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Abstract:  Storm events are one of the most destructive natural hazards which affect low lying coastal areas and they are 
responsible for urban coastal flooding and damages in ports and coastal structures. Storm analysis and classification is 
fundamental for understanding these extreme and violent coastal processes especially nowadays when the frequency 
and the severity of coastal storms are increased due to climate change and climate variability. In this work an 
extended analysis of storm events in Rethymno, city of Crete Island, is attempted, for wave climate projections of 
1960 to 2100, under the frames of PEARL (Preparing for Extreme And Rare events in coastaL regions), an 
undergoing EU funded project. Based on the methodology of Dolan-Davis and Saffir-Simpson for storm and 
hurricane classification, the aim of this work is firstly to present an integrated analysis of storm events and their 
thresholds thus enhancing the storm definition for this location and secondly to classify them by means of clustering 
methods. A storm is usually considered as a violent hydro-meteorological phenomenon which can cause damage to 
the surrounding coastal zone; it starts when the significant wave height exceeds a given minimum threshold and it 
remains above this for a certain duration. However, the thresholds for the wave height, the duration and the calm 
phase between two successive storms vary depending on the area of interest. Investigating extreme historical storm 
events and their future projections, the thresholds’ selection is examined, checking also the independence between of 
two successive events. Consequently, the definition of a storm is created for this region and the storm events are 
classified into five classes, depending on their severity. The classification is accomplished with cluster analysis based 
on the storm energy and the storm period. The different clustering algorithms and methods (hierarchical, k-means, 
partitioning around medoids and fuzzy clustering) are validated via appropriate indices and the results are presented, 
checked after all the wave propagation and the variation of significant wave height close to the port structures. 
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1. INTRODUCTION 

Storm events which affect coastal areas are known in literature as coastal storms and nowadays 
they concentrate the interest of many researchers from different disciplines, as they are highly 
destructive for coastal environments and they are responsible for major economic and human loss 
(Godschalk et al., 1989; Ciavola and Coco, 2017). The destructiveness of these extreme events 
depends on their energy and their duration as well as on the bathymetry and the coastal zone’s 
exposure to winds with large fetches.  

In a time when the climate is changing and the impacts of this shift are becoming more and more 
frequent, a considerable research in this field is being conducted and storms are attracting 
increasing attention. In the scientific literature, the formation of a storm and the storm definition 
were described by many authors (Waisse and von Storch, 2010; Harley, 2017a; Ciavolla et al., 
2015; Boccotti, 2014). Without big divergences in these definitions many applications regarding 
storm modelling were presented (De Michele et al., 2007; Corbella and Stretch, 2012; Lin-Ye et al., 
2016) although the definition of storm thresholds (Almeida et al., 2012; Armaroli et al., 2012; 
Trifonova et al., 2012; Del Rio et al., 2012), the extended study of their impacts (Harley et al., 
2017b, Davidson et al., 2017; Grottoli et al., 2017; Plomaritis et al., 2017; Puig, 2016, 2014; Coco 
et al. 2014) and their classification (Mendoza et al., 2011; Rangel-Buitrago and Anfuso, 2011; 
Dolan and Davis, 1992, 1994) gather the bulk of relevant research in this field. Consequently, the 
ulterior motive of this knowledge is to be used in coastal zone management, for an integrated risk 
assessment with a view to reducing disaster risk, and to develop early warning systems (Martinez et 
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al., 2017; Ferreira et al., 2017; Costas et al., 2015; Hissel et al., 2014). 
In this work an analysis of storm events and their thresholds is attempted with the main objective 

to present a storm classification, such as Dolan-Davis and Saffir-Simpson (Dolan and Davis 1992, 
1994) intensity scales for storms and hurricanes, according to its severity and through clustering 
methods. Trying in this way to enlighten the use of clustering methods in storm analysis and their 
validation which are rarely described in the relative literature.  

The results of this work are part of the research that has been carried out in the context of 
PEARL, an undergoing EU funded project. The main goal of PEARL is to prepare the coastal 
communities for extreme and rare events, mainly based on past and future projections of extreme 
hydrometeorological events (Markopoulos et al., 2014). Six case studies from across Europe were 
examined by the project, one of which was the coastal area of Rethymno city on Crete island. As 
described in detail by Tsoukala et al. (2016), in the past few years many extreme storm events have 
hit Rethymno. Both urban flooding and wave overtopping cause serious damages in the stability of 
breakwaters, threatening the safety of human population and interrupting the coastal economic 
activity. 

The structure of this work is the following: Section 2, presents the study area and the dataset 
analysis. In Section 3, the methodology for threshold selection and the evaluation of clustering 
methods are described. Section 4 includes the storm classification while the impacts of storm events 
are presented in Section 5 and the conclusions are discussed in Section 6.  

2. DATA AND STUDY AREA 

2.1 The study area 

Rethymno, as mentioned above, is located on the North of Crete island in Greece in the Aegean 
Sea (see Figure 1) and is the third most populous urban area in Crete. It is generally exposed to 
strong N and NW winds with large fetches which are responsible for the development of great 
waves.  

 

Figure 1. Regional description of study area, (a) the Crete Island in Greece, (b) the Rethymno City, the coast (c) and 
the port (d) of Rethymno. 

2.2 The variables 

The available dataset in this work were projections of the local wave climate (1960 to 2000) to 
the future (2000-2100) which were derived by SWAN wave model (Booij et al. 1999; Ris et al. 
1999), that was set up and used in the context of the research project named, “Estimating the effects 
of Climate Change on SEA level and WAve climate of the Greek seas, coastal Vulnerability and 
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Safety of coastal and marine structures - CCSEAWAVS” (Prinos, 2014) and described thoroughly 
by Athanassoulis et al. (2015). As input, the wind data used for the hindcast and climate simulations 
were proceeded by using a dynamical down-scaling approach of the atmospheric simulations 
conducted with the regional model RegCNET (Pal et al., 2007), driven by hindcast carbon dioxide 
and other greenhouse gas emissions during 1960-2000, and integrating SRES-A1B emission 
scenarios for the period 2000-2100 (Vagenas et al. 2014; Velikou et al. 2014). At this point, a part 
of the surrounding maritime area of Rethymno is selected at 35°42'00.0"N and 24°30'00.0"E in 
order to be exposed to developed sea states. These simulations consisted of 3-hourly timeseries with 
the length of 409081 values of various wave parameters in deep waters, however only the 
significant wave height Hs (Eq. 1), the mean wave direction Dir (Eq. 2) and the peak wave period 
Tp were subsequently analysed. 

The above wave parameters are calculated by SWAN (The SWAN team, 2017) as following: 

4 ( , )sH E d dω θ ω θ= ∫∫             (1)     

sinθΕ(ω,θ)dω d180Dir = arctan
cosθE(ω,θ)dω d

θ
π θ
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∫
∫

            (2) 

where ( , )E ω θ  is the variance density spectrum, ω  is the absolute radian frequency and θ  is the 
direction. The peak period is obtained using the maximum of a parabolic fitting through the highest 
bin and two bins on either side of the discrete wave spectrum. The mean wave direction is measured 
counter clockwise, so it denotes where the waves are going to or where the wind is blowing to.  

2.3 Data analysis 

Regarding the data analysis, Figure 2 presents the direction of wave occurrence with associated 
significant wave height, where it is confirmed that intense waves with significant wave height 
greater than 2 m are developed mainly on the North direction and, as expected, a slight increase for 
the wave height is obvious for the period of 2000-2100 (Figure 2b). Furthermore, the descriptive 
statistics of dataset, with the maximum (max), the mean value (m), the standard deviation (s) and 
the coefficient of variation (cv) are presented in Table 1. In Figure 3 a density scatterplot shows the 
correlation of significant wave height (Hs) and the wave peak period (Tp) with a colour gradation 
according to the wave direction (Dir) for the dataset. The fact that extreme values of Hs and Tp do 
not occur simultaneously is clearly because of the existence of swell.  

  

Figure 2. Direction wave occurrence with associated significant wave height at Rethymno, for the period 1960-2000 (a) 
and for the period 2000-2100 (b). 
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Table 1. The descriptive statistics of data. 

 Full Dataset  1960-2000  2000-2100 
 Hs (m) Tp (s)  Hs (m) Tp (s)  Hs (m) Tp (s) 

max  7.68 13.57  6.31 11.82  7.68 13.57 
m 0.81 4.75  0.80 4.71  0.82 4.76 
s 0.64 1.63  0.63 1.63  0.64 1.63 

cv 0.79 0.34  0.79 0.35  0.78 0.34 

 

Figure 3. Scatter plot of significant wave height (Hs) and the wave peak period (Tp) according to the wave direction 
(Dir) and their marginal density histograms, for the period 1960-2100. 

3. METHODOLOGY 

3.1 Storm thresholds 

In order to define a storm event in detail (see also Figure 4), the storm intensity, the thresholds of 
important variables (i.e. HS), the minimum duration, as well as the calm period between two 
consecutive storm events are needed (Lin-Ye et al., 2016; Corbella and Stretch, 2012). The 
optimum selection of thresholds is always a laborious procedure which, to some extent, is quite 
subjective.  

 

Figure 4. Timeseries of significant wave height  (Hs) of the available data and the description of storm event. 
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Storms are extreme and rare events, so a threshold for the significant wave height could be 
defined as a high percentile of the data set, as it has already been used in literature (Martzikos et al., 
2017; Rangel-Buitrago and Anfuso, 2011). However, a stability check of the parameters of 
distribution for a range of thresholds, proposed by Coles (2001), provides a better way to select one 
(Bernardara et al., 2014). Having confirmed that timeseries of the significant wave height of our 
data follows Weibull distribution, then extreme value theory implies that generalized Pareto 
distribution adequately approaches the upper tail above a threshold. Thus, after fitting a generalized 
Pareto (Gilleland and Katz, 2016) for different thresholds, the parameters of scale (σ*) and shape (ξ) 
are estimated in order to identify when a further increase does not affect their values. The values of 
σ* and ξ according to the threshold range are shown in Figure 5. Taking into account thresholds of 
Hs at a range of 1.8 - 2.5 m which could describe extreme events in the Aegean Sea, a threshold of 
2.13 m is a reasonable value while there is a stability before and after this for both parameters and 
confidence interval bars (vertical lines). On the other hand, the exceedances of this threshold of 2.13 
m correspond to the 5% of the total wave data for the HS, so the 95th percentile of the data is defined 
as the new threshold for this analysis. 

  

Figure 5. Stability check plots for shape and reparametrized scale parameters of generalized Pareto distribution for 
significant wave height of dataset at a range of thresholds.  

The duration of a storm event is defined as the time period in which the significant wave height 
remains over a threshold (Boccotti, 2014). In this work, trying to have events which could be 
analysed, the duration is considered not be less than 9 hours, taking into account the smallest event 
to be consisted of 4 values. 

The calm phase or the inter-arrival time (De Michele et al, 2007) between two consecutive 
storms is of great importance, assuming the investigation of independence of two events. For this 
purpose all the events with inter-arrival time not exceeding 48 hours are checked on their 
correlation, estimating Kendall's tau and Spearman's rho statistic test. The p-value should be lower 
than 0.05 in order to reject the null hypothesis of having dependent events. The results show that the 
correlation has no evident trend concerning the duration between two events, but the first low p-
values are indicated for the calm phase of 18 hours. According to this threshold, the events which 
are developed at a time interval of less than 18 hours, are considered as the same storm event and 
they are unified with measurements smaller than threshold. 

Based on the above analysis and for the specific area of Rethymno, a storm event is defined as an 
extreme wave event which has a significant wave height over the threshold of 2.13 m, for a 
minimum duration of 9 hours and a minimum inter-arrival time of 18 hours from the next event. 

Regarding the direction, the data are sorted in three categories for North, Northeast and 
Northwest incident waves at the Rethymno coastal zone. The waves of these directions have high 
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frequencies of occurrence as shown in Figure 2, and additionally vertically incident waves which 
are considered of high-risk for the coastal zone (Allsop et al., 2008) are also responsible for the 
highest waves (greater of 2.13 m). It should be noted that the direction of a storm event is identified 
with the mean direction of each event, while the standard deviation and the coefficient of variation 
do not fluctuate greatly around the mean, so the average value could sufficiently represent the 
whole storm event, achieving in this way, a better overall view than the direction of the storm’s 
peak which is usually used in literature.  

Finally, the storm intensity is approached here by the definition of storm energy (Eq. 3) as it was 
proposed by Dolan and Davis (1992, 1994) and was also used by Mendoza et al. (2011) and 
Kokkinos et al., (2014) for the Mediterranean Sea, where t1 – t2 denotes to storm duration. The 
whole procedure, which is followed for the determination of storm thresholds, is summarized in 
Figure 6.  

  
E = Hs

2

t1

t2

∫ dt  (3) 

 

Figure 6. The flow chart of the procedure followed in the determination of storm thresholds.  

3.3 Storm clustering 

The aim of clustering is to divide data into groups with similar properties. In previous studies, 
hierarchical agglomerative cluster analysis was carried out with Ward's method (Kokkinos et al., 
2014) or average linkage method (Dolan and Davis, 1992, 1994; Mendoza et al. 2011), using the 
euclidean distance between two objects and the energy content as a classification variable.  

In this work the cluster analysis is based upon the energy and the average peak period, with the 
overall goal to associate a storm event with the most important variables (i.e. HS, duration and TP) 
and finally to classify storm events for the period of 1960-2000 (past climate) and for 2000-2100 
(future climate). The classification is arranged into five classes, in agreement with Dolan-Davis 
Scale and the Saffir-Simpson Hurricane Wind Scale (Dolan and Davis, 1992) which are extensively 
used by many scientists and organizations (Kelman, 2013).  
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However, many studies in Data Science (de Morsier et al., 2015; Arbelaitz et al., 2013; Jain, 
2010; Halkidi et al., 2001) have proposed a lot of indices in order to evaluate the clustering results 
and find the optimum method. An integrated analysis consequently is conducted for the purpose of 
clarifying the clustering procedure.  

Before trying to find patterns in our data it is necessary to investigate if it is highly clusterable. 
The Hopkins statistic value (Banerjee and Dave, 2004) indicates, especially if it is lower than 0.5, 
that there are clusters in our data and so it is worth proceeding, which in this dataset is confirmed 
for both time periods and for all directions. Next for the validation of clustering methods, the 
connectivity, Dunn and silhouette (Sil.) indices are estimated. The connectivity (Handl, et al., 2005) 
indicates the degree of clusters’ association and should be closer to zero. Dunn index (Dunn, 1974) 
is intended to specify the density of clusters and how well-separated they are; Dunn value should be 
maximized. The silhouette sidth (Kaufman and Rousseeuw, 2005) is the mean of each silhouette 
value which estimates the degree of confidence in a specific cluster, values close to one indicate 
well clustered data without outliers. Correspondingly, many measures evaluate the stability of 
clustering results removing one element at each time and comparing the results. Thus, the average 
proportion of non-overlap (APN), the average distance (AD), the average distance between means 
(ADM), and the figure of merit (FOM) are also estimated as they were proposed and described by 
Datta and Datta, (2003), while small values for all of them are preferred. Note that, due to many 
indices which are examined, importance is given to a general view of each method, selecting in this 
way, the best method which on average meets all the conditions.  

All the above estimations are carried out by R language (R Core Team, 2017) and mainly based 
on specific packages of Brock et al. (2008), Maechler (2016) and Kassambara and Mundt (2016). 
Here the typical cluster algorithms which are examined are hierarchical agglomerative clustering, 
k–means, fuzzy and partitioning around medoids (Pam), for all the clustering methods (i.e. Ward, 
single – complete and average linkage) and for two types of distance, euclidean and manhattan. The 
internal and stability clustering indices are thoroughly presented underneath in Table 2 and Table 3, 
for the storm events of North direction and for the period of 1960-2000. Authors would like also to 
highlight that a detailed description of clustering procedure and their methods is absent in this work, 
prompting the reader for an extensive study of basic books (e.g. Theodoridis and Koutroumbas, 
2009) and references therein. 

 
Table 2. Internal clustering indices for storm events of North direction for the period 1960-2000  

   Distance 
  Euclidian  Manhattan 

Method  Connectivity Dunn Sil.  Connectivity Dunn Sil. 

Hierarchical 
Agglomerative 

Ward  12.58 0.00 0.58  7.81 0.00 0.60 
Single  17.65 0.09 0.76  17.65 0.09 0.76 

Complete  11.83 0.01 0.61  13.10 0.01 0.56 
Average  16.80 0.03 0.63  16.16 0.02 0.63 

K-means Ward  15.19 0.00 0.62  15.43 0.00 0.62 
Other  23.29 0.00 0.63  23.28 0.00 0.63 

Funny -  21.75 0.00 0.52  24.02 0.00 0.52 
Pam -  18.00 0.00 0.57  16.62 0.00 0.57 

 
Table 3. Stability clustering indices for storm events of North direction for the period 1960-2000 

   Distance 
  Euclidian  Manhattan 

Method  APN AD ADM FOM  APN AD ADM FOM 

Agglomerative 

Ward  0.37 132.72 75.07 107.53  0.45 141.01 93.21 107.53 
Single  0.01 226.62 30.78 135.58  0.01 227.11 30.78 135.58 

Complete  0.26 140.44 74.72 108.09  0.38 156.69 97.36 108.09 
Average  0.26 158.88 67.45 109.45  0.27 159.66 68.23 109.45 

K-means -  - - - -  - - - - 
Funny -  0.34 137.36 70.03 113.96  0.35 138.00 70.72 113.96 
Pam -  0.34 130.31 69.90 114.36  0.34 130.75 70.22 114.36 
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The results show that the optimum clustering algorithm is the hierarchical agglomerative, always 
contains the best combination of all examined indices. In addition, the Euclidean distance indicates, 
in every case, better results than the manhattan one, contrary to the clustering method which differs 
according to the direction of the storm events.  

More specifically, for the period of 1960-2000, the storm events are clustered by: 
§ Average linkage for N direction  
§ Single linkage for NE direction 
§ Ward method for NW direction. 
And for the period of 2000-2100 the storm events are clustered by: 
§ Single linkage for N direction  
§ Average linkage for NE direction 
§ Ward method for NW direction. 

4. STORM CLASSIFICATION 

The use of foregoing clustering methods contributes to a well-developed storm classification for 
past and future wave climate and for each direction N, NE, NW. The storm events are classified into 
five classes depending on their severity, (I - Weak, II - Moderate, III - Significant, IV - Severe, V - 
Extreme). In Figure 7, a dendrogram represents this procedure of hierarchical clustering based on an 
agglomerative algorithm. 

 

Figure 7. Dendrogram of storm clustering using hierarchical clustering algorithm for the storm events of North 
direction and the period of 1960-2000. 

All the results for the period 1960-2000 are described below in Tables 4-6 in association with the 
wave height, the wave peak period and the duration for each storm class, the storm events for the 
period 2000-2100 are presented in Tables 7-9. 

 
Table 4. Storm events and their characteristics for the period 1960-2000 North wave direction 

Storm  
Class 

Significant Wave Height 
[m] 

Peak Period 
[s] 

Energy 
[m2h] 

Duration 
[h] 

Events 

 max mean min max mean min max mean mean  
I 3.65 2.33 4.99 9.08 7.42 40.91 170.12 94.35 16.52 191 
II 4.18 2.58 5.7 9.17 7.69 174.62 401.04 263.37 37.56 133 
III 5.11 2.86 4.84 9.75 7.95 409.93 661.31 533.9 60.72 50 
IV 5.26 3.13 5.54 10.36 8.16 698.18 965.24 784.4 74.21 19 
V 6.31 3.56 6.13 10.82 8.49 1131.4 1862.63 1462.18 105 14 
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Table 5. Storm events and their characteristics for the period 1960-2000 Northeast wave direction 

Storm 
Class 

Significant Wave Height 
[m] 

Peak Period 
[s] 

Energy 
[m2h] 

Duration 
[h] 

Events 

 max mean min max mean min max mean mean  
I 2.82 2.25 5.31 7.74 7.15 40.8 127.88 76.59 14.5 24 
II 2.9 2.38 5.85 9.45 7.45 149.38 234.08 181.77 31.29 14 
III 3.7 2.63 5.83 8.81 7.62 255.35 347.81 282.86 38.62 8 
IV 4.15 2.95 5.85 9.02 7.89 408.12 467 434.13 46.5 4 
V 4.29 2.95 6.27 9.09 7.92 555.86 726.1 621.79 67.2 5 

 
Table 6. Storm events and their characteristics for the period 1960-2000 Northwest wave direction 

Storm 
Class 

Significant Wave Height 
[m] 

Peak Period 
[s] 

Energy 
[m2h] 

Duration 
[h] 

Events 

 max mean min max mean min max mean mean  
I 3.02 2.26 6.56 8.97 7.77 40.2 78.39 55.94 10.29 14 
II 3.2 2.36 5.83 9.15 7.76 90.33 109.6 98.35 17 6 
III 3.55 2.6 5.76 8.87 7.71 127.6 163.33 141.89 19.5 6 
IV 4.24 3.29 6.19 9.64 6.19 387.99 387.99 387.99 33 12 
V 4.38 2.88 4.74 10.34 8.5 197.5 279.09 236 25.5 4 

 
Table 7. Storm events and their characteristics for the period 2000-2100 North wave direction 

Storm  
Class 

Significant Wave Height 
[m] 

Peak Period 
[s] 

Energy 
[m2h] 

Duration 
[h] 

Events 

 max mean min max mean min max mean mean  
I 4.28 2.41 3.97 9.66 7.53 40.87 280.57 135.03 22.09 695 
II 5.46 2.72 3.99 10.32 7.84 281.98 568.63 394.11 50.1 240 
III 5.92 2.97 4.91 11.12 8.02 574.35 1161.92 800.52 83.97 109 
IV 6.76 3.41 5.6 11.07 8.39 1216.63 2172.63 1515.15 119.4 20 
V 7.68 3.78 6.62 11.3 8.62 2868.74 3852 3360.37 210 2 
 

Table 8. Storm events and their characteristics for the period 2000-2100 Northeast wave direction 

Storm 
Class 

Significant Wave Height 
[m] 

Peak Period 
[s] 

Energy 
[m2h] 

Duration 
[h] 

Events 

 max mean min max mean min max mean mean  
I 2.99 2.3 5.69 8.19 7.23 41.38 149.92 87.36 15.88 68 
II 3.54 2.53 5.5 8.44 7.5 154.91 283.47 218.33 32.65 34 
III 3.82 2.67 5.71 8.98 7.57 299.64 431.42 362.35 48 16 
IV 3.98 2.82 5.21 8.95 7.75 457.35 720.22 549.09 65.1 10 
V 4.62 3.5 7.01 9.26 8.42 883.05 1045.14 964.09 73.5 2 

 
Table 9. Storm events and their characteristics for the period 2000-2100 Northwest wave direction 

Storm 
Class 

Significant Wave Height 
[m] 

Peak Period 
[s] 

Energy 
[m2h] 

Duration 
[h] 

Events 

 max mean min max mean min max mean mean  
I 3.86 2.34 4.32 10.67 7.67 42.15 137.92 78.48 13.45 60 
II 4.34 2.62 4.95 10.87 8.13 145.05 218.72 181.07 24.21 14 
III 3.39 2.7 6.6 9.34 8.26 243.95 311.02 279.91 36.6 5 
IV 3.66 2.90 7.96 9.12 8.75 - 530.32 - 60 1 
V 4.14 3.24 7.10 9.67 8.63 - 1150 - 105 1 

5. STORM IMPACTS  

The connection of storm events according to their severity with their impacts is of interest to 
many researchers (Coco et al., 2014; Del Rio et al., 2012; Almeida et al., 2012). With the purpose 
of studying unfavourable sea states, three storm events of class V and one from class IV for North 
direction are selected and, for instance, only one of them is presented below in Figure 8 and Figure 
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9. The results extracted from the above-mentioned storm analysis have been utilized as initial 
conditions for the evaluation of wave propagation towards the shore. The methodology followed 
here is similar to that of Afentoulis et al. (2017a, b). Within this context, the precise simulation of 
the wave deformation in the coastal area of Rethymno, has been carried out using MIKE 21 model 
(DHI 2015a, b). The fully spectral formulation used in the model run is based on the wave action 
conservation equation, where the directional-frequency wave action spectrum is the dependent 
variable. The bathymetry data have been provided by Hellenic Navy Hydrographic Service, with a 
15 m spatial resolution and they have been interpolated over an unstructured triangular mesh with a 
different level of resolution. The time series of wave climate has been applied in the northern 
boundary of the domain. The evaluation of waves approaching the wind-ward breakwater leads to 
the conclusion that the structures are exposed to high wave loads, the significant wave height of 
which reaches the value of 3.5 meters. Assessing the characteristics of the 84-hour storm event, in 
Figure 8 and Figure 9 it is depicted that the highest waves are mainly observed in the intermediate 
intervals of the simulation. 

 
Table 10. Selected storm events and their characteristics which are examined for their impacts 

Date Storm  
Class 

Direction Energy 
[m2hr] 

TP range 
[s] 

HS range 
[m] 

Duration 
[hr] 

26-Feb-1965  V N 916.33 5.87-9.74 2.13-5.11 39 
13-Feb-1995  V N 822.78 7.81-10.35 2.13-5.26 48 
09-Feb-2047 IV N 1882 6.15-11.06 2.13-6.76 84 
25-Jan-2091 V N 2868 7.37-11.30 2.13-7.67 99 

 

Figure 8. Spatial distribution of significant wave height (Hs) by MIKE 21 SW for IV storm scenario in the middle of the 
run.  

 

Figure 9. Spatial distribution of significant wave height (Hs) by MIKE 21 SW for IV storm scenario in the middle of the 
run for the near port area. 
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6. CONCLUSION 

An integrated analysis of storm events at Rethymno was investigated in this work and a storm 
classification, by means of clustering methods, was also presented. The significant wave height and 
the inter-arrival period thresholds were estimated according to the extreme value theory with the 
stability method and the 95th percentile. It is worth mentioning that 95th percentile is not another 
rule of thumb for the storm definition, which could also be confirmed by other methods such as the 
stability check but, as it turns out, it is a reliable way to set thresholds and to identify rare and 
extreme events. Consequently, a new definition of storm event for the coastal zone of Rethymno 
was derived. Well-known clustering algorithms and their methods were validated using many 
indices which are generally utilized in Data Science community for the cluster results evaluation. 
All the above analysis and procedure should be taken into account by anyone who wants to cluster 
wave data in any specific area. Finally, numerical simulations could be used as a tool in order to 
associate the storm impacts with each class. Four extreme events of class IV and V were analysed 
and it was found that during a storm event the port structures are exposed to high wave loads, the 
significant wave height of which reaches the value of 3.5 meters. 
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