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ABSTRACT:

A recent study was carried out to derive an update of wave statistics along the Dutch North Sea coast based on 24 years of data on 9 locations. As a part of the study a Regional Frequency Analysis (RFA) has been applied, to virtually increase the length of the available data series. An ‘ordinary’ RFA can be applied as long as the data of different locations is homogeneous. However, the data on the 9 locations in this case have different properties, due to different depths and fetches. This means the data appears to be inhomogeneous. Because the same parent phenomenon is assumed a modification of an ordinary RFA has been developed. This modification consists of a scaling of the different extreme value distribution functions based on physical relationships. The results of the analysis differ from the previous statistics based on 15 year of data for 5 locations. In the northern part of the Dutch coast the expected wave heights with exceedance frequencies of 1/10,000 per year are about 10% higher. This confirms the results of RIKZ (1995) where it was already noted that the main statistical properties of the most northern of the locations (SON) deviates from the other four locations. The ‘modified’ RFA as applied in the analysis takes these differences into account. As such, it is able to combine data from different locations which are not fully homogeneous, coming from the same parent distribution. This increases the amount of information on which the statistics are based. In this paper the modified RFA is compared with an ordinary RFA and a ‘simplified’ RFA as used in RIKZ (1995). 

1 InTroduction

The safety criterion for coastal flood defence structures in the Netherlands is defined in the Flood Protection Act (1996) as a probability of exceedance 1/T of 1/2,000, 1/4,000 or 1/10,000 years, depending on the location. This means the structures are designed in such a way that on an average they are expected to fail only once every T years. For these return periods accurate estimates of wave height and wave period are thus required. The statistics of waves are crucial boundary conditions for the evaluation and design of flood defence structures along the entire Dutch coast. 

Within the methodology of probabilistic evaluation of dikesafety along the coast the three major parts are: [1] statistics on relative deep water of wind, water levels and waves [2] the wave propagation towards the coastline, and [3] the wave-construction interaction, which in case of wave run-up has to be compared to dike height. This paper deals with the first item: the derivation of the statistics on deep water, especially of the wave conditions.

In a recent report Delft Hydraulics (2004) describes the derivation of extreme value statistics for wave height and wave period based on observations at 9 locations in the North Sea (see Figure 1) over the period 1979-2002. In the framework of the 5-yearly update of the Hydraulic Boundary Conditions for dikesafety evaluation as required in the Flood Protection Act (1996), this study is an update of the available wave statistics on relative deep water as described in RIKZ (1995) and (RIKZ, 1996). The used techniques has been updated as well. 

The most important improved technical aspects for the derivation of the wave statistics were the following.

[1]
First of all the availability of data is much increased. Data is available at 9 locations instead of at 5 locations. It is available over a period of 24 years (1979-2002) instead of over a periode of 15 years (1979-1993). No use has been made of the hindcast data over the period (1964-1978), as used in RIKZ (1995) and RIKZ (1996) to extend the data series. Apart from that, in the period 1979-1985 for most of the locations data was available every 3 hours. From 1985 till nowadays hourly data is available. 

[2]
The method to extract the maximum values in time from the hourly data series is improved. In order to get samples of a singular sea state the sample length is reduced to 20 minutes. With wave periods of more then 10 seconds only about 100 waves will be measured. Due to the irregularity of the wave field this is too short for an accurate estimate of the expected value of the maxima of the wave parameters. In RIKZ (1995) and RIKZ (1996) the bias is roughly corrected. In RIKZ (2004) a method is presented to assess the expected value of a sample. 

[3]
During the study another technical aspect became clear. The approach of the simplified RFA (in this paper called SRFA) as used in RIKZ (1995) and RIKZ (1996) consists of averaging the shape parameter of the distribution function for the different locations. This means the shape of the frequency distribution function is equal for all locations (see Figure 2). This approach appeared to be not sufficient accurate, especially for the four extra incorporated stations which are located in the southern part of the North Sea. The shape parameter of the frequency distribution function clearly depends on the location. To take into account the physical aspects of the different locations a modification (in this paper called MRFA) has been developed.
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Figure 1
Wave recording locations along the Dutch coast

In this paper the use of the SRFA, an ordinary RFA according to Hosking and Wallis (1997) and the MRFA is demonstrated for the wave data along the Dutch North Sea coast.
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 Figure 2
Wave statistics according to RIKZ (1995).

2 Measurements and data analysis

2.1 Analysis of wave measurement data

The first part of the analysis of data of wave measurements consists of the generation of the wave spectrum of an hourly or 3- hourly sample.

The raw data recorded by a wave measurement instrument is purely a time dependent water level. In an irregular wave field it appears each single wave has its own length and direction. This wave field is analysed by techniques based on the assumption that the wave field is build up by several regular wave fields. The energy density of each regular part is calculated during the sample length. Generally a sample length of 20 minutes is used. The result of this analysis is presented in the form of an energy density spectrum, as shown in Figure 3 for a location near Petten, in between YM6 and ELD.

The second part of the analysis is the calculation of some key parameters to characterise the wave field. These key parameters are used for the design of constructions, or for the safety evaluation of flood defence structures. The significant wave height Hm0 or Hs is calculated as a function based on the total wave energy: Hm0=4√m0 in which m0 is equal to the surface of the energy density spectrum. The wave peak period Tp is defined as 1/fp, where fp is the frequency with the highest energy density. The weighted mean period Tm-1,0 is defined as a function of the energy density and frequency (Tm-1,0=m-1/m0 in which m-1 the first negative moment of the energy density spectrum). The mean wave period Tm02 is defined as √(m0/m2), in which m2 is equal to the second moment of the energy density spectrum. Each wave parameter is based on a different analysis of the spectrum and describes a part of the features of the wave field. In Figure 3 the calculated wave parameters are presented. 

The third part of the analysis of data of wave measurements, especially for a extreme value analysis, consists of the detection of the maximum value of the wave parameters during a storm event. The calculated wave parameters of the wave spectra are uncertain due to the relatively short sample length, and the maximum value may occur in between two samples. In Foristall et. al. (1996) and RIKZ (2004) is shown that the derivation of the maximum wave parameter during storm further depends on the time between the samples, and the storm duration. 

2.2 Extreme value analysis for ‘at-site’ statistics

In Battjes (1970) the Weibull distribution function is proposed for the description of the statistics of waves. In RIKZ (1995) and Delft Hydraulics (2004) this function is used as well, in the form of a conditional frequency distribution function, which is as follows:
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in which G gives the average times per year X exceeds x, in which X is a wave parameter, ( the shape parameter, ( the scale parameter, ( a threshold above which the equation is valid and ( the average number of times that ( is exceeded per year.
For each station in Figure 1 a Weibull distribution function is derived (Equation 1) which describes a one to one relation between frequency of exceedance G (in which 1/G is equivalent to the return period) and the associated level of the wave parameter (wave height Hs or the wave peak period Tp). This relation is used for the prediction of extremes for recurrence times that are far beyond the length of the data record.
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Figure 3
Wave energy density spectrum measured at Measuring Position 1 at Petten (in between the locations ELD and YM6, see Figure 1), in which Hm0=5.63m, Tm-1,0=10.9s, Tm02=8.6s and Tp=14.3s. 
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 Figure 4
Result of the ‘at-site’ estimate for SWB.

The Weibull function is derived from the available set of measurements for a period of 24 years. First, the so called Peaks Over Threshold (POT series) are selected from the data, i.e. the set of events during which the wave height exceeds the threshold, (. The value of ( differs from location to location and is chosen in such a way that the resulting statistics are relatively insensitive to a slight change in (. About 200 maxima are required to achieve in this way a more ore less robust threshold level. The parameters of the Weibull distribution function are derived with the Maximum Likelihood (MLH) method. In Table 2.1 the results are shown for wave height. The results of the statistics of the other wave parameters are presented in the appendix (section 7, Tables 7.1, 7.2 and 7.3). 

Table 2.1

‘at-site’ parameters and 10-4-quantiles for wave height.

	Hm0
	α  (-)
	σ (m)
	ω (m)
	ρ (1/yr)
	10-4 (m)

	SON
	1.90
	2.79
	3.25
	9.46
	10.67

	ELD
	2.78
	3.82
	3.97
	7.75
	9.45

	K13
	2.05
	2.85
	4.31
	7.08
	10.14

	YM6
	2.55
	3.31
	3.63
	9.33
	8.97

	MPN
	1.99
	2.41
	3.29
	7.21
	8.76

	EUR
	2.15
	2.60
	3.50
	9.42
	8.67

	LEG
	2.13
	2.63
	3.25
	9.96
	8.79

	SWB
	2.58
	2.70
	3.03
	9.96
	7.26

	SCW
	3.33
	2.63
	2.40
	9.50
	5.57


For location SWB the ‘at-site’ statistics is shown in Figure 4. The plotting position for the extreme values gxm is calculated with:
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for N extreme values in ascending order: x1 <..< xm <..< xN, with m the ranking number. TR is the length of the data series, in this case 24 years, N is 200. The plotting position parameters a and b are chosen as a=0.44 and b=0.12.

2.3 Dependency of wave parameters

Since wave parameters are generated from the same physical phenomenon (wind) and basic data (the wave energy density spectrum, see section 2.1), they are strongly dependent. This is clearly demonstrated in Figure 5, where the maximum values of wave height and wave period during storm are plotted for ELD, for the wind direction 300° with respect to north. A relation between wave height and wave period based on equal wave steepness fits very well (see Figure 5). Wave steepness is defined as:
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Figure 6 shows the wave steepness is more or less independent of the wave height. Because wave steepness may not be constant in any case, equation 3 is described in a more general form:
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Consequently the shape and location parameters in the Weibull frequency distribution function (Equation 1) are related by:
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If we assume the wave steepness for a certain location will be constant for the waves along the Dutch coast, parameter d has to be equal to 0.5 according to equation 3 and 4.

In RIKZ (1995) d is assumed to be constant but not equal to 0.5. The causes of the deviation of d from 0.5 are assumed to be a slightly change of wave steepness for larger wave heights and incomplete homogeneity. This assumption is made in Delft Hydraulics (2004) as well.
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 Figure 5
Simultaneous wave data at ELD, wind direction 300°.
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 Figure 6
Comparison of wave height and wave steepness at ELD.

3 RFA-MethodS and results

3.1 Regional Frequency Analysis

The estimation of the return period of extreme events such as extreme floods, precipitation, rainstorms, droughts, high wind speeds, or extreme pollution for a site or a group of sites is a challenging problem because the data record is often short. The statistical uncertainties inevitably will be substantial, extrapolating to extreme events with a frequency of exceedance of 10-3 to 10-4 per year. 

According to Hosking and Wallis (1997): ”Regional Frequency Analysis (RFA) resolves this problem by ’trading space for time’; data from several sites are used in estimating event frequency at any one site”. RFA virtually increases the length of the available data series and as such the uncertainties involved will decrease. 

In RFA data are assumed to come from homogeneous regions. The approach to the RFA, developed by Hosking and Wallis, involves objective and subjective techniques for defining homogeneous regions, assigning of sites to regions, identifying and fitting regional probability distribution to data. 

The question can be posed how to derive homogeneous regions on the basis of statistical techniques and physics-based considerations. Regional frequency analysis may give the answer to that question. A regional frequency analysis of North-Western and Central Europe including data from 12 countries was used as a case study by Van Gelder (1999) to apply discordance-based homogeneity considerations. 
A region can only be considered homogeneous if sufficient evidence can be established that data at different sites in the region are drawn from the same parent distribution (except for the scale parameter). 

In the case of the waves along the Dutch coast it is evident the waves on different locations are drawn from the same parent distribution. The distance between the locations is rather small compared with the dimensions of the North sea, and the physical phenomena causing waves will be the same: wind speed and wind direction, in combination with the bathymetry of the North Sea. Thus some kind of homogeneity has to be present in the data.
In the following sections 3 types of RFA will be described: the SRFA as used in RIKZ (1995) and RIKZ (1996), the ordinary RFA method as proposed in Hosking and Wallis (1997), and the MRFA, developed in (Delft Hydraulics, 2004). The SRFA and the MRFA method emphasizes especially the estimate of the shape parameter α. This parameter is very important for the determination of the quantiles which are far beyond the length of the data series.
3.2 Simplified RFA 

The method applied in RIKZ (1995) and RIKZ (1996), to determine wave statistics along the Dutch North sea coast, is called in this paper a Simplified RFA (SRFA). These method is applied for reasons of comparison, i.e. to get a first idea about the benefits of an RFA or an MRFA.

The result of the ‘at-site’ estimates as presented in section 2.2 differs from location to location. The value of the shape parameter ( varies for the 9 stations from 1.9 to 3.3. These values of ( inevitably contain “statistical noise”. The SRFA-method assumes that the differences between the values for ( are only statistical noise. The method is really simple and straightforward: 

[1]
Fit a distribution function to the ‘at-site’ POT data, according to section 2.2.
[2]
Calculate the average value of the shape parameter ( for each wave parameter. The average value of ( per wave parameter is assumed to be valid at each location. 

[3]
For each location a new Weibull-fit is derived with ( equal to the average values of step 2. 

As a part of step 1 the procedure to find a robust threshold level ω resulted in threshold levels which are exceeded between 173 and 239 storm events in the available data series of 24 years. The ‘at-site’ estimates are not very sensitive for the number of storm events. For reasons of simplicity in step 3 a threshold level has been chosen which is exceeded by 200 storm events.

 Table 3.1 shows the ‘at-site’ (-values for four wave parameters and 9 locations. Furthermore, the table shows the averages for each wave parameter, i.e. the resulting (’s for this SRFA method. In Table 3.2 the 10-4-quantiles are presented. The other parameters of the distribution functions are presented in the appendix (section 7, Table 7.4).

Table 3.1

‘at-site’ (-values

	
	Hm0
	Tm-1,0
	Tm02
	Tp

	SON
	1.90
	3.09
	2.80
	2.24

	ELD
	2.78
	2.79
	3.90
	2.27

	K13
	2.05
	1.86
	3.12
	1.79

	YM6
	2.55
	2.58
	3.75
	2.95

	MPN
	1.99
	2.65
	4.73
	3.11

	EUR
	2.15
	3.42
	5.36
	2.51

	LEG
	2.13
	5.22
	7.28
	4.16

	SWB
	2.58
	4.92
	4.72
	4.37

	SCW
	3.33
	3.64
	5.36
	3.83

	mean
	2.38
	3.35
	4.56
	3.03


Table 3.2

10-4-quantiles for the Simplified RFA.

	
	Hm0
	Tm-1,0
	Tm02
	Tp

	SON
	9.64
	15.2
	11.0
	18.3

	ELD
	10.01
	13.8
	10.4
	16.1

	K13
	9.66
	13.9
	10.3
	16.0

	YM6
	9.20
	13.8
	10.2
	15.9

	MPN
	8.16
	12.9
	9.6
	15.5

	EUR
	8.35
	11.4
	8.8
	12.9

	LEG
	8.37
	11.4
	8.7
	13.2

	SWB
	7.50
	11.1
	8.7
	12.7

	SCW
	6.28
	11.1
	8.5
	13.0


3.3 Ordinary RFA

The difference between an ordinary RFA and a SRFA is that the ordinary RFA averages the entire distribution function instead of the shape parameter. An ordinary RFA comprises the following steps:

[1]
Fit a distribution function to the ‘at-site’ POT data, according to section 2.2. 

[2]
Scale all distribution functions to an anchor point, by dividing the argument through the mean value μi (the multiplication factor of location i) of the ‘at-site’ data. 

[3]
Calculate the Regional Frequency Distribution (RFD) by taking the average of the normalized distribution functions from step 2.

[4]
Extrapolate the derived RFD to the desired quantile level.

[5]
Multiply the calculated quantile in step 4 with the ‘at-site’ multiplication factors from step 2. 

Van Gelder et al. (2000)  performed an ordinary RFA on wave height data along the Dutch coast with a Generalised Pareto distribution and a relative short dataset of 70 peaks over the period 1979 - 1993. Their analysis also included a homogeneity test based on Mahalanobis distances and L-Moments diagrams. From the 9 locations, only the site MPN had to be excluded. The remaining 8 sites were considered to form a homogeneous region. 

For reasons of comparison in this paper the ordinary RFA for the wave parameters is carried out with the starting points of the SRFA and the MRFA (data series over the period 1979-2002, MPN included, use of the Weibull distribution function, and the multiplication factors are based on 200 maxima).
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Figure 7
Comparison of the normalized distributions of the ordinary RFA.

The results of this analysis for the wave data along the Dutch coast are presented in Table 3.3. The normalized distribution functions of the different locations are shown in Figure 7 for anchor location YM6, together with the RFD. It appears location SON behaves different from the other locations. The ‘at-site’ estimate of SON effects the RFD for extreme events too much. The estimate of the 10-4-quantile for wave height at YM6 is increased from 8.97m to 10.15m, This is also shown in Figure 8, together with the data of YM6 and SON. The adaptation of the estimate of SON is also shown. The adaptation seems to be not realistic. Unless the yearly maxima of SON are all above the yearly maxima of YM6 the tail of the RFA-estimate of SON is below YM6. The RFA-estimate of SON does not fit very well with the data. 
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Figure 8
Results of the ordinary RFA for YM6 and SON for wave height, compared with the POT data and the ‘at-site’ estimates.

Table 3.3

10-4-quantiles for wave height for the ordinary RFA

	
	μi
	Hm0 (ML)

	SON
	4.41
	9,77

	ELD
	4.84
	10,72

	K13
	4.96
	10,99

	YM6
	4.58
	10,15

	MPN
	3.91
	8,66

	EUR
	4.29
	9,51

	LEG
	4.13
	9,15

	SWB
	3.78
	8,38

	SCW
	3.09
	6,85


3.4 Modified RFA method

The modification of the approach of the simplified RFA (see section 3.2) consists mainly on the assumption that the variation in the ‘at-site’ estimates of the shape parameter ( is partly based on “statistical noise” and partly on differences caused by physical phenomena.

The variability may be related to physical properties of the stations like fetches and water depths. This means the data of the various stations is not homogeneous, in which case an ordinary RFA will not result in more accurate statistics. However, due to the fact the same parent phenomena causes the waves on the different locations, some kind of homogeneity has to be present in the data.

A method is developed to include some physical assumptions in the SRFA. This method consists of four steps.

[1]
Fit a distribution function to the ‘at-site’ POT data, according to section 2.2. 

[2]
Carry out an inventory of the possible physical causes of differences between the ‘at-site’ estimates.

[3]
Adapt the shape parameters of the ‘at-site’ estimates, minimizing the difference between the ‘at-site’ data and an assumed relationship between the locations which involves the possible physical causes. 

[4]
Derive the Weibull distribution functions with the adapted value of the shape parameter. 

Note: the SRFA approach is a special form of the four steps above: step 2 results in ‘no physical causes found’, and thus for step 3 the adaptation is carried out by averaging the shape parameters (. 

The first step is equal for SRFA, RFA and MRFA. In the following the second, third and fourth step will be explained in more detail.

 In the second step two assumption with respect to the physics of the North Sea water system were made, based on the evaluation of the ‘at-site’ estimates: 1) the fetch influences the shape parameter of the Weibull distribution function; 2) the local depth influences the shape parameter as well. Both have been tested with the wave growth curve of Bretschneider (1954). 

The conditional Weibull frequency distribution of wind speeds at Hoek van Holland (near EUR, see Figure 1) is characterised by the parameters ( =2.2, (=11.4m/s, (=22.4 m/s and ( =0.4/year. This distribution is translated into a conditional Weibull frequency distribution of wave heights for a fetches of 200 km and 800 km, both with a waterdepth of 30 m. The resulting shape parameter ( of the exceedance frequency curve for the fetch of 800 km is about 30% higher compared to the curve for the fetch of 200 km. The difference in shape parameter is explained by the limiting effect of the bottom depth. The bottom depth limits the wave growth, irrespective of the value of fetch and wind speed. Small and moderate wind speeds result for larger fetches in higher waves. This means the value of the shape parameter has to adapt to a higher value for larger fetches to meet the limitation by the bottom depth for the extreme wind speeds. 

The second assumption has been tested in the same way. The influence of the bottom depth on wave growth is explained already. The translation of the conditional Weibull frequency distribution of windspeeds in wave heights underpins the hypothesis. The shape parameter will decrease for larger waterdepths. 

In fact, the influence of fetch and waterdepth explains the difference of the shape parameter of the distribution functions for the 9 locations, unless the waves are caused by one parent phenomenon. Consequently, averaging the shape parameters appears to give only a rough estimate for the exceedance frequency curves.

Therefore, in the third step, a method has been developed to scale the (’s based on a general relationship with respect to the physical phenomena which are assumed to influence the shape parameter.  The relationship we used is as follows:
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In which L is a measure of the fetch length, D is the local water depth and e1, e2 and e3 are fitting-parameters. In Table 3.4 values for L and D are depicted. The measure of the fetch length is chosen as the distance to the Doggersbank in the North sea, which is a location where wave energy is dissipated.

Table 3.4

Waterdepth and fetch length for the 9 locations.

	
	D (m+NAP)
	 L (km)
	
	D (m+NAP)
	 L (km)

	SON
	19
	230
	EUR
	32
	360

	ELD
	26
	250
	LEG
	21
	360

	K13
	30
	250
	SWB
	20
	380

	YM6
	21
	305
	SCW
	15
	410

	MPN
	18
	335
	
	
	


Since Equation 6 has three degrees of freedom and only 9 stations were available the statistical ‘noise’ or a single “outlier” can have a strong effect on the resulting fit. In order to reduce this effect  the analysis is also executed for wave periods and the results are combined using Equation 5. This is acceptable since wave height and wave period are strongly correlated. Since three different measures of the wave period have been used in the analysis (Tp, Tm-1,0 and Tm02, each emphasizing a different part of the wave energy density spectrum) the analysis is based on 36 values of the shape parameter. In this way optimal use has been made of the available information. 

The procedure to fit the ‘at-site’ estimates with the relationship of the physical differences between the locations (Equation 6) consists of the following steps:

[3a] Indicate the first estimates of the shape parameters as (ij (where i, j are indices for the 9 locations and 4 wave parameters respectively).

[3b] For each wave parameter derive the average value of ( over the 9 available stations: 
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[3c] Scale the (’s of step [3a] by the average of the respective wave parameter to obtain normalized (’s: 
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[3d] Derive a fit, based on the least squares of the difference between Equation 6 and the 36 normalized (’s:
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(9)
Note: in step 3c and 3d the (T and (Hs are combined using Equation 5 to assume a constant relationship between the average values of (.

[3e] Rescale the values of (’s following from the fit of step [3d] by inverse application of step [3c]:
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Figure 9
Results of step 3 of the MRFA-approach for wave peak period.

The procedure resulted in values for e1, e2, and e3 of respectively 0.007, 0.915 and -0.101. Figure 9 shows the ‘at-site’ values of ( together with the values calculated by the Modified Regional Frequency Analysis (MRFA) for wave peak periods. The difference of ( between the northern part of the Netherlands and the southern part is clearly shown. The statistical noise is shown by the difference between the shape parameters of EUR and LEG, which are located near to each other (see Figure 1).

The fourth and last step is very straight forward. The Weibull distribution function is derived with the obtained values of ( from the third step, based on 200 maxima. The results are presented in table 3.5.
Table 3.5

10-4-quantiles for the MRFA.

	
	Hm0
	Tm-1,0
	Tm02
	Tp

	SON
	10.99
	16.4
	11.8
	19.9

	ELD
	11.05
	14.5
	11.0
	17.0

	K13
	10.52
	14.6
	10.8
	16.9

	YM6
	9.33
	14.0
	10.2
	16.1

	MPN
	7.96
	12.7
	9.5
	15.3

	EUR
	8.12
	11.3
	8.7
	12.8

	LEG
	8.08
	11.2
	8.6
	12.9

	SWB
	7.06
	10.8
	8.5
	12.4

	SCW
	5.71
	10.6
	8.2
	12.4


4 Analysis and discussion of Results
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Figure 10
Results of the RFA-methods for  the 10-4-quantiles of wave height.

The results of the three RFA-methods are presented and compared with the ‘‘at-site’’ estimates in Figure 10 for the 10-4-quantiles of the wave height. 

The averaging effect of the SRFA is clearly visible: compared to the ‘‘at-site’’ estimates the SRFA results in higher quantiles in the southern part and lower in the northern part. Only the location parameter ω, and the scale parameters σ determine the difference between the locations.

The ordinary RFA leads to higher values of the 10-4-quantiles than the other RFA-methods. Inhomogeneity leads to a Regional Frequency Distribution (RFD) which depends too much on SON and MPN, the 2 locations with the highest contribution. This leads, especially for very low frequencies, to an over-estimation of the 10-4-quantile of the other locations, as shown in Figure 10. May be a homogeneity test according to i.e. Van Gelder et. al. (2000) would lead to exclusion of these stations. To derive statistics for all 9 locations the ordinary RFA approach is in this case not sufficiently accurate.

It is evident the MRFA leads to a more smooth curve along the Dutch coast compared to the ‘‘at-site’’ estimates. In Figure 10 the MRFA does not result in a better fit compared to the SRFA. The northern locations seem to have relative high values. Especially for ELD the figure shows a large deviation from the ‘‘at-site’’ estimate.

Figure 11 shows the results for the wave peak period. The results for the ordinary RFA are not available for wave peak period.

The SRFA clearly underestimates the 10-4-quantiles in the northern part, as a consequence of the approach to average the shape parameters.

The MRFA follows the ‘at-site’ estimates. In this figure the ‘at-site’ estimate and the MRFA are more or less the same for ELD. This is also the case for the other wave period measures, as pointed out in Delft Hydraulics (2004). Probably the large difference for the wave height at ELD between the ‘at-site’ estimate and the MRFA is caused by the approach to derive a fit based on four wave parameters (step [3d] of section 3.3). No clear physical reason explains the difference for wave height at ELD. In this case it appears an individual wave parameter at one of the locations can deviate significantly.

To judge which of the RFA-methods will give the best estimate of the frequency distributions an objective criterion has been chosen based on the comparative analysis as pointed out above. Only the SRFA and the MRFA have been considered because the ordinary RFA turned out to be not sufficiently accurate in this case. 

Starting point for the definition of the criterion is the assumption the best  RFA-method has to give the best fit for all locations with the ‘at-site’ estimates. The shape parameter of the Weibull distribution represents the differences between the locations and wave parameters. So the criterion is defined as the sum of the absolute differences (the residual) between the ‘at-site’ values of the shape parameter ( and the RFA-values. 

This resulted for the SRFA in an average residual of 0.75. For the MRFA an average residual of 0.53 resulted. With the MRFA the structure of the ‘at-site’ statistics is best preserved.

Due to the approach to determine the shape parameter for each location partly on its physical parameters the difference between ‘‘at-site’’ and the MRFA is less compared to the difference between ‘‘at-site’’ and the SRFA. Because of this it is concluded the MRFA is the most appropriate approach for the waves along the Dutch coast. 

Nevertheless some questions arise. The physical parameters, which justifies the slow change of the wave statistics from north to south along the Dutch coast, are both related to the water depth. In a proper extreme value analysis for waves the water depth does not effect the results. So the measurement stations may be positioned on locations which are not as deep as required for extreme value analysis. Another concern is the very high value of the wave peak period of 20 s for SON, unless a value of 16 s occurred already.  
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Figure 11
Results of the fit procedure for wave peak period (10-4-quantile).
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Figure 12
Results of the Modified RFA for  wave height.

The differences between the results of the MRFA and the results of RIKZ (1995) and RIKZ (1996) are only significant for the wave height in the northern part of the Netherlands. The approach to determine the shape parameter is the main cause for this. In RIKZ (1995) the ‘at-site’ estimate for SON resulted already in a significantly higher 10-4-quantile than the SRFA method, but at that time it was the only location with this character. In the analysis of Delft Hydraulics (2004) the extra data on the southern locations SWB and SCW has given the information to justify the heightening of the 10-4-quantiles in the northern part of the country. The difference between the frequency distribution functions of RIKZ (1995) and Delft Hydraulics (2004) is clearly presented by a comparison of the Figures 2 and 12. The variation of the shape parameter from south to north leads to larger differences along the Dutch coast.

5 Conclusions

The extrapolation of 24 years of wave data to quantiles of about 10-4 challenges to find a method for extreme value analysis minimizing the statistical noise. A RFA is a tool with which several sources of data on different locations can be combined to virtually increase the length of the available data series. This tool is powerfull in situations where the data on the different locations is homogeneous. 

In the case of the waves along the Dutch coast the data series seemed to be not fully homogeneous. This is probably caused by the influence of the bathymetry of the North sea. However, the driving physical phenomenon for all locations  is the windspeed during storm, so homogeneity has to be present in the data to a certain extent.

The update of the wave statistics along the Dutch coast have led to the development of a modification of the Simplified RFA, that was used previously in RIKZ (1995). This Modified RFA accepts some deviation from the homogeneity requirements, when only one parent distribution is responsible for the occurrence of the extreme values for the considered locations.

Compared to the RFA and the Simplified RFA the MRFA uses the information in the data series optimally to filter out statistical noise and accept regional variations. The difference with the ‘‘at-site’’ estimates is less compared to the differences of the ordinary RFA and the SFRA with the ‘‘at-site’’ estimates.

The update of the statistics of waves in Delft Hydraulics (2004) resulted only for wave height in the northern part in differences of about 10% with the existing statistics in RIKZ (1995). 
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7 APPENDIX

In Delft Hydraulics (2004) the data is included with respect to the MRFA-method. To complete the information in the following tables the parameters of the distribution functions are given for the ‘at-site’ estimates, and the SRFA. 

Table 7.1

‘at-site’ parameters and 10-4-quantiles for weighted mean wave period.

	Tm-1,0
	α (-)
	σ (s)
	ω (s)
	ρ (1/yr)
	10-4 (s)

	SON
	3,09
	6,75
	7,86
	9,67
	15,5

	ELD
	2,79
	5,54
	7,74
	9,79
	14,3

	K13
	1,86
	3,55
	7,80
	9,96
	15,7

	YM6
	2,58
	5,28
	7,59
	9,96
	14,7

	MPN
	2,65
	5,00
	7,51
	7,33
	13,6

	EUR
	3,42
	5,23
	7,09
	9,96
	11,4

	LEG
	5,22
	6,47
	7,47
	5,58
	10,6

	SWB
	4,92
	6,18
	7,04
	9,04
	10,5

	SCW
	3,64
	5,36
	6,56
	9,25
	11,0


Table 7.2

‘at-site’ parameters and 10-4-quantiles for mean wave period.

	Tm02
	α (-)
	σ (s)
	ω (s)
	ρ (1/yr)
	10-4 (s)

	SON
	2,80
	4,87
	6,81
	6,63
	12,4

	ELD
	3,90
	5,55
	6,81
	6,71
	10,8

	K13
	3,12
	4,72
	6,52
	9,96
	11,1

	YM6
	3,75
	5,26
	6,72
	6,13
	10,5

	MPN
	4,73
	5,52
	5,99
	9,96
	9,5

	EUR
	5,36
	5,31
	6,13
	8,33
	8,6

	LEG
	7,28
	5,76
	6,00
	8,46
	8,2

	SWB
	4,72
	4,93
	6,07
	7,25
	8,6

	SCW
	5,36
	5,16
	5,47
	8,67
	8,3


Table 7.3

‘at-site’ parameters and 10-4-quantiles for wave peak period.

	Tp
	α (-)
	σ (s)
	ω (s)
	ρ (1/yr)
	10-4 (s)

	SON
	2,24
	6,16
	9,31
	8,96
	20,0

	ELD
	2,27
	5,25
	8,83
	9,96
	17,2

	K13
	1,79
	3,81
	8,78
	9,92
	17,9

	YM6
	2,95
	6,66
	8,57
	9,42
	16,1

	MPN
	3,11
	6,71
	8,08
	9,96
	15,4

	EUR
	2,51
	4,43
	7,89
	9,92
	13,3

	LEG
	4,16
	6,66
	7,92
	9,46
	12,5

	SWB
	4,37
	6,59
	7,80
	8,83
	12,0

	SCW
	3,83
	6,32
	7,34
	9,96
	12,4


Table 7.4

Parameters for the Simplified RFA.

	
	Hm0
	Tm-1,0
	Tm02
	Tp

	
	α = 2.38

ρ = 8.33
	α = 3.35

ρ = 8.33
	α = 4.56

ρ = 8.33
	α = 3.03

ρ = 8.33

	
	ω
	σ
	ω
	σ
	ω
	σ
	ω
	σ


	SON
	3,42
	3,36
	8,12
	7,09
	6,54
	6,36
	9,41
	7,87

	ELD
	3,89
	3,45
	7,95
	6,32
	6,60
	5,97
	9,05
	6,80

	K13
	4,17
	3,27
	7,99
	6,38
	6,66
	5,88
	8,99
	6,72

	YM6
	3,77
	3,14
	7,77
	6,40
	6,50
	5,79
	8,74
	6,78

	MPN
	3,14
	2,81
	7,38
	5,95
	6,16
	5,44
	8,39
	6,59

	EUR
	3,60
	2,85
	7,23
	5,15
	6,13
	4,94
	8,04
	5,28

	LEG
	3,37
	2,89
	7,17
	5,13
	6,00
	4,88
	8,04
	5,43

	SWB
	3,17
	2,54
	7,12
	4,99
	6,01
	4,85
	7,87
	5,23

	SCW
	2,52
	2,15
	6,65
	5,09
	5,49
	4,85
	7,51
	5,46
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