responsibility and gives up the right of compensation.

The second policy alternative is indicated as “attack”. Following this policy the government
will increase the distance from the first properties to the sea shore by a dune nourishment of N [m/m]
If the dune height is hdune the sand volume needed is N. hdune [m3 / m]. The cost of nourishment is
assumed to equal ps [Dfl/ m3 ] leading to a cost per running meter of coast of N. hdune 

. ps [Dfl / m].

The effect of the nourishment is modelled as a seaward shift of the contour over N [m].
Introducing these changes the expression for the total cost consisting of the cost of nourishment en the
present value of the risk becomes
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(11)

After integration of present value of the risk the total cost as a function of N becomes approximately:

(12)

Differentiation with respect to the decision variable N will lead to an optimum

(13)

Observing again that the exponential function equals the probability that the erosion exceeds the
seaward boundary of the investment, one writes:

(14)

The required nourishment has to reduce the probability that the property is damaged to popt and is
equal to:

(15)

The optimal probability of damage to the property is thus equal to the rate of interest times the cost of
1 meter nourishment per m running coast divided by the value of the property per m2. One should
check if the second zone of the value density function gives a more stringent requirement in terms of
nourishment.

(16)

The nourishment required by the second zone becomes:

(17)

If this value exceeds the former the optimal value has to be refined numerically because the simple
approximation gives a reasonable estimate but is only accurate for the first zone.

CONCLUSIONS AND RECOMMENDATIONS
After a long period where most attention went to the protection of the low lying areas of the

Netherlands, recently attention is given to the risk in the coastal zone. Because no casualties have to be
feared only the probability of economic damage to the sea side developments is studied. The risk is
represented in new ways, that are thought to be helpful in the public discussion.

Firstly contour lines parallel to the coast are given for certain specified probabilities of
damage to the property. Secondly the risk is represented in a graph as a function Risc(x) of the
distance from the coastline. Thirdly the expected value of the damage, the Total Risk is calculated as
the area under the Risc(x) curve. Fourthly the damage is given as a function of the probability in a
Frequency-Damage curve, a FD-curve. It can be proven that the area under the FD-curve is equal to
the Total Risk (Vrijling and Van Gelder, 1997). This provides a useful check. Finally it is shown that
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the question to which contour development has to be allowed has to be answered by economic
reasoning. If the government, following the equity principle would protect the property on the dunes to
the same level of frequency as that behind the dunes, a safety level of 10-4 per year would be required.
Economic reasoning shows however that the protection should be limited to a frequency level of the
order of the rate of interest i.e. 10-1 to 10-2 per year.

In order to find the optimum level of protection two strategies were evaluated. Following the
first strategy called “retreat” the government should buy property until the probability that the most
seawardly located property is damaged by dune erosion during a storm is reduced to the rate of interest
r.
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The second strategy “attack” calls for dune nourishment to protect the property. Now the
dune should be extended seaward by nourishment until the probability that the property is damaged
during a storm surge is limited to the rate of interest times the cost of 1 meter nourishment divided by
the value of 1 meter property.
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The simple results of this paper are reached under assumptions that should be relaxed. Firstly
the main part of the Dutch coast requires regular nourishment to keep it in a stable position. This
secular erosion process and the periodic restoration of the coastline should be taken into account
(Bakker and Vrijling, 1980). Also the effect of climate change and the consequent sea level rise on the
conclusions of the paper have to be studied in future (Vrijling and Van Beurden, 1990, and Jallow et
al., 1996).
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