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Abstract

In this paper, a methodology to assess the risk associated with wave overtopping in port areas 
is presented. The methodology is implemented in the GUIOMAR system, which is an integrated 
system for port and coastal engineering modelling, developed in a GIS commercial software. 
The overtopping determination is performed by using empirical tools. To assess the risk of 
overtopping, the combination of the probability of occurrence of an event of wave overtopping 
and of the consequences of that occurrence is considered. The paper illustrates the application 
of this methodology to the Port of Praia da Vitória, at the Terceira Island, Azores Archipelago, 
considering the sea-wave conditions between 2009 and 2010. 
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1 Introduction 

The length of the Portuguese coast, the severity of the sea conditions and the importance of the 
coastal zone regarding the socio-economic activities, justify the relevance of studying  
wave-induced risks, and in particular, overtopping due to wave action. Indeed, emergency 
situations caused by adverse sea conditions are frequent and put in danger the safety of people 
and goods, with negative impacts for society, the economy and the environment. Therefore, a 
methodology to assess the overtopping risk in port or coastal areas is essential for a proper 
planning and management of these areas. A detailed characterization of tide levels, currents 
and sea waves is essential to improve the risk assessment methodologies, increasing the 
reliability of the results, enabling the issue of warnings and supporting the preparation of 
mitigation plans. 

In this context, the National Laboratory for Civil Engineering (LNEC) has been developing two 
integrated decision support tools for port and coastal management, whose focus is to prevent 
and support the management of emergency situations (MOIA system) and the long-term 
planning of interventions in the study area (GUIOMAR system). 

The MOIA system (Santos et al., 2008, 2011) is a real-time tool to evaluate sea-wave action 
and its effects on port and coastal activities and to issue warning messages whenever the 
safety of such activities are deemed to be at risk. In this system, the wave regime 
characteristics are determined 1 or 2 days in advance, using numerical models that forecast the 
wind generated sea waves at a regional scale. The corresponding consequences for port and 
coastal activities (e.g. for navigation) are defined using empirical formulae or numerical models. 
This a priori knowledge of the characteristics of the waves and their consequences allows timely 
issues of warnings to the relevant authority members when there is a possibility of occurrence 
of emergency situations (short-term management). 
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The GUIOMAR system (Zózimo et al., 2008; Neves et al., 2009, 2010) is an integrated system 
based on a geographic information system (GIS) for the management of numerical wave 
propagation models in port and coastal areas that enables the user to calculate the risk for 
various port and coastal activities, based on the sea-wave characterization. This system is 
intended as a tool for long-term planning. Therefore, using long term (years) time series for the 
sea wave characteristics, the system evaluates the sea-wave consequences for the activities, 
allowing the construction of GIS based risk maps. These maps aim to support decision-making 
of the responsible entities regarding long-term management. 

These systems have already been tested for the navigation risk in two Portuguese ports: the 
GUIOMAR system has been used to create risk maps in the Port of Sines (Neves et al., 2010) and 
the MOIA warning system has been tested for the Port of Praia da Vitória (Santos et al., 2011). 

The GUIOMAR system has also been tested for flood risk assessment in Vale do Lobo beach, 
in the Algarve, Portugal. A methodology is implemented for the run-up calculation on beaches 
and coastal defence structures, for the estimation of the corresponding flood levels and for the 
creation of flood risk maps. This methodology applies empirical formulations based on 
experimental or field data (Raposeiro et al., 2010). 

This paper focus on the prediction of wave overtopping of maritime structures for risk assessment 
purposes using the GUIOMAR system. Section 2 describes the case study and section 3 presents 
the three main steps of the methodology for overtopping risk assessment: the sea wave 
characterization, the prediction of overtopping and the risk assessment, including the preparation 
of risk maps. The paper closes with some conclusions and directions for future work (section 4). 

2 Study Area 

The Port of Praia da Vitória, Figure 1, is located at the Terceira Island, the second largest of the 
Azores archipelago. 

 

 

 Figure 1: Azores, Terceira Island, Port of Praia da Vitória, south breakwater and quay 12 

The port basin, which is approximately 1 km x 2 km, is protected by two breakwaters: the north 
and the south breakwaters. The south breakwater directly protects quay 12 (Figure 1). 

In the port area, there are now several measuring devices that can characterize the sea wave 
regime within the port. In fact, within the scope of the CLIMAAT project, a directional wave-buoy 
was installed 4 km northeast from the port, in a region 100 m deep, which was used to validate the 
methodology for wave propagation applied in this study. 
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3 Methodology 

The methodology implemented in the GUIOMAR system to assess the risk of overtopping of the 
south breakwater of the Port of Praia da Vitória, and especially at quay 12, follows three main 
steps (Figure 2): 

1. Sea wave characterization at the breakwater; 

2. Determination of wave overtopping over the breakwater; 

3. Overtopping risk assessment. 

The next sections describe in more detail each of these three steps and the GUIOMAR system. 

 

 Figure 2: Methodology for risk assessment implemented in the GUIOMAR system 

3.1 Sea wave characterization (GUIOMAR) 

For the sea wave characterization at the studied port, two years of sea wave characteristics 
predicted offshore by WAVEWATCH III (WWIII), a third generation wave model developed at 
NOAA/NCEP (Tolman, 1999), were propagated onshore, first with the spectral wave model 
SWAN (Booij et al., 1999) up to the port entrance (point P1) and from there into the port with the 
mild slope wave model DREAMS (Fortes, 2002) (Figure 3). Point P19, located in front of the 
south breakwater, was pre-defined as an output point for the DREAMS model to determine the 
wave characteristics at the breakwater section that directly protects quay 12. Figure 3 presents 
the time series of significant wave height (HS) for point P19 in the study period (January 2009 to 
December 2010). The reason for coupling two wave propagation models was the lack of a 
single model that can simulate, in a computationally efficient way, the spread of the wave 
climate in this vast region, taking into account all the relevant phenomena. 

  

 Figure 3: (a) Coupling scheme for the numerical models; (b) point P1 (SWAN) and studied point 
P19 in front of the south breakwater; (c) Hs (m) for the two-years at P19 

The numerical simulations were made for a constant water level of +1.4 m (ZH), which is the 
sum of a mean water level of +1.0 m (ZH) and a storm surge of 0.4 m. 
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The sea wave characterization was carried out using the GUIOMAR system (Neves et al., 2009, 
2010), which is an integrated system for port and coastal engineering modelling, developed in 
VBA programming language (Visual Basic for Applications), in a GIS commercial software 
ArcGis

TM
. It has three main components (Figure 4): the GIS software; a set of 6 modules 

corresponding to different wave propagation and deformation models with different domains of 
application; and a Graphical User Interface (GUI), developed in VBA, that enables the liaison 
between the GIS software and the numerical wave models, that is, it enables: i) the execution of 
the models; ii) the pre- and post-processing of the data and of the model results; and iii) the use 
of the capabilities inherent to the GIS software, for instance to analyse and visualise data and 
results in both 2D and 3D.  

  

 Figure 4: The GUIOMAR system and its toolbar for risk assessment 

The modular nature of the system enables its easy expansion and upgrade, such as including 
more advanced models that may tackle different physical processes. The GUIOMAR system is 
also characterized by the implementation of several automated procedures to reduce human 
errors and to speed up the user's familiarity with the procedures for operating the numerical 
models.

The latest development to GUIOMAR includes a module to automatically produce risk maps 
based on the methodology presented in section 3.3. Figure 4 shows the GUIOMAR toolbar 
used to access the risk maps production area. 

3.2 Overtopping Determination 

In this study, the overtopping determination was performed by using the tool 
NN_OVERTOPPING2, which is a prediction tool based on neural network (NN) modelling, 
developed as part of the CLASH European project (Coeveld et al., 2005) to predict Froude-scaled 
mean wave overtopping discharges, q, and the associated confidence intervals for a wide range of 
coastal structure types (such as dikes, rubble mound breakwaters, and caisson structures). In 
addition, prototype mean overtopping estimations, allowing for scale and model effects, are 
provided. 

The results from this tool are built on a database of about 8400 tested conditions from small-scale 
physical model tests at many different laboratories. The method uses fifteen input parameters, 
which include three about the wave conditions (the spectral significant wave height at the toe of 
the structure, Hm0; the mean spectral wave period at the toe of the structure, Tm 1,0; and the 
direction of wave attack, ) and twelve on the geometry of the structure (the water depth in front of 
the structure, h; the water depth on the toe of the structure, ht; the width of the toe, Bt; the 
roughness / permeability of the armor layer, f; the slope of the structure downward of the berm, 
cot d; the slope of the structure upward of the berm, cot u; the width of the berm, B; the water 
depth on the berm, hb; the slope of the berm, tan b; the crest freeboard of the structure, Rc; the 
armor crest freeboard of the structure, Ac; and the crest width of the structure, Gc). 

In this work, the mean overtopping discharge per unit length of structure, q, of the breakwater 
section that directly protects quay 12 (Figure 5) was calculated using the two years of wave 
data obtained at point P19 (Figure 3c). For this section of the breakwater and for a water level 

of +1.4 m (ZH), h=ht=19.4m, Bt=0.0m, cot d=4.3, hb=10.15m, B=0.0m, tan B=0, cot u=1.5, 



Ac=7.2m, Rc=9.6m and f=0.35 (tetrapod armour layer with a wave return wall - Coeveld et al., 
2005). Since the crest berm does not have the same configuration throughout its width, the 
value of q considered for the cross-section of the breakwater for each sea-state condition  

(Hm0, Tm-1,0, ) was obtained from the average of two values of q calculated with the 
NN_OVERTOPPING2 for Gc=8m and Gc=16m. 

 

 Figure 5: Cross-section of the south breakwater that directly protects quay 12 

Figure 6 shows the calculated values of q for the two years of wave data obtained at point P19. 
The figure also shows gHSTm-1,0 (with HS=Hm0), a parameter commonly used to  
non-dimensionalise q (Reis, 1998). 

 

 Figure 6: Overtopping calculation for the breakwater section that directly protects quay 12 using 
NN_OVERTOPPING2 and the two years of wave data obtained at point P19 

3.3 Risk assessment 

After determining the mean overtopping discharges, q, of the breakwater section that directly 
protects quay 12 for the two years of wave data obtained at point P19, a qualitative assessment 
of the risk of overtopping was carried out by applying the following methodology, which is based 
on five main steps: 

 Definition of acceptable thresholds for the values of q based on the Pullen et al. (2007) 
guidance; 

 Development of a table of probability of exceedance of the pre-set thresholds of q 
(Table 1) and establishment of the level of probability for the different thresholds; 

 Development of a table of consequences of exceedance of the pre-set thresholds of q 
(Table 2) and establishment of the level of consequences for the different thresholds; 

 Combination of the values of the levels of probability and of consequences to obtain the 
risk level associated with the different pre-set thresholds, considering that the level of 
risk is the product of the two other levels (Table 3); 

 Production of risk maps and analysis of risk acceptability (Figure 7). 



The probability of exceedance was evaluated by using a frequency approach, i.e. by dividing 
the number of sea states for which overtopping exceeded a pre-set threshold by the total 
number of sea states in the 2-years wave regime for which the overtopping was computed. 

 Table 1:  Probability of exceedance of overtopping pre-set thresholds 

Description Probability (Guidelines) Level 

Improbable 0 – 1% 1 

Remote 1 – 10% 2 

Occasional 10 – 25% 3 

Probable 25 – 50% 4 

Frequent >50% 5 

The table of consequences was developed in straight collaboration with the port authority and 
has taken into account the consequences for human lives, the environment, the port 
management and the property. The levels of consequences were assigned in order to take into 
account the importance of the risk, in relation to its treatment and prioritization, in the 
assessment of the risk level. For example, it is important to distinguish between an event with 
high probability of occurrence but with low consequences and an event with a low probability of 
occurrence but with very high consequences, which is typically more important to manage. 

 Table 2: Table of consequences (guidelines) 

 

 Table 3: The risk level 

 



 

 Figure 7: Risk map for wave overtopping in the south breakwater of the Port of Praia da Vitória 

4 Conclusions 

This paper presents recent developments to GUIOMAR, an integrated system for port and 
coastal engineering modelling. A set of automatic procedures was developed to implement a 
methodology for overtopping risk assessment in port areas. To illustrate and test the new 
procedures, offshore wave predictions from 2009 and 2010 of the WAVEWATCH III third 
generation wave model were transferred into several points inside the Port of Praia da Vitória, 
Azores, Portugal, using two numerical models for sea wave propagation and deformation 
(SWAN and DREAMS), included in the GUIOMAR system. The tool NN_OVERTOPPING2, 
based on neural network analysis, was used to study the mean wave overtopping for the south 
breakwater section that directly protects quay 12. Finally, the risk level was established, based 
on the combination of the probability of exceedance of pre-set thresholds for wave overtopping 
and of its consequences, and risk maps were generated. 

The recent developments in the GUIOMAR system are a step forward in the implementation of 
a methodology for the overtopping risk assessment in port and coastal areas using the 
numerical simulation of scenarios based upon historical sea wave data. 

A test of the new functionality of GUIOMAR, using the case study of the Port of Praia da Vitória, 
confirmed that this integrated system is a valuable tool for port and coastal engineering studies 
and an important tool for supporting decision-making processes in port and coastal 
management. However, the comparison of forecast results to prototype measurements is 
essential to improve the reliability of the integrated tool. 
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