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Abstract

:

Coastal flooding is an important current issue due to climate change and due to significant increases in anthropogenic pressures observed in the second half of the last century. Indeed, climate change has been causing an increase in the frequency and the intensity of various natural events such as floods and sea storms; anthropogenic pressures have caused an increase in impermeable surfaces with negative consequences on the vulnerability of territories under the action of natural events. In this paper, we analyze the effects of climate change in terms of possible increases in floodable areas and in terms of population, infrastructure, coastal dunes, and sites of social, economic, and strategic interest exposed along the coasts of the region of Calabria in southern Italy. Calabria was chosen as a case study due to its geomorphological peculiarities and its considerable anthropogenic pressures. These peculiarities cause significant variability of weather and sea conditions among the different coastal areas, which influences the coastal dynamics and the characteristics of meteorological events. The main results show that, in the analyzed areas, the floodable areas double between current and future scenarios, involving both significant percentages of the population and railways, highways, industrial areas, and coastal dunes.
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1. Introduction


Climate change caused by global warming is a very topical issue. Indeed, in recent years, the average temperature of the Earth has significantly increased to levels never seen in recent times. Furthermore, at the end of the last century, several international panels were established with the aim to monitor the current state of climate change and its prospects, to assess their possible causes, and to identify possible mitigation strategies. The most important of these panels is the Intergovernmental Panel on Climate Changes (IPCC), a scientific advisory panel of the United Nations established in 1988 and based on a committee of thousands of scientists from several countries.



In its sixth and latest climate report [1], the IPCC highlighted that during the period 2011–2020 the global average temperature of the Earth was 1.09 °C higher than that during the period 1850–1900. In addition, it highlighted that, in 2019, the atmospheric concentrations of CO2, the main greenhouse gas, were the highest in the last two million years. An important consequence of this warming is the average sea level rise [2,3,4]. According to the latest IPCC report [1], the average sea level globally increased by 20 cm between 1901 and 2018. Because of this, it is necessary to increase the protection of coastlines [5]. Furthermore, the average rate of average sea level rise was 1.3 mm/year between 1901 and 1971, while between 2006 and 2018, it reached 3.7 mm/year. This increase was accelerated due to the melting of the Greenland glaciers, the Antarctic polar ice cap, and the thermal expansion of the ocean caused by its warming [6]. As a result, future projections are even greater. Indeed, the global average sea level is expected to rise throughout the 21st century. As compared with 1995–2014, the probable increase will be between 0.28 and 0.55 m by 2100 in the very low GHG emissions scenario (SSP1-1.9) and between 0.63 and 1.01 m in a very high emissions scenario (SSP5-8.5). Alternatively, the estimated increase by 2150 is between 0.37 and 0.86 m in a very low scenario (SSP1-1.9) and between 0.98 and 1.88 m in a very high scenario (SSP5-8.5). Nevertheless, a rise of about 2 m by 2100 and about 5 m by 2150 is possible in a very high greenhouse gas emissions scenario (SSP5-8.5).



The effects of sea level rise are not uniform but depend on the geomorphological and climatic characteristics of each coastal area. These effects are particularly relevant in low-lying coastal areas such as alluvial coastal plains and delta river mouths [7]. Therefore, sea level rise is a widely investigated issue. Lambeck et al. [8] analyzed a possible sea level rise scenario along the Italian coast in the year 2100 based on a lower and a higher scenario combined with local isostatic tectonic values. The lower scenario was the “low-impact” B1 projection of the IPCC [9] and the higher scenario was that of Rahmstorf [10]. Galassi and Spada [11] analyzed sea level rise in the Mediterranean Sea by 2050 due to terrestrial ice melt, glacio-isostatic, and steric sea-level components. Zviely et al. [12] examined the effects of sea level rise between 0.5 and 1 m on various types of marine structures, such as ports, detached breakwaters, sea walls, and bathing beach infrastructures. Aucelli et al. [13] assessed the coastal inundation risk due to sea level rise, assuming the best and the worst conditions of the IPCC report of 2014 [14] and due to subsidence in the Volturno coastal plain in Southern Italy. Similar to a study by Lambeck et al. [8], Antonioli et al. [15] analyzed a possible sea level rise scenario along the main Italian coastal plains in the year 2100 based on the scenario of Rahmstorf [10] and the RPC-8.5 scenario of the IPCC report of 2014 [14,16]. Da Lio and Tosi [17] analyzed the vulnerability of sea level rise, assuming the RPC-8.5 scenario of the IPCC report of 2014 [14,16], of the Po River delta in Northern Italy. Ju et al. [18] analyzed the floodable areas until 2100 due to sea level rise, under 24 climate scenarios with two greenhouse gas concentration levels, and due to storm surge in the San Francisco Bay, a highly urbanized area. Mills et al. [19] analyzed the impact of sea level rise in the Guadiana Estuary, in the Southern Iberian Peninsula, based on the intermediate and the worst conditions of the IPCC report of 2014 [14,16]. De Lima et al. [20] analyzed a possible sea level rise scenario along the Brazilian coast in the year 2100 based on the intermediate and the worst conditions of the IPCC report of 2014 [14,16]. Roy et al. [21] analyzed the impact of sea level rise on coastal areas of Bangladesh and possible adaptive measures. In addition, climate change has consequences on wave motion [22,23,24,25,26,27,28,29,30] and on the increase in frequency and intensity of various natural events such as floods, sea storms, and extreme events [31,32,33,34,35,36,37]. These events, in addition to average sea level rise, can cause coastal erosion [38,39,40,41] and coastal flooding phenomena [42,43,44,45,46]. Additionally, the significant increase in anthropogenic pressures observed in the second half of the last century [47,48,49,50,51,52,53] have caused an increase in impermeable surfaces, with negative consequences on vulnerability of territories under the action of climate change and natural events, especially in the case of concurrent events [54,55,56,57,58].



In this paper, we analyze the effects of climate change in terms of possible increases in floodable areas along the coasts of the region of Calabria in southern Italy. Calabria represents an interesting case study due to its geomorphological peculiarities and due to its considerable anthropogenic pressures. These peculiarities cause significant variability of weather and sea conditions among the different coastal areas, which influences the coastal dynamics and the characteristics of the meteorological events. The analysis was carried out in over 50 sample areas.




2. Materials and Methods


2.1. Site Description


Calabria is an interesting case study for a floodable area analysis due to considerable anthropization of many of its coastal areas, its geographical position, and some geomorphological and climatic peculiarities.



Regarding the anthropogenic pressure, in the last 70 years in Calabria, there have been considerable increases in the number and the extent of inhabited centers near the shoreline, which has grown from 32 in the 1950s to 83 today and from about 15 km2 in the 1950s to more than 250 km2 today [59]. This process occurs especially in the northern Tyrrhenian Sea coastal areas.



From a geographical position point of view, the region of Calabria is in southern Italy, in the center of the Mediterranean Sea; it is a peninsula with a total coastal length of about 750 km (Figure 1). In fact, it is bathed by the sea to the south, east, and west and is connected to the Italian peninsula only to the north, through a strip of land about 75 km long. The eastern coast of Calabria is located on the Ionian Sea, this sea is bordered by Greece to the east and by the Libyan Sea to the south and is characterized by depths of over 5000 m and by fetch lengths in the order of hundreds of kilometers, up to over 1000 km. The western coast of Calabria is located on the Tyrrhenian Sea, this sea is bordered by Corsica and Sardinia to the west, by Sicily to the south, and by the Island of Elba and the Italian peninsula to the north; it is characterized by depths of about 3800 m and by fetch lengths in the order of hundreds of kilometers, up to over 700 km. Within the Ionian Sea there are two gulfs, Taranto and Squillace. The Gulf of Taranto is in the northern part of Calabria and is characterized by depths of about 1500 m and by fetch lengths up to about 130 km. The Gulf of Squillace is in the central part of Calabria and is characterized by fetch lengths up to about 60 km. In addition, within the Tyrrhenian Sea, there are three gulfs, Policastro, Sant’Eufemia, and Gioia Tauro. The Gulf of Policastro is in the northern part of Calabria and is characterized by fetch lengths up to about 30 km. The Gulf of Sant’Eufemia is in the central part of Calabria and is characterized by depths of about 200 m and by fetch lengths up to about 30 km. The Gulf of Gioia Tauro is in the southern part of Calabria and is characterized by fetch lengths up to about 40 km. Finally, in its southern part, Calabria is separated from Sicily by the Strait of Messina. This strait is characterized by depths of up to 2000 m and by fetch lengths that vary between 3 and 30 km.



From a geomorphological point of view, 90% of the Calabrian territory is mountainous or hilly. The main massifs are Pollino, Sila, and Aspromonte, all with a maximum altitude in the order of 2000 m and the Catena Costiera which is located a short distance from the northern Tyrrhenian coast and has a maximum height of over 1500 m. In addition, there are some promontories, the main ones being Capo Rizzuto, on the Ionian coast, and Capo Vaticano, on the Tyrrhenian coast. The main coastal plains are Sibari, on the Ionian coast in the Gulf of Taranto, and those of Lamezia Terme in the Gulf of Sant’Eufemia and of Gioia Tauro in the homonymous gulf, both on the Tyrrhenian coast. Regarding the coastline, it alternates between sandy and pebbly beaches, and high coasts.



From a climatic point of view, the Calabrian climate is strongly influenced by the geomorphological variability described above. The mountainous areas have a typical mountain climate, with frequent snow during the winter. Instead, the coastal areas have a Mediterranean climate with significant differences in rainfall and temperatures between the two coasts. In fact, the Tyrrhenian coast is cooler and rainier than the Ionian coast. The greatest rainfall occurs mainly in winter and autumn and is significantly reduced in the summer months, varying between 1400 and 1800 mm per year in the mountainous areas, between 700 and 1000 mm per year on the Tyrrhenian coast, and around 500 mm per year on the Ionian coast. The sea water temperature reaches the highest value of 26 °C in July and August, it remains around 22–23 °C until October, and then decreases to 14 °C in winter. The high sea water temperature in the autumn months favors the formation of particularly intense atmospheric disturbances, which sometimes become a type of hurricane, also called Medicane (i.e., Mediterranean Hurricane) or tropical-like cyclones (TLC). Finally, the Ionian coast is mainly exposed to the winds of Scirocco (south-east wind) and Grecale (north-east wind), while the Tyrrhenian coast is mainly exposed to the winds of the Mistral (north-west wind). These differences, together with the different fetch lengths between the two seas and the various gulfs, lead to a remarkable variability of sea conditions between the two coastal areas.




2.2. Methodology


The methodology is divided into the following three main phases:




	
Assessment of the floodable areas in the current scenario, without climate change, caused by forcings that include storm surge due to wind and due to barometric effect, high tide height, and wave run-up;



	
Assessment of floodable areas in the future scenario, with climate change, and with SSP5-8.5 values in addition to the forcings defined in the current scenario;



	
Comparisons between the two scenarios.








Regarding the various forcings, storm surge due to wind (Sw) was estimated using the Bretschneider model [60]. This model depends on the depth at the shelf edge (d1), the depth near the coast (d2), the wind drag coefficient (K), and the length of the wind fetch (L). The storm surge due to barometric effect (Sb) is related to the minimum atmospheric pressure recorded during an atmospheric disturbance and is evaluated considering that a barometric decrease of 1 mbar, as compared with the normal value of 1013 mbar, causes a surge of 1 cm. To estimate high tide height (HT), the recordings of the tide gauges present in the study area, which are those of Crotone and Reggio Calabria, were analyzed. In addition to these, the Tide Tables of the Italian Marine Hydrographic Institute [61] and scientific papers were consulted, especially that of Sannino et al. [62]. Wave run-up exceeded by 2% of the number of incident waves (Ru2%) was estimated using the Stockdon et al. model [63]. This model is based on the following equations and depends on the foreshore beach slope (βf), the significant wave height in deep water (H0), the wave length in deep water (L0), and the Iribarren number (ξ0):


Ru2% = 1.1 {0.35 βf (H0 L0)1/2 + ½ [H0 L0 (0.563 βf2 + 0.004]1/2} for ξ0 < 0.3



(1)






Ru2% = 0.043 (H0 L0)1/2 for ξ0 ≥ 0.3



(2)







The slope was estimated by analyzing the open access bathymetry available on the EMODNET portal (https://www.emodnet-bathymetry.eu/, accessed on 15 March 2022), while significant wave height and wave length in deep water were calculated starting from the time series of wave data corresponding to sea storms with a return time of 100 years. In detail, the analyzed time series relates to the last 40 years and is available in the database developed by the MeteOcean group of the University of Genoa (http://www3.dicca.unige.it/meteocean/hindcast.html, accessed on 15 February 2022). This group performed a reanalysis of atmospheric and wave conditions, and produced a hindcast database which started from January 1979 until today. This database was reconstructed from the Climate Forecast System Reanalysis (CFSR) database through a numerical model which consists of a meteorological model for the reanalysis and simulation of winds and atmospheric fields and a third-generation model for the description of the generation and propagation of wind and swell waves in the Mediterranean basin. In addition, the Mediterranean basin was discretized into a regular grid with a resolution of 0.1273 × 0.09 degrees, corresponding almost to 10 km at the latitude of 45° N [64,65,66].



To consider the significant geographical differences among the coasts of the Calabria region described above, over 50 points were chosen, with each point identified by a numerical code and characterized by a time series in the order of hundreds of thousands of sea states, from a minimum of 330,000 to a maximum of 350,000. In addition, for each sea state, significant wave height, mean and peak periods, and wave direction were available.



Therefore, the methodology was applied in over 50 Calabrian sample areas, one for each point of the database of the MeteOcean group examined (Figure 2). Sample areas were chosen to have different morphological and anthropogenic characteristics. In each sample area, the current scenario was defined considering the maximum values of the forcings described above. The sum of the maximum values of all forcings represents the maximum height reached by the water referred to the average sea level. The estimate of floodable areas was carried out on QGIS by comparing the maximum height with the land elevation, obtained by analyzing the DTM and DSM LIDAR of 1 m and 2 m side square meshes, available on the Italian Geoportal (http://www.pcn.minambiente.it/mattm/, accessed on 15 February 2022).



In the SSP5-8.5 scenario, the maximum height reached by the water referred to the average sea level is equal to the height obtained without climate change, increased by the value that considers the possible sea level rise related to this scenario. These values along the Calabrian coasts were estimated starting from a tool developed by the National Aeronautics and Space Administration (NASA), which is a global sea level consultation tool for identifying coastal areas at risk up to 2150. A map of the sea level, based on projections reported in the latest IPCC report, data collected from satellites and ground-based instruments, as well as numerical analyses and simulations, is available in this tool (https://sealevel.nasa.gov/ipcc-ar6-sea-levelprojection-tool/, accessed on 15 February 2022). Finally, the procedure for estimating floodable areas with this scenario was similar to that followed in the current scenario.



It should be highlighted that the analyzed scenarios are very conservative. In fact, storm surge due to wind and wave run-up forcings were calculated considering the maximum values reached by the related parameters within each sample area. In addition, the wave run-up was calculated considering significant wave height and wave length in deep water corresponding to sea storms with a return time of 100 years. Instead, the high tide height forcing was calculated at the level of homogeneous macro-areas from the tide point of view. Within each macro-area, the relative maximum value of high tide height was considered, assuming it to be constant in each sample area belonging to each macro-area. The four macro-areas considered were the Ionian Sea, the Strait of Messina and the southernmost part of the Ionian Sea, the Tyrrhenian Sea, and the southernmost part of the Tyrrhenian Sea. Finally, to calculate the storm surge due to barometric effect and the SSP5-8.5 forcings, the relative maximum values were assumed to be constant throughout Calabria.



From the point of view of uncertainties, it should be highlighted that the values of storm surge due to wind, barometric effect, and high tide height are affected by modest uncertainties. In fact, these values were always between a few centimeters and less than half a meter and, moreover, the values of the main parameters were calculated starting from data recorded on site. Run-up values also have low uncertainty. In fact, regarding its main parameters, it highlighted that the significant wave height in deep water of fixed return period was estimated using a Weibull-type distribution of the probability of exceeding a fixed significant height threshold. This distribution has been shown to be appropriate for the Mediterranean Sea and Italian Sea [67,68] and its reliability was tested by calculating the coefficient of determination R-squared [69], obtaining very high values. Furthermore, the quality of the bathymetry, which influences the slope, was estimated by means of a combined quality indicator which, in the study area, always showed a high score. Finally, uncertainties slightly greater than the previous ones characterized the DTM and DSM LIDAR, which had an accuracy of 15 cm in height.





3. Results


Table 1 shows a summary of the floodable areas and of the values of the forcings analyzed in the two scenarios.
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Table 1. Sample areas, related codes, and values of storm surge due to wind (Sw), storm surge due to barometric effect (Sb), high tide height (HT), wave run-up exceeded by 2% of the number of incident waves (Ru2%), maximum height reached by the water referred to the average sea level in current scenario (Max h CS), floodable area in current scenario (FA CS), SSP5-8.5 future scenario (FS), maximum height reached by the water referred to the average sea level in future scenario (Max h FS), floodable area in future scenario (FA FS), variations of floodable areas between current and future scenarios (∆FA). Legend: The higher values are in red; the lower values are in green; Sb and FS are constants, and therefore, are not colored.






Table 1. Sample areas, related codes, and values of storm surge due to wind (Sw), storm surge due to barometric effect (Sb), high tide height (HT), wave run-up exceeded by 2% of the number of incident waves (Ru2%), maximum height reached by the water referred to the average sea level in current scenario (Max h CS), floodable area in current scenario (FA CS), SSP5-8.5 future scenario (FS), maximum height reached by the water referred to the average sea level in future scenario (Max h FS), floodable area in future scenario (FA FS), variations of floodable areas between current and future scenarios (∆FA). Legend: The higher values are in red; the lower values are in green; Sb and FS are constants, and therefore, are not colored.





	Sample Area
	Code
	Sw

(m)
	Sb (m)
	HT (m)
	Ru2% (m)
	Max h CS (m)
	FA CS (km2)
	FS

(m)
	Max h FS (m)
	FA FS (km2)
	∆FA (km2)





	Montegiordano
	4530
	0.15
	0.43
	0.13
	1.53
	2.24
	0.037
	1.26
	3.50
	0.081
	0.044



	Roseto Capo Spulico
	4689
	0.15
	0.43
	0.13
	1.52
	2.23
	0.049
	1.26
	3.49
	0.102
	0.053



	Trebisacce
	4848
	0.17
	0.43
	0.13
	1.43
	2.16
	0.042
	1.26
	3.42
	0.09
	0.048



	Villapiana
	5011
	0.09
	0.43
	0.13
	1.25
	1.89
	0.161
	1.26
	3.15
	0.223
	0.062



	Rossano
	5173
	0.03
	0.43
	0.13
	3.27
	3.86
	1.071
	1.26
	5.12
	1.253
	0.182



	Calopezzati
	5333
	0.06
	0.43
	0.13
	1.35
	1.96
	0.052
	1.26
	3.22
	0.207
	0.155



	Cariati
	5496
	0.13
	0.43
	0.13
	1.38
	2.07
	0.262
	1.26
	3.33
	0.544
	0.282



	Crucoli-Torretta
	5497
	0.13
	0.43
	0.13
	1.57
	2.26
	0.063
	1.26
	3.52
	0.098
	0.035



	Cirò Marina
	5832
	0.05
	0.43
	0.13
	1.74
	2.35
	0.042
	1.26
	3.61
	0.115
	0.073



	Torre Melissa
	6004
	0.08
	0.43
	0.13
	1.73
	2.36
	0.054
	1.26
	3.62
	0.069
	0.015



	Crotone-Zigari
	6177
	0.09
	0.43
	0.13
	1.75
	2.40
	0.137
	1.26
	3.66
	0.516
	0.379



	Crotone
	6352
	0.04
	0.43
	0.13
	1.76
	2.35
	0.064
	1.26
	3.61
	0.095
	0.031



	Isola C.R.—Marinella
	6528
	0.06
	0.43
	0.13
	1.75
	2.37
	0.004
	1.26
	3.63
	0.006
	0.002



	Isola Capo Rizzuto
	6715
	0.04
	0.43
	0.13
	1.79
	2.39
	0.010
	1.26
	3.65
	0.013
	0.003



	Isola C.R.—Le Castella
	6899
	0.05
	0.43
	0.13
	1.71
	2.32
	0.015
	1.26
	3.58
	0.047
	0.032



	Cropani
	6898
	0.01
	0.43
	0.13
	1.62
	2.19
	0.050
	1.26
	3.45
	0.166
	0.116



	Catanzaro Lido
	6897
	0.07
	0.43
	0.13
	1.59
	2.22
	0.049
	1.26
	3.48
	0.069
	0.02



	Soverato
	7080
	0.04
	0.43
	0.13
	1.63
	2.22
	0.035
	1.26
	3.48
	0.049
	0.014



	San Sostene
	7262
	0.02
	0.43
	0.13
	1.62
	2.20
	0.064
	1.26
	3.46
	0.339
	0.275



	Badolato
	7443
	0.09
	0.43
	0.13
	1.71
	2.35
	0.633
	1.26
	3.61
	1.15
	0.517



	Monasterace
	7624
	0.06
	0.43
	0.13
	1.69
	2.31
	0.063
	1.26
	3.57
	0.083
	0.02



	Riace
	7807
	0.05
	0.43
	0.13
	1.81
	2.42
	0.027
	1.26
	3.68
	0.087
	0.06



	Caulonia
	7990
	0.09
	0.43
	0.13
	1.68
	2.32
	0.274
	1.26
	3.58
	0.395
	0.121



	Roccella Ionica
	7989
	0.06
	0.43
	0.13
	1.54
	2.16
	0.032
	1.26
	3.42
	0.061
	0.029



	Locri
	8168
	0.03
	0.43
	0.13
	1.53
	2.13
	0.026
	1.26
	3.39
	0.055
	0.029



	Bovalino
	8344
	0.02
	0.43
	0.13
	1.66
	2.24
	0.058
	1.26
	3.50
	0.095
	0.037



	Ferruzzano
	8514
	0.05
	0.43
	0.13
	1.71
	2.32
	0.037
	1.26
	3.58
	0.052
	0.015



	Brancaleone
	8685
	0.11
	0.43
	0.13
	1.70
	2.37
	0.046
	1.26
	3.63
	0.08
	0.034



	Palizzi
	8864
	0.03
	0.43
	0.10
	1.65
	2.21
	0.026
	1.26
	3.47
	0.046
	0.02



	Bova Marina
	8863
	0.02
	0.43
	0.10
	1.62
	2.17
	0.054
	1.26
	3.43
	0.115
	0.061



	Melito Porto Salvo
	8862
	0.01
	0.43
	0.10
	1.54
	2.08
	0.043
	1.26
	3.34
	0.076
	0.033



	Lazzaro
	8683
	0.01
	0.43
	0.10
	6.02
	6.56
	0.288
	1.26
	7.82
	0.338
	0.05



	Favazzina
	7988
	0.02
	0.43
	0.20
	1.59
	2.24
	0.038
	1.26
	3.50
	0.041
	0.003



	Palmi
	7806
	0.05
	0.43
	0.20
	1.85
	2.53
	0.115
	1.26
	3.79
	0.221
	0.106



	San Ferdinando
	7622
	0.07
	0.43
	0.20
	1.81
	2.51
	0.151
	1.26
	3.77
	1.369
	1.218



	Ricadi
	7442
	0.02
	0.43
	0.20
	1.64
	2.29
	0.016
	1.26
	3.55
	0.028
	0.012



	Capo Vaticano
	7261
	0.03
	0.43
	0.25
	2.04
	2.74
	0.025
	1.26
	4.00
	0.051
	0.026



	Tropea
	7078
	0.02
	0.43
	0.25
	2.01
	2.71
	0.033
	1.26
	3.97
	0.037
	0.004



	Vibo Marina
	6896
	0.06
	0.43
	0.25
	1.87
	2.60
	0.679
	1.26
	3.86
	1.427
	0.748



	Gizzeria
	6711
	0.12
	0.43
	0.25
	1.81
	2.61
	0.114
	1.26
	3.87
	0.464
	0.35



	Falerna
	6527
	0.08
	0.43
	0.25
	2.10
	2.86
	0.052
	1.26
	4.12
	0.178
	0.126



	Amantea
	6350
	0.05
	0.43
	0.25
	2.01
	2.74
	0.071
	1.26
	4.00
	0.158
	0.087



	Belmonte
	6175
	0.04
	0.43
	0.25
	1.98
	2.70
	0.056
	1.26
	3.96
	0.091
	0.035



	San Lucido
	6002
	0.06
	0.43
	0.25
	1.94
	2.68
	0.077
	1.26
	3.94
	0.107
	0.03



	Fuscaldo
	5830
	0.07
	0.43
	0.25
	1.78
	2.52
	0.050
	1.26
	3.78
	0.11
	0.06



	Cetraro
	5659
	0.07
	0.43
	0.25
	2.01
	2.76
	0.224
	1.26
	4.02
	0.377
	0.153



	Sangineto
	5493
	0.07
	0.43
	0.25
	1.96
	2.71
	0.050
	1.26
	3.97
	0.111
	0.061



	Belvedere
	5331
	0.09
	0.43
	0.25
	2.02
	2.79
	0.093
	1.26
	4.05
	0.124
	0.031



	S.M. del Cedro
	5172
	0.04
	0.43
	0.25
	1.90
	2.62
	0.106
	1.26
	3.88
	0.962
	0.856



	Scalea
	5009
	0.04
	0.43
	0.25
	1.83
	2.55
	0.106
	1.26
	3.81
	0.234
	0.128



	Tortora
	4846
	0.02
	0.43
	0.25
	1.66
	2.36
	0.038
	1.26
	3.62
	0.041
	0.026








The storm surge due to wind (Sw), calculated with the Bretschneider model [60], varies between 0.01 m in Cropani, Melito Porto Salvo, and Lazzaro and 0.17 m in Trebisacce. The value of Sw exceeds 0.1 m only in seven sample areas, almost all located within the Gulf of Taranto. The only exceptions are Brancaleone in the southern Ionian Sea, and Gizzeria, the only area in the Tyrrhenian Sea.



The storm surge due to barometric effect (Sb) was calculated considering that, in the Mediterranean Sea, the minimum atmospheric pressure recorded during an atmospheric disturbance assumes values no lower than 970 mbar. Therefore, the maximum value of Sb is equal to 0.43 m.



The high tide height (HT) values vary between 0.10 and 0.25 m. The lowest values are observed near the southern mouth of the Strait of Messina, between Lazzaro and Palizzi, while the highest values are observed in the Tyrrhenian Sea, from the promontory of Capo Vaticano to the north. Instead, in the remaining part of the Ionian coast, from Palizzi to the north, the value of HT is equal to 0.13 m, while in the remaining part of the Tyrrhenian coast, from Capo Vaticano to the south up to the northern mouth of the Strait of Messina, the value of HT is equal to 0.2 m. Therefore, Calabria is a microtidal environment where the tidal excursion is in the order of tens of centimeters. Finally, it should be highlighted that, for each area, the maximum HT values were taken into consideration.



Most run-up values are between 1.5 and just over 2 m, with slightly higher values in the Tyrrhenian Sea than in the Ionian Sea. The exceptions are Lazzaro, located at the southern mouth of the Strait of Messina and characterized by run-up of just over 6 m; Rossano, located in the Gulf of Taranto and characterized by run-up of about 3.3 m; and then Trebisacce, Villapiana, Calopezzati, and Cariati, all located in the Gulf of Taranto and characterized by run-ups of less than 1.5 m. It should be highlighted that the maximum foreshore beach slope within each sample area was considered to calculate the run-up.



Therefore, the maximum height in the current scenario is generally greater in the Tyrrhenian Sea than in the Ionian Sea. In fact, it is between 2 and 2.5 m in the Ionian Sea and between 2.5 and 3 m in the Tyrrhenian Sea. The exceptions are Lazzaro, located at the southern mouth of the Strait of Messina, where the maximum height exceeds 6.5 m; Rossano, located in the Gulf of Taranto, where the maximum height is just under 4 m; Villapiana and Calopezzati, located in the Gulf of Taranto, where the maximum height is less than 2 m; and Favazzina and Ricadi, located in the central-southern Tyrrhenian Sea, where the maximum height is less than 2.5 m.



The total floodable area in the current scenario is about 6 km2. The highest floodable area values are observed in Rossano, over 1 km2, and in Vibo Marina and Badolato, both around 0.65 km2. Furthermore, only 14 sample areas exceed 0.1 km2 and the lowest floodable area values are observed in the three sample areas of Isola Capo Rizzuto and in Ricadi, always less than 0.015 km2.



The future scenario was obtained by adding the value of SSP5-8.5, equal to 1.26 m constant throughout Calabria, to the maximum height reached in the current scenario. The maximum height values in the future scenario thus obtained are almost all between 3.5 and 4 m, with the same exceptions described in the current scenario. In fact, the greatest maximum height is observed in Lazzaro, greater than 7.8 m, while the lowest maximum height is observed in Villapiana, equal to 3.15 m.



The total floodable areas in the future scenario would more than double, increasing from about 6 to 13 km2. The highest floodable areas in the future scenario would be Vibo Marina and San Ferdinando in the Tyrrhenian Sea, and Rossano and Badolato in the Ionian Sea, all with values between 1 and 1.5 km2. Furthermore, more than half of the sample areas exceed 0.1 km2 and the lowest floodable areas would be in Isola Capo Rizzuto and its hamlet Marinella, both located in the Ionian Sea and with values below 0.015 km2. Instead, the largest increases in the floodable areas between the two scenarios would be in San Ferdinando, located in the Tyrrhenian Sea, with a value over 1.2 km2. Other significant increases would be observed in Santa Maria del Cedro and Vibo Marina, both located in the Tyrrhenian Sea, with values of 0.85 and 0.75 km2 respectively. Furthermore, in 16 sample areas, the increases in floodable areas would exceed 0.1 km2, while the lowest increases would be observed in Isola Capo Rizzuto and its hamlet Marinella, both located in the Ionian Sea, and in Favazzina and Tropea, both located in the Tyrrhenian Sea. In all these cases, the increases would be less than 0.05 km2.




4. Discussion


4.1. Current Scenario


The current scenario shows very high variability in terms of floodable areas among the various sample areas. In fact, the floodable areas vary from 0.004 km2 in the Marinella, hamlet of Isola Capo Rizzuto, up to 1.071 km2 in Rossano. In this scenario, the Rossano sample area alone has about 20% of all Calabrian floodable areas.



This considerable variability in floodable areas is not evident in the maximum height reached by the water referred to the average sea level. The values of this parameter are very similar to each other in the various sample areas, with higher values in the Tyrrhenian Sea than in the Ionian Sea and with an average difference between the two seas of about 0.5 m. Furthermore, Rossano and Lazzaro are exceptions, where the maximum height reached by the water referred to the average sea level are much greater than those of all the other sample areas. The higher values in the Tyrrhenian Sea than in the Ionian Sea are related to the significant differences between the two seas from the point of view of the wave climate [70]. In detail, the average and frequent wave conditions are slightly higher in the Ionian coast, while the exceptional wave conditions, such as those considered for the run-up calculation, are much greater in the Tyrrhenian coast. Furthermore, in the Tyrrhenian Sea, the intense wave conditions are concentrated along a few directions, coming mainly from the north-west, and there are no secondary and tertiary sectors. Instead, in the Ionian Sea, the intense wave conditions come from different directions varying between north-east and south-east, and in different locations there are secondary and tertiary sectors.



The high maximum height values reached by the water referred to the average sea level observed in Rossano (Figure 3) and Lazzaro (Figure 4) are caused by the high run-up values of both locations. Generally, the run-up is influenced by various parameters, the most important being the significant wave height and the foreshore beach slope. Regarding the first parameter, on the one hand, it should be highlighted that the significant wave height values calculated in Rossano are the lowest of all the sample areas. These values may be related to the position of Rossano within the Gulf of Taranto, and therefore the fetch lengths are modest in size along most of the directions. Therefore, in this case, the high run-up value can only be correlated to a high foreshore beach slope. In this sample area, the foreshore beach slope is variable, with a peak of 15% at the mouth of the Citrea River where there is an underwater canyon, and with significantly lower values in the adjacent areas. Therefore, the floodable area in this sample area is overestimated as a constant slope has been assumed within the entire sample area, equal to the maximum one as described above. In addition, low values of significant wave height are observed within the Gulf of Taranto, which explain the low run-up values obtained between Montegiordano and Cariati. The difference between these localities and Rossano is represented by the absence of high slope points within these sample areas. On the other hand, in Lazzaro, the values of significant wave height are of the same order of magnitude as the neighboring sample areas. Therefore, even in this sample area, the high run-up value can only be correlated to a high foreshore beach slope which is higher than 20%. However, unlike Rossano, the high foreshore beach slope is not located in a single point but is significantly constant along the entire sample area. This is due to the geographical position of Lazzaro at the southern mouth of the Strait of Messina, where the seabed depth reaches 2000 m in a few tens of kilometers of distance between the two coasts. Furthermore, high run-up values at Lazzaro were also observed following the 1908 earthquake with consequent tsunami [71]. Despite this, the floodable area in Lazzaro is not very large due to the presence of a highway that crosses the town at a higher altitude and that delimits the floodable area.



Regarding the sample areas with the least floodable areas, both Isola Capo Rizzuto and its hamlet Marinella are two pocket beaches with small inhabited centers on the back. The limited extension of the floodable areas is due to the morphological conformation of the areas between Capo Colonna and Capo Rizzuto, within both sample areas are located. These areas are characterized almost exclusively by a high coast and only a few pocket beaches. This coastal area is the easternmost of Calabria and is exposed to fetch lengths in the order of hundreds of kilometers along most directions, so it is very exposed to intense wave motion [70]. Another sample area with small floodable areas is Ricadi (Figure 5), which is a pocket beach located within the Capo Vaticano promontory on the Tyrrhenian coast but, unlike the previous two, it also has a partially flooded inhabited center.



Regarding the sample areas with the major floodable areas, which are Badolato (Figure 6) on the Ionian coast and Vibo Marina (Figure 7), it should be highlighted that both areas have a port. Badolato, unlike Vibo Marina, around the port has only scattered houses, therefore, the floodable areas mainly concern coastal dunes. Instead, in Vibo Marina the floodable area mainly concerns a large inhabited center near the port.




4.2. Future Scenario


In the future scenario, the floodable areas would have more than doubled as compared with the current scenario, going from 6 to 13 km2. The floodable areas and the relative increases between the two scenarios both show very high variability among the various sample areas. In fact, these areas vary from 0.006 km in Marinella, up to 1.427 km2 in Vibo Marina. The increases between current and future scenarios vary from 0.002 km2 in Marinella, up to 1.218 km2 in San Ferdinando. The analysis in terms of percentage of increase highlights very high variability among the various sample areas. In fact, the average increase varies between 7% in Favazzina and 89% in Santa Maria del Cedro. However, grouping the results by Ionian and Tyrrhenian coasts, the average percentage variations are very similar and equal to 44% along the Ionian coast and equal to 50% along the Tyrrhenian coast. Therefore, there are no areas or macro-areas with homogeneous behavior, such as occurs for the wave climate between the Ionian and Tyrrhenian coasts, for example. Regarding San Ferdinando, which is located on the Tyrrhenian coast near a port (Figure 8), the floodable area only partially concerns the inhabited center as it mainly concerns the coastal dunes and the flat areas near the mouth of the Mesima River, just north of San Ferdinando.



The effects of the possible increases in floodable areas in terms of population, infrastructure, coastal dunes, and sites of social, economic, and strategic interest exposed are discussed below.



In most of the sample areas, the population living in floodable areas is in the order of a hundred inhabitants, with values exceeding a thousand obtained only in Vibo Marina and Rossano and with values close to a thousand obtained in Cariati, Cetraro, and Santa Maria del Cedro. These are low values in absolute terms but become significant when compared to the actual population of the sample areas. In fact, in many cases, these areas correspond to towns of a few thousand inhabitants where the percentages of the population living in floodable areas become high. The highest values, greater than 20%, are observed in Vibo Marina and Lazzaro, while values close to or greater than 10% are observed in Santa Maria del Cedro, Badolato, Cariati, Caulonia, San Ferdinando, Cetraro, Falerna, and Gizzeria.



Regarding the infrastructures affected by the possible increases in floodable areas, in more than half of the sample areas there are promenades, in about ten areas there are railways, and in four areas, i.e., Caulonia and Lazzaro on the Ionian coast and Santa Maria del Cedro and Scalea on the coast Tyrrhenian, there are highways. Furthermore, in five sample areas, these increases may affect coastal dunes. Finally, regarding sites of social, economic, and strategic interest affected by the possible increases in floodable areas, there are a medical center in Sangineto; a football stadium in Cariati; a swimming pool in Vibo Marina; two industrial areas in Crotone, Zigari and in Vibo Marina. In almost all the sample areas, there are bathing establishments and accommodation facilities.



It should be highlighted that the floodable areas of the Ionian coast involve fewer houses and important infrastructures than the Tyrrhenian coast. This is related to the anthropization process that is more evident on the Tyrrhenian coast than on the Ionian coast. This result could be related to the morphological peculiarities of the territory. Indeed, on the one hand, the northern Calabrian Tyrrhenian coast, from Falerna to the Basilicata region, is characterized by a mountainous relief very close to the coast with few flat coastal areas. Therefore, the inhabited centers have expanded close to the coast. On the other hand, on the Ionian coast there is generally a greater distance between the coast and the reliefs, so several inhabited centers have been built away from the coast, often behind the existing dunes.



The issue of an increase in floodable areas due to sea level rise and other factors has been extensively studied worldwide. Many studies have mainly been focused in flat coastal areas, especially heavily man-made areas. Among the main studies, Aucelli et al. [13] assessed the coastal inundation risk due to sea level rise, assuming the best and the worst conditions of the IPCC report of 2014 [14] and due to subsidence in the Volturno coastal plain in Southern Italy. Sukop et al. [72] analyzed the impact of sea level rise, tides, and rain on water table flooding in the Arch Creek basin (Miami-Dade County, FL, USA). Wang et al. [73] analyzed the effects of sea level rise, land subsidence, bathymetric change, and typhoon tracks on coastal flooding in the coastal areas of Shanghai. Carvalho and Wang [74] analyzed the impacts of sea level rise in terms of potential floodable coastal areas in the Indian Ocean. Gornitz et al. [75] analyzed increases in coastal flooding due to the sea level rise in New York City. Cao et al. [76] assessed flood areas due to sea level rise and subsidence in four major Asian coastal metropolises, i.e., Tokyo, Jakarta, Manila, and Ho Chi Minh City. Paulik et al. [77] analyzed the effects of increases in floodable areas due to sea level rise in twenty major coastal urban areas in New Zealand. Xu et al. [78] evaluated the compound effects of sea level rise and urban growth on coastal flood risk in Xiamen, Southeast China. Amoura and Dahmani [79] estimated the extent of the floodable areas due to the sea level rise, according to the indications of the sixth and latest IPCC climate report [1], in the coastal area of Algiers.



Regarding Calabria, the main studies are those of Lambeck et al. [8] and Furlan et al. [80]. In detail, Lambeck et al. [8] estimated the possible sea level rises in 2100 in over 30 Italian coastal plains, including those of Sibari, Gioia Tauro, and Sant’Eufemia. The analysis by Lambeck et al. [8] was based on a lower (IPCC 2007, [9]) and a higher [10] scenario combined with local isostatic tectonic values neglecting the effects of wave, tide, and storm surge. Consequently, the results obtained were lower than those obtained in the present study. Furlan et al. [80] analyzed a flood scenario in 2050 along the Italian coasts to estimate a Coastal Vulnerability Index. Unlike the present study, the scenario analyzed by Furlan et al. [80] was based on the RPC-8.5 scenario of the IPCC report of 2014 [14,16]. Furthermore, it did not estimate floodable areas and used a coarser DTM, with a spatial resolution of 25 m, from Copernicus.



Generally, most of the main previous studies have focused mainly on coastal plains, heavily man-made areas, and large metropolises and were based on the fourth and fifth IPCC reports [9,14,16]. Instead, the present study differs from them because we considered the most recent IPCC report [1] and because we analyzed a territory with notable geomorphological, climatic, and anthropic peculiarities. In addition, not only coastal plains and heavily anthropized areas were considered but also towns and areas characterized by infrastructures, coastal dunes, and sites of social, economic, and strategic interest. The results highlight that these peculiarities cause significant variability of weather and sea conditions among the different coastal areas, which influences the characteristics of the meteorological events and of the wave climate [70]. Furthermore, the present study is characterized by a high level of detail, both from the wave climate point of view and from the altimetry point of view, which is a key factor for accurately estimating floodable areas. Regarding wave climate, it has a high spatial detail level as it has been evaluated for each study area, and various weather-climatic factors, such as run-up and storm surge, have also been considered. Regarding the altimetry, we analyzed DTM and DSM LIDAR of 1 m and 2 m side square meshes, available on the Italian Geoportal, while many previous studies were based on coarser DTMs.





5. Conclusions


In this paper, we describe an analysis of the effects of climate change in terms of possible increases in floodable areas and in terms of population, infrastructure, coastal dunes, and sites of social, economic, and strategic interest exposed in over 50 sample areas along the Calabrian coasts. Calabria is a region of southern Italy that represents an interesting case study due to its high coastal length, over 700 km, and due to its geomorphological and climatic complexity. Calabria is enclosed by two seas, the Ionian Sea and Tyrrhenian Sea, and is characterized by various gulfs and promontories that cause considerable variability in terms of wave climate.



The analysis described in the paper was carried out by examining a current and a future scenario. The current scenario is without climate change and is caused by the following forcings: storm surge due to wind and due to barometric effect, high tide height, and wave run-up. The future scenario is with climate change and with SSP5-8.5 values in addition to the forcings defined in the current scenario.



The main result is that the floodable areas in the future scenario would have more than doubled as compared with the current scenario. In addition, the possible increases in floodable areas involve both significant percentages of the population, greater than 20% in Vibo Marina and Lazzaro, as well as railways, highways, industrial areas, coastal dunes, a medical center, a football stadium, swimming pools, promenades, bathing establishments, and accommodation facilities.



However, both the floodable areas in the two scenarios and the relative increases between the current and future scenarios show very high variability among the various sample areas, mainly due to the morphology and the anthropization of the coastal areas.



Finally, this analysis is easily applicable and replicable, it is of interest both in the field of scientific research and in the fields of planning and management of coastal areas for the identification and design of interventions and strategies to mitigate the effects of climate change in coastal floodable areas.
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Figure 1. The region of Calabria (large panel). Geographical position of the region of Calabria in the center of Mediterranean Sea (small panel). 






Figure 1. The region of Calabria (large panel). Geographical position of the region of Calabria in the center of Mediterranean Sea (small panel).
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Figure 2. Calabrian sample areas, identified with a code. The names of the sample areas are shown in Table 1. 






Figure 2. Calabrian sample areas, identified with a code. The names of the sample areas are shown in Table 1.



[image: Water 14 02240 g002]







[image: Water 14 02240 g003 550] 





Figure 3. Rossano. Legend: Yellow, the floodable area in the current scenario; red, the floodable area in the future scenario. 
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Figure 4. Lazzaro. Legend: Yellow, the floodable area in the current scenario; red, the floodable area in the future scenario. 
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Figure 5. Ricadi. Legend: Yellow, the floodable area in the current scenario; red, the floodable area in the future scenario. 
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Figure 6. Badolato. Legend: Yellow, the floodable area in the current scenario; red, the floodable area in the future scenario. 
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[image: Water 14 02240 g006]







[image: Water 14 02240 g007 550] 





Figure 7. Vibo Marina. Legend: Yellow, the floodable area in the current scenario; red, the floodable area in the future scenario. 
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Figure 8. San Ferdinando. Schemes follow the same formatting. Legend: Yellow, the floodable area in the current scenario; red, the floodable area in the future scenario. 
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