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Abstract: Coastal urban areas, shorelines, ports and coastal structures are being increasingly threatened by violent hydro - 
meteorological phenomena such as storms, especially nowadays due to climate change and the climate variability. An 
extended analysis of storm events in Rethymno city of Crete Island, is attempted, under the frames of PEARL 
(Preparing for Extreme And Rare events in coastaL regions) an undergoing EU funded project. The aim of this paper 
is to present an integrated analysis of storm events and their thresholds by enhancing the storm definition for this 
location and finally to classify them by means of clustering methods. The storm is usually defined as the event 
exceeding a minimum significant wave height with a certain minimum duration, but the thresholds for the wave 
height, the duration and the calm period between two successive storms vary depending on the area of interest. 
Investigating extreme historical storm events and their future projections, the thresholds are defined as 90th percentile 
of the data set rather to describe the most rare events, checking simultaneously the independence between two 
successive events. Since the thresholds are selected, a storm’s definition is created 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, 
checking also their impacts on the coastal area. 
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1. INTRODUCTION  

Storm events are one of the most destructive natural hazards which affect low-lying coastal areas 
and they are responsible, among others, for urban coastal flooding (Costas et al., 2015). The 
destructiveness of these extreme events depends on their energy and their duration, while due to 
climate change they are of great importance for many scientists over the past decades. PEARL is an 
undergoing EU funded project “Preparing for Extreme And Rare events in coastaL regions” which 
examines the case study of Rethymno city of Crete Island. Extreme storm events at Rethymno cause 
wave overtopping affecting the stability of breakwaters as well as the safety of human population 
and the coastal economic activity, as evidenced the last years. 

In this study an analysis of storm events and their thresholds is attempted with the main purpose 
to present an integrated storm classification through clustering methods and their evaluation, 
extending in this way the previous study of Tsoukala et al. (2016).  

2. DATA 

The available data in this study were projections of the wave climate to the future which were 
derived by SWAN wave model (Booij et al. 1999; Ris et al. 1999), a model which was set up and 
used in the context of the research project: “Estimating the effects of Climate Change on SEA level 
and WAve climate of the Greek seas, coastal Vulnerability and Safety of coastal and marine 
structures - CCSEAWAVS” (Prinos 2014) and discussed thoroughly by Athanassoulis et al. (2015) 
and Tsoukala et al. (2016). The wind data used for the hindcast and climate simulations were 
proceeded by using a dynamical down-scaling approach of the atmospheric simulations conducted 
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with the regional model RegCNET (Pal et al. 2007), driven by hindcast carbon dioxide emissions 
during 1960-2000 while integrating AR4-A1B emission scenarios for the period 2000-2100 
(Vagenas et al. 2014; Velikou et al. 2014). Those simulations consisted of 3-hourly timeseries of 
various wave parameters in deep waters, i.e. the significant wave, the spectral peak wave period, the 
wave direction (Figure 1). 

 

 

Figure 1. Direction wave occurrence with associated significant wave height at Rethymno, for the period 1960-2000. 

3. METHODOLOGY 

3.1 Storm thresholds 

Lin-Ye et al. (2016) explicitly state that a storm determination should include the storm intensity, 
the thresholds of HS, the minimum duration, as well as the calm period between two consecutive 
storm events. Considering the storm as an extreme event which rarely occurs, the significant wave 
height’s threshold is defined as the 90th percentile of the data set, as it has already been proposed by 
previous studies (Rangel-Buitrago and Anfuso 2011; Eastoe et al. 2013; Bernardara et al. 2014). 
Thus, taking into account the wave predictions from hindcast data, it is confirmed that the 10% of 
the total wave data exceed the threshold of 2 m for the significant wave height (HS).  

The duration of a storm event is defined as the time period in which the HS remains over the 
threshold (Boccotti 2000). Contrary to previous studies, where the minimum duration of a storm 
event is determined without a clarification (see also Table 1.), in this study the minimum duration is 
estimated to be 9 hours, following again the rule of 90th percentile, having already discarded all the 
single occurrences with duration of 3 hours.  

Regarding the calm phase or the inter-arrival time (De Michele et al. 2007; Corbella and Stretch 
2012) between two consecutive storms, it is of great importance to investigate the independence of 
two events. For this purpose all the events with inter-arrival time not exceeding 48 hours are 
checked out about 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 time interval less than 18 hours, are considered as the 
same storm event. 

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 m, for a minimum 
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duration of 9 hours and a minimum inter-arrival time of 18 hours from the next event. In this way 
the definition presented by Tsoukala et al. (2016) for the same location is extended. 

Next, the data are sorted by wave direction, creating three categories for North, Northeast and 
Northwest incident waves at the Rethymno coast. As shown in Figure 1, the waves of these 
directions have the highest frequencies of occurrence and additionally as vertically incident waves 
they are considered of high-risk for the coastal zone (Allsop et al. 2008). 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 show that there are no big fluctuations around the mean.  

3.2 Storm clustering 

Following the definition of the storm energy (Eq. 1) 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, a classification of storm events can be derived with a cluster analysis.  
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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 study the cluster analysis is based upon the energy and the average peak period, with aim 
to associate a storm event with the most important variables, i.e. HS, duration and TP and finally to 
classify a total of 563 and 1463 storm events respectively for two periods: 1960 - 2000 (past 
climate) and 2000 - 2100 (future climate). The classification is accomplished into five classes, 
trying to have an agreement with previous studies but especially with Dolan-Davis Scale and the 
Saffir-Simpson Hurricane Wind Scale (Dolan and Davis 1992) which are used extensively by many 
scientists and organizations (Kelman 2013).  

However many studies in Computer 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.  

First, 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 0.05, that there are clusters in our data and so it is worth to proceed. Next for the validation of 
clustering methods, the connectivity, Dunn and silhouette 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-seperated they are; 
Dunn value should be maximized. The Silhouette Width (Kaufman and Rousseeuw 2005) is the 
mean of each Silhouette value which estimates the degree of confidence in a specific cluster, when 
the values are close to one indicate well clustered data without outliers. Correspondingly, many 
measures evaluate the stability of a clustering results removing one column 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.  

All the above estimations are carried out by R (R Core Team 2016) and mainly based on specific 
packages of Brock et al. 2008, Maechler 2016, Kassambara and Mundt 2016. Here the typical 
cluster algorithms which are examined are Hierarchical Agglomerative clustering, K-means, Fuzzy 
and Partitioning around Medoids, for all the clustering methods (i.e. Ward, Single – Complete and 
Average linkage) and for two types of distance Euclidean and Manhattan. At this stage authors 
would like to highlight that a detailed description of clustering procedure and their methods is 
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absent in this study, prompting the reader for an extensive study to basic books (i.e. Theodoridis 
and Koutroumbas 2009) and references therein. 

The results show that the optimum clustering algorithm is the Hierarchical Agglomerative, 
having always the best combination of all examined indices. In addition, the Euclidean distance 
indicates in any case better results than Manhattan, 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 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 clustered by: 
§ Single linkage for N direction  
§ Average linkage for NE direction 
§ Ward method for NW direction. 

4. STORM CLASSIFICATION 

In conclusion, 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). All the results for the period 1960-2000 are described below 
in Tables 1-3 in association with the wave height, the wave peak period and the duration for each 
storm class.  

 
Table 1. Storm events and their characteristics for the period 1960-2000 North wind direction 

 

 

Table 2. Storm events and their characteristics for the period 1960-2000 Northeast wind 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 2.13 5.31 7.93 7.07 37.27 105.83 67.65 14.36 28 
II 2.88 2.29 5.90 9.45 7.36 122.66 213.85 167.83 30.94 16 
III 3.70 2.49 5.83 8.81 7.45 239.86 310.29 270.45 41.45 11 
IV 4.15 2.93 5.85 9.02 7.88 361.34 442.05 411.76 44.25 4 
V 4.29 2.99 6.27 9.09 7.92 504.73 698.02 582.86 60.75 4 

 
Table 3. Storm events and their characteristics for the period 1960-2000 Northwest wind 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 2.18 6.56 8.97 7.71 39.02 93.41 61.53 12.16 19 
II 3.55 2.39 5.45 9.15 7.59 113.66 154.41 134.19 21.90 10 
III 3.80 2.58 4.74 9.48 7.89 173.55 204.20 191.25 26.25 4 
IV 4.38 2.88 4.62 10.34 8.35 273.85 287.91 280.88 30.00 2 
V 4.24 3.19 6.19 9.64 6.19 404.12 404.12 404.12 36.00 1 

Storm 
Class 

Significant Wave 
Height [m] 

Peak Period 
[s] 

Energy 
[m2h] 

Duration 
[h] 

Events 

 max mean min max mean min max mean mean  
I 3.12 2.18 4.99 9.67 7.26 36.27 135.38 81.16 16.31 183 
II 4.09 2.40 5.25 9.16 7.50 137.14 269.91 198.83 32.68 122 
III 4.47 2.57 5.71 9.34 7.71 274.26 472.79 345.54 49.25 84 
IV 5.26 2.89 4.84 10.36 7.95 490.10 981.40 652.01 72.10 60 
V 6.31 3.45 5.28 10.82 8.38 1173.10 1862.63 1517.76 114.86 14 
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5. STORM IMPACTS 

Finally in order to connect the storm classes with their impacts (Coco et al. 2014; Del Rio et al. 
2012; Almeida et al. 2012) the wave data of each storm event is used by MIKE21 PMS so as to 
simulate the wave propagation into shallower water regions and estimate the corresponding 
nearshore wave characteristics, giving also their spatial evolution in the coastal zone of Rethymno. 
With purpose to study unfavourable sea states, one storm event of class V for each direction is 
selected for simulation and then the mean wave overtopping is estimated, in one known structure 
section. 

6. CONCLUSION 

An integrated analysis of storm events at Rethymno was investigated in this study and a storm 
classification by means of clustering methods was also examined. The significant wave height and 
the inter-arrival period thresholds were estimated according to the 90th percentile rule, in order to 
describe rare and extreme events, such as storms. 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 used in computer and data science 
community for the cluster results evaluation. All the above analysis and procedure should be used 
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.  
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