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Climate change generates impacts on coastal areas due to sea-level rise and potential modifications in wave and storm surge patterns. Since harbours are located in littoral areas, they will experience different impacts associated to such processes. In this paper, the effects of climate change on port berthing areas in terms of operability are quantified. The study is focused on the ports of the Balearic Islands (Western Mediterranean Sea) and analyses the loss of operability due to the reduction of freeboard in berthing structures and the potential variation in agitation within these harbours during the 21st century, considering two different climate scenarios (RCP4.5 and RCP8.5) and two-time horizons (2045 and 2100). In addition, adaptation measures to address such impacts are proposed and their cost estimated. The results indicate that climate change will not generate significant changes in wave agitation due to negligible variations in wave patterns under future scenarios. On the contrary, sea-level rise will cause huge increases of inoperability for berthing structures due to insufficient freeboard: 10.5% under RCP4.5 or 20.5% under RCP8.5 in 2045, increasing to 57.1% (RCP4.5) and even 83.2% (RCP8.5) in 2100.
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1 Introduction

Climate change triggers a number of potential hazards and impacts on coastal areas (Sierra and Casas-Prat, 2014) which are climate-sensitive systems with a high vulnerability (Nicholls et al., 2011; Sánchez-Arcilla et al., 2011; Vitousek et al., 2017; Grases et al., 2020; Vousdoukas et al., 2020). One of the most evident consequences of the global warming induced by climate change is sea level rise (SLR), mainly due to thermal volume expansion and land ice melting (e.g. Pritchard and Vaughan, 2007; Gregory et al., 2013; Dangendorf et al., 2017; Vousdoukas et al., 2018). According to projections, SLR will differ substantially among different coastal areas due to the spatial variation of the mechanisms contributing to it (Scarascia and Lionello, 2013; Slangen et al., 2014; Durand et al., 2022). In spite of the great uncertainty associated to future SLR projections, numerous authors have estimated its impacts on coastal areas (e.g. Nicholls and Cazenave, 2010; Revell et al., 2011; Vousdoukas et al., 2012; Brown et al., 2013; Brown and Nicholls, 2015; Hinkel et al., 2015; Ranasinghe, 2016; Enríquez et al., 2017; Enríquez et al., 2019; Bon de Sousa et al., 2018; Sayol and Marcos, 2018; Orejarena-Rondón et al., 2019; Grases et al., 2020; Agulles et al., 2021; Luque et al., 2021), because it generates geomorphological changes such as flooding and erosion that threaten infrastructures and other assets located in the coastal fringe.

Although vulnerability of coastal areas is normally assessed focusing on SLR, other non-climatic drivers as socioeconomic change are often ignored, despite being fundamental for coastal management associated to climatic impacts (Nicholls et al., 2008). Moreover, there are other physical processes that can also generate impacts on these coastal areas. The greenhouse effect, in addition to SLR, may generate changes in wind and atmospheric pressure patterns, which, in turn, can modify storm surge (Conte and Lionello, 2013; Rahmstorf, 2017; Bevacqua et al., 2019; Li et al., 2020; Hsiao et al., 2021; Cousineau and Murphy, 2022; Leal et al., 2022) and sea wave patterns (Hemer et al., 2013a; Hemer et al., 2013b; Hemer and Trenham, 2016; Casas-Prat et al., 2018; Bonaldo et al., 2020; Meucci et al., 2020; Lobeto et al., 2021a; Morim et al., 2021; Goharnejad et al., 2022). Thus, for example, Casas-Prat et al. (2018) results project lower waves in the North Atlantic and an increase of wave heights in the Southern Hemisphere. These higher waves are accompanied with increased peak wave period and a significant counterclockwise rotation in the mean wave direction in the Southern Oceans. Meucci et al. (2020) also found that the magnitude of the extreme wave heights would increase over the Southern Ocean by the end of the 21st century and in the North Atlantic would decrease at low to mid latitudes and would increase at high latitudes. In the same way, Lobeto et al. (2021a) and Morim et al. (2021) obtained similar results.

In the specific case of harbors, since they are located in coastal areas, climate change will result in a range of different impacts (Sánchez-Arcilla et al., 2016; Izaguirre et al., 2021). Considering that ports play an essential role in the global economy as transportation hubs and their contribution to economic activities is very significant, in particular in the coastal fringe and their hinterland, the impacts of climate change on ports are one of the main climatic risks in littoral zones (Becker et al., 2012; Izaguirre et al., 2021).

Since wave storms strongly hinder port activities (de Alfonso et al., 2021) and some authors project a greater frequency of extreme events (Mitchell et al., 2006; Stott, 2016), the consequences for harbor operations may be adverse. Changes in wave storm patterns may affect port agitation (Casas-Prat and Sierra, 2012; Sierra et al., 2015; Sierra et al., 2017; Campos et al., 2019; Camus et al., 2019; Lesani and Niksokhan, 2019), port breakwater stability (Takagi et al., 2011; Mase et al., 2013; Suh et al., 2013) or port siltation (Sierra and Casas-Prat, 2014; Sánchez-Arcilla et al., 2016). In addition, SLR may increase overtopping of port breakwaters (Zviely et al., 2015; Sierra et al., 2016; Pillai et al., 2019; Contestabile et al., 2020; Maravelakis et al., 2021) or affect port operability by reducing the freeboard in berthing areas (Gracia et al., 2019; Hanson and Nicholls, 2020; Verschuur et al., 2020; Izaguirre et al., 2021; Jebbad et al., 2022). Moreover, SLR will increase water depths in ports and neighboring areas which, in turn, will modify wave propagation patterns and, therefore, will contribute to the aforementioned impacts on port operations caused by waves. It must be pointed out that these last impacts may be either negative or positive, i.e. they can worsen or improve port operability (Sánchez-Arcilla et al., 2016; Sierra et al., 2017). In addition, SLR can also have positive impacts on ports by reducing dredging maintenance costs or by enabling the port to receive larger vessels (Chhetri et al., 2016).

Although in the last years the number of studies tackling climate change impacts on harbors has increased significantly (Hanson et al., 2011; Becker et al., 2012; Ng et al., 2013; Nursey-Bray et al., 2013; Chhetri et al., 2015; Sánchez-Arcilla et al., 2016; Izaguirre et al., 2021), few of such studies have considered the combination of drivers (sea level rise and changes in storm surge and wave climate) contributing to such impacts, therefore underestimating resulting risk assessments. In addition, although there is some study on a global scale (Izaguirre et al., 2021), most are concentrated in one or a few ports and there is a gap in the literature on regional scale studies with a high level of detail.

Another aspect not traditionally addressed in the literature related to the impact of climate change on ports is the adoption of adaptation measures. Only in recent times there have been studies analyzing impacts and proposing adaptation measures, such as those of Yang et al. (2018); Ng et al. (2018); Sierra (2019); Portillo Juan et al. (2022) and Loza and Veloso-Gomes (2023).

The aim of the study is to assess changes in port operability associated to combined drivers that encompass SLR, storm surge and wave pattern variations induced by climatic change. The work focuses on the potential impacts of these drivers on two of the processes that may generate higher risks of disrupting port services: i) inner agitation generated by changes in wave storminess and alterations of wave patterns due to SLR, which may affect port operations (Rusu and Guedes Soares, 2013) and cannot exceed certain thresholds, which depend on the type of operation (mooring, loading or unloading) and cargo involved (López et al., 2015); ii) reduction of berthing structure freeboards due to SLR and modifications in storm surge patterns that can lead to temporary or permanent flooding of the docks (Gracia et al., 2019; Jebbad et al., 2022). In addition to analyzing the impact of climate change on port operability, adaptation measures have been proposed and a rough estimation of their cost and performance estimated. The study is developed for the Balearic Islands (NW Mediterranean), starting with an analysis at regional scale, identifying the harbours that may have an excess of agitation or insufficient berthing structure freeboard, which together increase risks or prevent port operations. Although the study focuses on ports of a specific region, the methodology here described is applicable to any port worldwide.




2 Site description and climate

The study area corresponds to the Balearic Islands (western Mediterranean Sea, from 38°38’N to 40°06’N and from 1°09’E to 4°20’E). These islands form an archipelago (Figure 1) with four major islands (Mallorca, Menorca, Eivissa and Formentera) and several islets.




Figure 1 | Geographic location of the Balearic Islands and the studied ports. Yellow: ports managed directly by regional authorities (PIB); magenta: ports under administrative concession; light blue: location of tidal gauges. The text in yellow indicates the names of the islands and in blue the name of the ports mentioned in the study.



The Mediterranean Sea basin has been widely studied due to its vulnerability to SLR (Lorente et al., 2021) and other hazards, such as rogue waves (Cavaleri et al., 2012), erosion and flooding (Wolff et al., 2018), storm surges (Lin-Ye et al., 2020) or “Medicanes” (Mediterranean hurricanes), which are strong cyclonic systems (Milglietta and Rotunno, 2019; Kassis and Varlas, 2021). The potential impacts of climate change in Mediterranean coasts are specially worrying because 34% of the population lives in the coastal fringe in contrast to 10% worldwide (Luque et al., 2021). In addition, much of the Mediterranean coast is a high popular place of recreation, attracting millions of tourists every year (Juza and Tintoré, 2021).

This region is subjected to strong and increasing pressures such as natural hazards, tourism, navigation, pollution and overfishing (Visbeck, 2018; Ryabinin et al., 2019), which can be exacerbated by climate change effects, because the Mediterranean is a semi-enclosed and relatively small basin (Giorgi, 2006; Lionello and Scarascia, 2018). Additional environmental problems in this area include proliferation of harmful algal bloom episodes (Ferrante et al., 2013) and ocean acidification (Hilmi et al., 2014; Lacoue-Labarthe et al., 2016).

Regarding the marine forcings, the Balearic Islands coast is a microtidal environment with tidal ranges smaller than 25 cm (Orfila et al., 2005; Bonaduce et al., 2016), while storm surge reaches 25-30 cm at the coast (Agulles et al., 2021). On the other hand, the wave climate in this area is highly variable (Sánchez-Arcilla et al., 2008; Campins et al., 2011; Morales-Márquez et al., 2020) due to its complexity (orography, bathymetry, veering winds…) and semi-enclosed character (area with limited fetches because it is surrounded by coastal areas and other islands). Under mean conditions (usually between April and September) the regional winds are mild and due to the short fetches in the area, they generate short waves, with significant wave heights (Hs) between 0.1 and 1 m and peak wave periods (Tp) between 3 and 6 s (Alvarez-Ellacuria et al., 2011). The most energetic wave conditions (Hs up to 7 m and Tp up to 12 s) come from the north and are due to cyclonic activity in the Gulf of Lions, while in the southern coasts of the Balearic archipelago, waves propagating from SW (Hs up to 6 m) and SE (Hs up to 3 m) (Agulles et al., 2021) prevail. Nevertheless, when performing extreme analyses in the Mediterranean area, as pointed out by de Leo et al. (2021a), caution should be exercised with the values of Hs and Tp obtained, since they show a marked dependence on the time window considered.

With respect to future wave climate in the Mediterranean Sea, a relative decrease in wave energy is expected in general (Lionello and Sanna, 2005; Lionello et al., 2008; Marcos et al., 2011; Conte and Lionello, 2013), with some local increases. These projections are similar to the results of Casas-Prat and Sierra (2013) who found a decrease of Hs in large areas of the NW Mediterranean, with local increases in other places such as the Gulf of Genoa. Lionello and Giorgi (2007) and Casas-Prat and Sierra (2013) also found modifications of the seasonal wave distribution with greater median Hs in summer and lower in winter and different directional frequencies. In the same way, more recent studies on wave climate projections on the Spanish Mediterranean Coast show a decrease in the highest wave heights in the stormy season (November-March) but an increase in the calmer months (Lira-Loarca et al., 2021). Other authors such as Kapelonis et al. (2015) also obtained a general reduction of extreme events in the Mediterranean basin with slightly increased extreme activity in certain areas, while Bonaldo et al. (2020) found a similar pattern for the Adriatic Sea. More recent studies (Morim et al., 2018; de Leo et al., 2021b; Lira-Loarca and Besio, 2022) also found a decrease of the average Hs over the Mediterranean Sea. However, despite the fact that all projections indicate a general reduction in Hs, especially towards the end of the century, a recent study in which wave hindcasting data from 41 years were analysed in different areas of the Mediterranean Sea showed an increase in the number and intensity of wave storm events over recent years (Amarouche et al., 2022).

Concerning storm surges, a number of studies have assessed its levels along Mediterranean coasts as a consequence of climate change (Marcos et al., 2011; Jordà et al., 2012; Conte and Lionello, 2013). Results showed no significant changes in extreme values due to storminess (Conte and Lionello, 2014; Lionello et al., 2017) and even a small decrease of the amplitude of storm surge along Mediterranean Sea coasts (Lionello et al., 2008; Marcos et al., 2011; Conte and Lionello, 2013). In the same way, Vousdoukas et al. (2016) projected, in general, minimal changes or even small decreases along European coastal areas South of 50°N.

In the Balearic Islands there are 5 commercial ports classified by Spanish Port System as “Ports of General Interest” which are managed by national authorities. In addition, there are 33 smaller ports administrated by regional authorities through a public body, Ports de les Illes Balears (PIB). From these 33 ports, 14 are managed directly by PIB and 19 are operated by private entities under administrative concession. In 32 of the 33 ports there are facilities for leisure craft and 8 of them are also the base for fishing activities, while only 2 ports have passenger traffic and ferries. These 33 regional ports are the object of the presented analysis.




3 Materials and methods



3.1 Data sources

In its 5th Assessment Report (AR5), the Intergovernmental Panel on Climate Change (IPCC, 2013) proposed four future scenarios depending on the evolution of the emissions until the end of the 21st century. Regarding SLR, each scenario has a central estimate and two confidence bands. IPCC (2013) estimates of global SLR at year 2100 range between 0.52 and 0.98 m (5% to 95% confidence interval) with respect to the 1986-2005 period, for the highest emissions RCP8.5 scenario. Nevertheless, according to IPCC (2013), SLR has a 33% probability to lie outside such interval, due to uncertainty induced by the potential collapse of the Antarctica ice sheet areas. Other studies project higher values for 2100: up to 1.86 m (Jevrejeva et al., 2012; Mori et al., 2013) or even up to 2m (Rahmstorf, 2007), which are physically feasible although with a probability of occurrence smaller than 5% (Jevrejeva et al., 2014). Moreover, AR5 projections (IPCC, 2013) indicate that SLR in the Mediterranean Sea will be slightly lower than the global SLR average. This is because sea level is expected to decrease in semi-enclosed and inland seas (e.g., Mediterranean Sea, Black Sea) due to the greater rates of evaporation (Yin et al., 2010). Thus, in the NW Mediterranean, for the RCP8.5 scenario SLR is projected to be in the range 0.40 to 0.85 m (90% confidence interval, Sánchez-Arcilla et al., 2016) by 2100. In this work, two of such scenarios have been considered, one intermediate (RCP4.5) and other pessimistic (RCP8.5). For scenario RCP4.5 the central values of SLR were taken into account, while for RCP8.5 the upper band was selected. In this way, the assumed magnitudes of SLR correspond to high probability values (RCP4.5) and the worst projected (RCP8.5) estimate. In addition, for each scenario, two-time horizons were considered: a medium term one (2045) and a long term one (2100). The values of SLR used in the study are consequently: 18 cm (RCP4.5, 2045), 25 cm (RCP8.5, 2045), 47 cm (RCP4.5, 2100) and 88 cm (RCP8.5, 2100).

The reason for using the AR5 projections instead of those of the 6th Assessment Report or AR6 (IPCC, 2021), is that most of the work was carried out before the latter was released. Nevertheless, looking at the NASA Sea Level Projection Tool for the AR6 (https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool), the average values of SLR for the Balearic Islands in the equivalent scenarios are the following: 20 cm (SSP2-4.5, 2045), 23 cm (SSP5-8.5, 2045), 58 cm (SSP2-4.5, 2100) and 91 cm (SSP5-8.5, 2100). It can be verified that in three of the four cases, the values are very similar, with differences of 3 cm or less. Therefore, the risk analysis carried out for the studied ports would provide similar results regardless of the AR applied. Only in the intermediate scenario (RCP4.5 or SSP2-4.5) and for the 2100 horizon, there is a significant difference between AR5 and AR6 SLR values (47 cm vs. 58 cm). The uncertainties in these projections, together with those in the formulations to calculate risk variables, as well as the fact that the SLR value considered in such intermediate scenario is within the range foreseen in AR6 (46 to 92 cm) make the obtained results a reasonable estimate for climatic impacts in the considered horizons.

The performed analysis considers SLR together with variations in mean sea level due to tides and storm surges. With this aim, data from the tidal gauge network managed by the Spanish Harbour Authority (Puertos del Estado) were gathered. This network has 5 tidal gauges in the Balearic Islands (see Figure 1) and in the webpage https://www.puertos.es/en-us/oceanografia/Pages/portus.aspx, the corresponding reports for each tidal gauge can be found, such as EPPE (2019). For each harbour, the 99.9 percentile of sea level corresponding to the closest tidal gauge was assumed. This percentile was selected because it defines the operative level window, according to the recommendations of Puertos del Estado (EPPE, 2012). In addition, the database of marine climatic projections in Spain developed by the Instituto de Hidráulica Ambiental de la Universidad de Cantabria (IHC) was used to get data on wave climate and changes in storm surges for the selected scenarios and time horizons.

Different global climate models (GCMs) used in CMIP5 (Taylor et al., 2012) were used as forcings to develop this database. Subsequently, downscaling was performed with regional climate models (RCMs), coming from the CORDEX program: EURO-CORDEX (Kotlarski et al., 2014), which covers the European domain and focuses on atmospheric modeling, and MED-CORDEX (Ruti et al., 2016), which covers the Mediterranean and considers coupled atmospheric-ocean models. RCMs have been used for meteorological wave and storm surge climate projections.

The WaveWatch III numerical model (WW3; version 4.18; Tolman, 2002) was used to calculate the wave projections. In order to validate the applied dynamic downscaling methodology, the results obtained during the historical reference period 1985-2005 were compared with wave buoy data. For this purpose, atmospheric variables from the ERA-5 reanalysis database (Dee et al., 2011) have been used as a forcing of the WW3 model. The obtained wave data are available in hourly time series (with only Hs, Tp and mean direction) at points separated by 0.08°. To obtain the wave data used in the study, 9 climate models were utilized for the present situation and 6 for the four future scenarios. With these data, an ensemble was made to produce more representative wave projections.

It should be noted that to perform a detailed analysis about changes in wave climate, this analysis should be done on the spectra (which are not available in this case) and not on integral quantities (Portilla-Yandun et al., 2016; Echevarria et al., 2019; Shimura and Mori, 2019; Lobeto et al., 2021b), since there may be a transfer of energy between frequencies and/or directions. Thus, for example, Lira-Loarca and Besio (2022), analyzing data from the Mediterranean Sea, found that although the average Hs decreases, there are increases in other less energetic frequencies and directions leading to a projected change from unimodal to bimodal/multimodal wave climate in many locations, which may have strong impacts on coastal and port areas.

The dynamic projections of the meteorological component of the sea level (or meteorological tide) have been simulated using the ocean circulation model ROMS, version 3.5 (Regional Ocean Modeling System, Shchepetkin and McWilliams, 2005). The dynamic downscaling methodology used for the storm surge climate projections has been validated using in situ measurements from the Puertos del Estado tidal gauges. A comprehensive description of the database generation and validation process can be found in Ramírez et al. (2019).

To take into account changes in storm surges, for each port the data corresponding to the closest point were used. In addition, assuming that the effect of climate change on astronomical tide is negligible in the Mediterranean basin (Lionello et al., 2005; Marcos et al., 2009; Tsimplis and Shaw, 2010; Conte and Lionello, 2014), in this study the present astronomical tidal levels were considered constant along the 21st century.

To extract time series of wave data from the periods 2026-2045 and 2081-2100, 10 control points were selected from this database and for the two climatic scenarios considered (RCP4.5 and RCP8.5). The 10 points were chosen to cover the locations of all considered ports with the minimum number of points possible to limit the amount of numerical simulations to be carried out. These points are shown in Figure 2, as well as the grids used to carry out the numerical simulations to propagate wave fields.




Figure 2 | Location of the points (in red) from which projected wave information was extracted and the numerical grids used to propagate such wave information towards the analysed ports.



Finally, bathymetric information was obtained from the General Bathymetric Charts of Ocean (GEBCO) datasets (http://www.gebco.net), which have a resolution of 30 arc-second grid. In the areas close to the ports (up to depths of about 100 m), this information was complemented by high-resolution bathymetric information provided by the Ports Authority, PIB, which also supplied topographical data on berth facilities and port land areas.




3.2 Methodology

The impacts of climate change presented in this work are port agitation and inoperability of berthing areas due to insufficient freeboard. Due to the huge amount of numerical simulations to be carried out, the study of wave agitation was limited to the 14 ports that are directly managed by PIB. However, the analysis of inoperability for berthing areas due to freeboard reduction covered the 33 ports of the region.

For the study of agitation within the ports, two numerical wave models were used. The first one was the SWAN code (Booij et al., 1999; Ris et al., 1999), where offshore wave conditions were given by the projections described in the previous section at all selected points (see Figure 2). The model was implemented with two nested grids, with resolutions of 100x100 m and 10x10 m, respectively, and it was used to propagate wave conditions from the offshore to the port entrances. The bathymetry provided by GEBCO is rather coarse, so it has been necessary to interpolate it in the first domain. In the areas closer to the coast (up to depths of about 100 m), information from nautical charts has been taken into account to improve this interpolation and to match the coarse bathymetry with that of the nested grid. Since in this open area, shoaling and refraction are the prevailing processes, the SWAN code is appropriate to simulate wave propagation in these outer domains.

To simulate agitation within the harbours, diffraction and reflection are also important, so another type of model must be used. The Boussinesq-type (BT) models have been widely used to analyse wave propagation in port environments (e.g. Woo and Liu, 2004; Belloti, 2007; Belloti and Franco, 2011; Thotagamuwage and Pattiaratchi, 2014; Zheng et al., 2020; Malej et al., 2021). For this reason, in this case a BT model (LIMPORT, developed by the research team, Sierra et al., 1988) was used with a variable spatial resolution between 3x3 m and 5x5 m, depending on port size. This model had been used in previous works (González-Marco et al., 2008; Casas-Prat and Sierra, 2010; Casas-Prat and Sierra, 2012; Sierra et al., 2015; Sierra et al., 2017) giving good results. The model configuration could not be validated in the study area due to the lack of simultaneous wave data inside and outside the studied harbours. Nevertheless, this model was validated in other Mediterranean areas in previous works (Sierra et al., 2017). Since the paper analyses differences between future and present conditions rather than local spatial variations in the Hs fields, this approach should capture the temporal variations, as it has been shown for other nearby harbour domains where the validation was carried out. Moreover, the simulations with the BT model are performed using identical arrangements in domains, discretisations and boundary condition type for present and future conditions, so no bias in the results are expected. Therefore, for comparative purposes as carried out in this work, the obtained results can be considered representative of changes in wave agitation due to climate change (SLR and different wave conditions) within the studied ports.

Since at each point, data from different models were available (9 models for present conditions and 6 models for future scenarios), the direct propagation of the whole 20-year time series for each model and scenario was unfeasible. Instead of this, a lumped wave characterization was applied, grouping the wave data in 22.5° directional sectors (N, NNE, NE, ENE…) and in 1 meter Hs bins (0-1, 1-2, 2-3,… m). The next step consisted of determining the frequency of occurrence of each direction and range of Hs for every model and scenario and performing an ensemble (averaging these frequencies of occurrence) for each scenario. The minimum frequency of occurrence considered was 0.0001%. Therefore, the number of simulations depends on the port and the scenario, since in each port this frequency changes and the number of directions with incidence on the port also change. Most of the ports are located in bays and in very sheltered areas, so the directions of incidence on them are limited, varying from only 1 for the Pollença port to 6 for the Ciutadella port. The total number of simulations (considering all ports) for each scenario was 285 (RCP4.5) and 267 (RCP8.5) for horizon 2045, while for horizon 2100 it was 277 (RCP4.5) and 259 (RCP8.5).

Moreover, for every Hs and direction, the central values of the bins were used to execute the simulations. The value of the wave period was obtained, following the recommendations of the Spanish Harbour Authority (EPPE, 2021), using the equation:

	

being Tp the wave period and a, b two coefficients fitted to each wave data projection set. Correlation coefficients have been measured between the periods provided in the time series and those calculated using the formula. Depending on the point and the scenario considered, the correlation coefficient varies between 0.57 and 0.72.

The obtained combinations of direction, Hs and Tp were used as boundary conditions in the SWAN model which, in turn, provided the boundary conditions for the BT model. Running this last model, Hs was obtained at all the grid points within the 14 studied harbours. From here, considering the limits fixed by the Spanish Recommendations for Maritime Works ROM 3.1-99 (EPPE, 2000), the following thresholds were considered to delineate safe harbour operation spaces:

	- Yachts and leisure crafts: Hs = 0.4 m and 0.2 m for waves longitudinal or transversal to the berth respectively.

	- Fishing boats: Hs = 0.6 m and = 0.4 m for waves longitudinal or transversal to the berth respectively.

	- Ferries and cruises: Hs = 0.5 m and 0.3 m for waves longitudinal or transversal to the berth respectively.



When the obtained Hs at a berthing area exceeds the aforementioned thresholds, the berthing area becomes inoperative for these specific wave conditions. The sum of frequencies from all the wave conditions exceeding the threshold at every berthing area gives its total inoperability, for each of the four studied scenarios. This total frequency can be transformed in average annual hours of inoperability by multiplying it by 365 (days) and 24 (hours).

Since the aforementioned ROM 3.1-99 (EPPE, 2000) set as maximum inoperability time 200 hours/year, a risk level was assigned to each berthing area depending on the number of inoperability hours, according to the following Table 1, discussed with the port stakeholders.


Table 1 | Risk levels due to port agitation, based on the number of hours per year (t) in which the indicated thresholds are exceeded.



Finally, a global risk level was assigned to every port, consisting of the maximum risk level reached by any of the berthing areas within the port because, although such level of inoperability only affects part of the port, this means that the facility requires adaptation measures to deal with such levels of risk.

On the other hand, to determine if a berthing structure becomes inoperative due to insufficient freeboard, for every scenario and season considered, the values of SLR and variation of storm surge at each port are added to the 99.9 percentile of present levels due to astronomic tide and storm surge. The final level is compared to the topographic elevation of berthing structures to obtain the final freeboard, as shown in Figure 3. The minimum freeboard necessary for berthing structures to be operative depends on the type of boats operating there. These freeboards, according to Port expertise, are: 0.15 m for leisure crafts, 0.5 m for fishing boats and 1.5 m for commercial vessels (EPPE, 2012). If the final freeboard is smaller than the corresponding minimum values, the berthing structure remains inoperative and if the final freeboard is negative, this means that besides being inoperative, sometimes it will be flooded.




Figure 3 | Sketch showing the inoperability or flooding of berthing structures. FBi, initial freeboard; FBf, final freeboard; FBt, threshold freeboard; MSLi, initial mean sea level; SLR, sea level rise due to climate change; TT99.9, 99.9 percentile of the level resulting from combining tide and storm surge (including changes in storm surge due to climate change).



A risk scale was established for every port based on the percentage of berthing structures that became inoperative for each scenario and horizon. It must be stressed that the berthing structures were divided into docks and piers, because the adaptation measures for both are different. In addition, some piers were floating structures, which means that they were easily adaptable to SLR and, as a consequence, they would not be affected by climate change. Depending on the percentage of docks and piers affected by inoperability and flooding, the following risk scale, discussed with port stakeholders, was defined (Table 2).


Table 2 | Risk levels due to insufficient freeboard, based on the percentage (n) of inoperative berthing structures.



Considering the scale presented in Table 2, for each port two risk levels due to inoperability of berthing structures were obtained, one corresponding to docks and the other one to piers.

After estimating the risk levels of inoperability due to excessive agitation and insufficient freeboard, adaptation measures should be proposed. In the case of excessive future agitation within a harbor, adaptation measures should be specific for each port but, in general terms, they should consist of modifying port layout by enlarging breakwaters or constructing additional structures. Since the volume of the works will depend on the necessary length of new (or enlarged) structures, as well as the water depth at which they will be located, the adaptation cost of the studied ports to the potential increase of agitation due to climate change cannot be assessed at this stage.

The adaptation measures to solve the problems resulting from insufficient freeboard depend on the type of berthing structure. In the case of piers, the more sustainable measure consists of the substitution of fixed piers by floating ones. In the case of docks, to prevent their inoperability, the easiest measure is the increase of their elevation, by adding a layer of concrete or units suitable for marine environments.

As in the case of agitation, the assessment of the adaptation costs to the inoperability of berthing structures due to climate change requires individual studies for each port. Nevertheless, based on recent projects, a rough estimate of the unitary costs (in current monetary units) may be established. In the case of docks, the cost is around 250 €/m3 of additional dock (due to its elevation). In the case of piers, the costs are 430 € for the removal of a pile, 120 €/m3 for the removal of the fixed pier, and 900 €/m2 of floating pier once placed.

We assume that the average width of the piers (both fixed and floating) is 3 m and the average separation between piles is 6 m. In addition, since the thickness of a fixed pier varies between 0.3 m and 0.8 m and the information about this parameter is not available for every pier, we considered an average thickness of 0.5 m. Finally, a dock elevation has been assumed for each scenario to keep operability at current levels. To this aim, the minimum necessary values (equal to the SLR rounded to multiples of 10 cm) are: 20 cm (RCP4.5 – 2045), 30 cm (RCP8.5 – 2045), 50 cm (RCP4.5 – 2100) and 90 cm (RCP8.5 – 2100). Note that these values represent a lower bound of the adaptation costs since they only balance the SLR. Probably, port authorities would adopt greater elevation values to prepare docks for future level rises.





4 Results



4.1 Wave agitation

For comparative purposes, the annual average Hs was computed at each point of the port grids for the present situation and the four future scenarios. This was done (for each scenario) by multiplying the Hs obtained at each node in each numerical simulation by the frequency of presentation of the wave conditions simulated and making the addition of the values corresponding to all simulations at each node. It must be pointed out that, in future scenarios, the water depth at each grid point was increased by the corresponding value of climatic SLR.

Once the annual average Hs was determined at each port point, the differences between future and present scenarios were assessed by subtracting the future from the present Hs. Therefore, positive values indicate a future increase of the annual average Hs, while negative values mean a future decrease of such parameter. An example of these results is presented in Figures 4 and 5, where these difference Hs maps are plotted for the ports of Cala Rajada and outer Ciutadella, respectively. In both cases, since the average annual Hs were small (0.75 and 0.82 m in deep water, significantly smaller within the ports), the variations of this parameter in absolute terms were very low (only a few cm). Nevertheless, both cases present different behaviours that will be analysed more in detail in the next section.




Figure 4 | Port of Cala Rajada. Differences between future and present annual average Hs. The values on both axes indicate UTM coordinates.






Figure 5 | Outer port of Ciutadella. Differences between future and present annual average Hs. The values on both axes indicate UTM coordinates.



In addition, as described in the Methodology, at each berthing area of the studied ports, the time in which the threshold values of Hs were exceeded was computed and, taking into account this time, for every scenario a risk level was assigned to every port according to Table 1. For each scenario, the number of ports that have associated a certain level of risk is represented in Figure 6. This number barely changes in the different scenarios, as could be expected from observation of Figures 4 and 5. Notice that, in the present situation, two ports had already a very high risk of excessive agitation, 10 had no risk, 1 very low and 1 low risks.




Figure 6 | Number of ports corresponding to the different levels of risk due to excessive agitation for the present situation and the future scenarios.






4.2 Inoperability due to insufficient freeboard

To illustrate the impact of SLR on dock and pier inoperability due to insufficient freeboard, Figure 7 shows the evolution, under future scenarios, of Soller harbour, a port in which most of the piers are floating. Such type of piers can be easily adapted to SLR, so that they remain operative whatever the value of SLR. In this and next figures, we distinguish between structures with insufficient freeboard (marked in yellow) and those that eventually (depending on the conditions of tide and storm surge) can be flooded (marked in red). Notice that in the port shown in Figure 7, besides the floating piers, most of the docks have enough freeboard for not losing operability due to SLR, being an example of a port barely affected by the climatic SLR. As a consequence, its level of risk is not high in the different scenarios being, in the case of docks, very low in 2045 (for both climatic scenarios) and medium in 2100 (also for both scenarios). In the case of piers, for both scenarios, the levels of risk are very low in 2045 and low in 2100.




Figure 7 | Evolution of the inoperability of berthing structures at the port of Soller in future scenarios. Yellow: structures with insufficient freeboard; red: structures that can be flooded. Note that most of the piers remain operative because they are floating piers.



Figure 8 also shows the evolution of the inoperability of berthing structures with SLR in another illustrative port. In this case (Pollença harbor), all the piers and docks are fixed and, therefore, they cannot follow the SLR as in the case of floating piers. As a consequence, most of the berthing structures are affected and all of them become inoperative by 2100. In the case of docks, the risk is low (RCP 4.5) or medium (RCP8.5) in 2045 and very high in 2100 (for both scenarios). In the case of piers, the risk is medium (RCP4.5) or high (RCP8.5) in 2045 and also very high in 2100 for both climatic scenarios.




Figure 8 | Evolution of the inoperability of berthing structures at the port of Pollença in future scenarios. Yellow: structures with insufficient freeboard; red: structures that can be flooded. Note that all the piers are inoperative in 2100 because they are fixed piers.



In Figure 9 the distribution of risk levels due to insufficient freeboard in docks under different scenarios is shown. In this figure, a clear increase of risk levels associated to greater SLR can be observed. In particular, in horizon 2100 for both scenarios, such an increase becomes clearly apparent, with 17 (RCP4.5) and 29 (RCP8.5) ports attaining the maximum level of risk.




Figure 9 | Number de ports for each level of risk due to inoperability of the docks under the two horizons and scenarios considered.



In Figure 10 the same distribution as in the previous figure is shown, but corresponding to piers instead of docks. Here, the shift from low levels of risk to higher values is also observed, but in a less noticeable way. This is because many harbours have floating piers, which are not affected by climatic SLR.




Figure 10 | Number de ports for each level of risk due to inoperability of the piers under the two horizons and scenarios considered.






4.3 Adaptation measures

As indicated in the Methodology section, the adaptation measures in case of excessive future agitation must be very particular to each port and will consist of the construction of new structures or the modification of existing ones. Since the magnitude of the works will be very case specific, their cost cannot be assessed. Nevertheless, there is already a project to solve the current excessive agitation in one of the ports with such problems (level risk of 5 in the present situation) and the estimated budget for such project is around 6 million euros in current monetary units. Taking into account this, a rough estimation for the adaptation to excessive agitation in the future scenarios should be about 5 times such cost and, therefore, would amount to a value of around 30 million euros (in current monetary units).

The adaptation measures for insufficient freeboard in the berthing structures and their preliminary estimated unitary cost were described in the Methodology section. The total cost will depend on the total length of the structures affected and to be replaced or upgraded. The total length of docks in the 33 studied ports is 32.2 Km and the length of piers is 15.2 Km. The total inoperative length of docks and piers under each scenario is summarized in Table 3.


Table 3 | Total length (in Km) and percentage of berthing structures inoperable in the studied ports for every future scenario.



Taking into account the magnitudes of dock elevation (and their cost) indicated in the Methodology section, and the costs of substitution of piers, a rough estimation of the adaptation costs to inoperability of berthing structures is obtained and summarized in Table 4.


Table 4 | Total adaptation costs (in M€ and current monetary units) of the berthing infrastructures due to insufficient freeboard.







5 Discussion

Concerning agitation, from the analysis of Figures 4–6, it may be concluded that agitation patterns are not significantly modified in the studied Mediterranean ports due to climate change. The study of Figure 4 indicates that the variations of average annual Hs (within the port) in the different scenarios, with respect to the present situation, are small in absolute terms. Nevertheless, in this case, a slight but progressive increase of the average annual Hs with SLR can be observed, specifically in horizon 2100, where SLR is 47 cm (RCP4.5) or 88 cm (RCP8.5). This increase can be attributed to the fact that, in this port (Cala Rajada), representative of limited depth harbors, the increases of water depth associated to SLR represent significant changes, in relative terms, of the total water depth, since at the present situation, these water depths vary between 1 m and 5 m. As a consequence, since water depths increase in a significant percentage under future scenarios, the wave lengths also increase. As pointed out by Sierra et al. (2015); Sierra et al. (2017), greater wave lengths give rise to greater diffraction coefficients and, therefore, waves penetrate more easily within the port, producing greater Hs. Therefore, in ports with reduced water depths as Cala Rajada, the enhanced diffraction could generate greater Hs within the harbors under future scenarios, in particular in 2100. Nevertheless, such increases may not be large enough to lead to a significant increase of risk levels for the ports studied.

Another interesting feature observed in Figure 4 is the progressive increase of Hs with SLR in coastal areas surrounding the port. This is because the deeper waters associated to climatic SLR result in waves breaking closer to the current shoreline and with greater Hs values. Finally, the variation in Hs observed outside the port may be attributed to changes in shoaling and refraction patterns.

On the contrary, Figure 5 illustrates a port with a very different behavior. Hs variations within the port under future scenarios are negligible in spite of the increases of water depth. This is because this port currently has greater depths (between 10 m and 19 m) than in the previous case, so that SLR represents small relative changes of the water depth and, therefore, its effect on the wave lengths and diffraction coefficients is almost negligible. The only observed variations (reduction of average Hs) outside the port in scenario RCP8.5 in 2100 can be attributed to changes in shoaling and refraction patterns and also in reflections on the vertical breakwater that provides shelter to the port.

The analysis of how risk levels change under different scenarios (Figure 6) indicates that the variation in such risk levels is not significant. Note that most of the ports do not present risks associated with excessive agitation, being 10 (71.4%) in present conditions and 8 (57.1%) in both 2100 scenarios and 7 (50%) in both 2045 scenarios. This is because, as indicated above, most of the ports are located within natural bays that offer a very good shelter against wave action.

Besides the changes in water depth, the main factor contributing to port agitation is the mean wave climate, i.e. the distribution of Hs and wave directions. To analyze the influence of this factor at each selected climate point (see Figure 2), the variations of Hs (average annual and percentile 99.9) and direction are summarized in Tables 5, 6.


Table 5 | Variation of average annual Hs and 99.9th percentile of Hs (both in meters) at each selected control point (see Figure 2) in future scenarios with respect to present conditions.




Table 6 | Variation of average direction (in degrees) at each selected control point (see Figure 2) in future scenarios with respect to present conditions. Positive (negative) values of direction change indicate clockwise (counterclockwise) rotation.



Data collected in Table 5 indicate a general trend with a very slight decrease of the average Hs (in the wave climate control points) in all future scenarios, although in RCP8.5 – 2045 four points do not show changes in Hs and one has an increase of 1 cm. This last scenario presents the smaller variations with respect to the current situation (changes between -2 cm and 1 cm). The other 2045 scenario presents a small range of Hs decrease (between -3 cm and -1 cm). On the contrary, in 2100, average Hs reductions are greater, ranging from -4 cm to -2 cm (RCP4.5) and from -7 cm to -3 cm (RCP8.5). Regarding the percentile 99.9 of Hs, with few exceptions, in most of the points there is also a decrease in the wave height. This reduction is greater than for the average Hs. In particular, for 2100, since all points show a reduction of the extreme Hs between 8 and 19 cm in RCP8.5 and between 2 and 10 cm in RCP4.5 (with the exception of one point where there is a positive variation of 1 cm). In 2045 the variations are smaller in RCP8.5, with reductions between 1 and 6 cm (except in three points where the changes range between 0 and 3 cm). In RCP4.5, the extreme Hs is reduced between 1 and 16 cm (except in two points with increments of 1 and 3 cm).

Regarding wave directions (Table 6), variations are also small in both 2045 scenarios, with values between -4.5° and 5.5° (RCP4.5) or -3.4° and 3.9° (RCP8.5), where the positive (negative) values indicate clockwise (counter clockwise) rotation. In 2100, changes in mean wave direction are greater, ranging from -4.8° to 7.3° (RCP4.5) or from -10.0° to 11.4° (RCP8.5).

In all cases the changes in average Hs and mean direction in the wave climate control points are quite small, so they will hardly generate significant changes in wave agitation within the harbors. In the case of extreme Hs (percentile 99.9) further reductions are projected in future scenarios, although it should be mentioned that these values have a very low frequency of occurrence (a few hours per year), so their contribution to the average annual agitation has a lower weight. Therefore, the small variations in risk levels due to excessive agitation in port berthing areas must be attributed to changes in wave propagation patterns associated to deeper waters because of climatic SLR. Such deeper waters modify shoaling, refraction, diffraction and reflection processes which, in turn, transform the spatial distribution of Hs within the ports. This is confirmed by the fact that the current situation is the one with most ports presenting zero agitation risk (10) and the least with very high risk (2), despite having greater Hs (in the wave climate control points) than in future scenarios (see Table 5). Ultimately, SLR contributes more to changes in port agitation in future scenarios than the projected variations in wave mean climate, which are very small as shown in Tables 5 and 6.

With respect to inoperability of berthing structures, there is an obvious direct relationship between SLR and the decrease of operability of such structures, although the results are different for docks and piers. Docks in the studied ports are fixed structures, so they cannot follow the SLR and their freeboard decreases with time and, therefore, they are more sensitive to variations of sea level.

On the other hand, piers may be fixed or floating. The first behave as the docks and they are more affected by SLR (see Figure 8), unlike the floating ones that may follow the sea level oscillations and do not become inoperative due to SLR (see Figure 7). For this reason, the shift to higher levels of risk due to SLR is more noticeable in the case of docks (Figure 9) than in the case of piers (Figure 10).

It must be pointed out that the main contributions to the reduction of berthing structure freeboards are the climatic SLR together with the contribution of tides and storm surges. Variations in storm surge have been assessed at each port for all the future scenarios, as indicated in the Methodology section, and represent a negligible contribution, since their values (depending on the port) range between -1.2 cm and -2.0 cm for scenario RCP4.5 – 2045, -0.3 cm and -1.1 cm for scenario RCP8.5 – 2045, -0.7 cm to -1.4 cm for scenario RCP4-5 – 2100 and -3,8 cm to -4.4 cm for scenario RCP8.5 – 2100.

Therefore, the worst case, as it could be expected, is scenario RCP8.5 in 2100, in which 90.4% of docks and 67.9% of piers become inoperative. In addition, in this scenario, 26 ports (78.8%) have all their dock length inoperative and 15 ports (45.5%) have all the piers inoperative due to the large SLR (88 cm) projected. In the same year, but considering scenario RCP4.5, the smaller SLR (47 cm) leads to a shorter affected length (64.6% for ports and 41.4% of piers) and to a significantly lower number of ports with their berthing structures totally inoperative: 8 (24.2%) for docks and 6 (18.2%) for piers. This highlights how SLR values condition the results for inoperability of berthing structures. On the contrary, in 2045, there are far fewer inoperative berthing structures: around 10% under scenario RCP4.5 and around 20% under scenario RCP8.5 of their total length.

It must be noticed that there are 6 ports (18.2%) with no piers affected by SLR. In 4 of them, this is because they do not have such type of berthing structure and in the other 2 because all the piers are floating ones.

Analyzing data from Tables 3 and 4 an increase of the amount of inoperative structures and adaptation costs can be observed, directly related with SLR. Nevertheless, such increases do not vary linearly with SLR. For example, in scenario RCP8.5 – 2045, the value of SLR is 1.4 times that of scenario RCP4.5 – 2045, while the length ratio of inoperative structures and adaptation costs are 2 and 2.1 respectively. In 2100 scenarios, this magnification effect is greatly enlarged and under scenario RCP4.5 - 2100 the ratios with respect the values for scenario RCP4.5 – 2045 are 2.6 for SLR, 5.5 for inoperative structure length and 7.2 for adaptation costs, while under scenario RCP8.5 - 2100 these ratios are 4.9 (SLR), 7.9 (length of inoperative structures) and 15.8 (costs). Therefore, for horizon 2100, the impacts of SLR on inoperability of berthing structures due to insufficient freeboard will be very large, as well as the adaptation costs. Indeed, this impact will be the worst that the studied ports will have to face during the 21st century due to climate change.




6 Concluding remarks

In this work, the impacts of climate change on berthing structures in the ports of Balearic Islands have been assessed. These impacts have been quantified in terms of port agitation and inoperability of berthing structures due to insufficient freeboard, for two climate scenarios (RCP4.5 and RCP8.5) and two time horizons (2045 and 2100). This study is the first that analyses the impact of climate change on port berthing structures at regional scale with this level of detail and considering all the driving factors: sea-level rise, waves, tide and storm surge.

The results show that the port inoperability due to an excess of wave agitation will not change significantly during the 21st century because wave conditions will be barely modified and even future wave heights will be slightly smaller than at the present situation. In this case, the variations in agitation will be due to changes in wave propagation patterns induced by SLR. The adaptation costs to such impact will be of the order of 30 million euros (in current monetary units).

On the contrary, the most significant impact on the studied ports will be the reduction of operability of berthing structures due to insufficient freeboard as a result of SLR. Although in 2045 such impact will be smaller with 10.5% of structures affected under scenario RCP4.5 or 20.5% under scenario RCP8.5, in 2100 57.1% (RCP4.5) or 83.2% (RCP8.5) of such structures will be inoperative. Although this impact is directly related to SLR, the relationship between them is non-linear and there is a magnification effect of such impact when sea-level rises. In the same way, the adaptation costs greatly increase with SLR and they are estimated in 6.45 M€ (RCP4.5 – 2045), 13.33 M€ (RCP8.5 – 2045), 46.53 M€ (RCP4.5 – 2100) and 101.86 M€ (RCP8.5 – 2100) in current monetary units. This illustrates the magnitude of the impact of SLR on port operability, in particular by the end of the century.
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