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Western Mediterranean coastal plains show low resilience to the ongoing climate change 1 

Abstract  2 

Global sea level rise (GSLR) represents one of the most evident impacts of climate change. GSLR is expected 3 

to trigger widespread environmental changes, such as major coastal erosion and progressive inundation of 4 

large portions of low-elevated coastal zones.  Such impacts will be particularly important in the large alluvial 5 

coastal plains which are considered the most vulnerable to the future GSLR. However, is it possible to define 6 

a common response for this type of coastal environment to climate change? Furthermore, what are the drivers 7 

that mostly control their evolution? We evaluated the potential resilience of 6 major western Mediterranean 8 

coastal plains to the future relative sea level rise, by examining the past response of the shoreline to modified 9 

sea-level rise rates. In each coastal plain, we statistically reconstructed the past variability in the sea-level 10 

rising rates analysing the geomorphic response (e.g., retreat, stability, or progradation) of the coastline to these 11 

changes. We then compared these data with the local RSLR (relative sea level rise) rates expected for the next 12 

decades (up to the year 2100) calculated considering different IPCC scenarios (i.e., SSP2-4.5, SSP3-7, SSP5-13 

8.5) corrected for the coastal subsidence trends calculated in each coastal plain. This allowed us to predict the 14 

potential morphodynamic response of each plain to future sea level rise. Results indicate that only under the 15 

SSP2-4.5 scenario, we observe a minimal probability (e.g., < 13%) of natural resilience (equilibrium of the 16 

coastline). Under all the other scenarios, the investigated coastal plains are destined for an irreversible retreat 17 

trend.  18 

Keywords: Sea level rise; coastal retreat; IPCC scenarios; coastal sensitivity, Mediterranean Sea 19 

 20 
1. Introduction  21 

In the second half of the 20th century, the Mediterranean population has doubled from 240 million to 480 22 

million (UNEP, 2016; Cramer et al., 2018) and the human pressure on the coasts is further amplified by the 23 

increased international tourism. The Mediterranean coastal zone is thus characterized by an increased pressure 24 

from human activities, but also subject to future global environmental change. In fact, the Mediterranean area 25 

is considered a hotspot of current climate change (Guiot and Cramer, 2016; Cramer et al., 2018, Sarkar et al., 26 

2022) where future warming is expected to exceed global rates by ∼25% (Lionello and Scarascia, 2018). This 27 
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may result in high sea-level rise rates compared to global averages, leading to significant losses in 28 

environmental, cultural and economic values of its coasts (Vacchi et al., 2021). 29 

At the regional scale, the sea-level rise may be different from what is observed and modelled in open-ocean 30 

due to several factors, which also include natural vertical ground movements (VGMs) related to volcanic 31 

and/or tectonic activity, glacio-hydro-isostatic adjustment (GIA) and natural compaction of sediments (Mattei 32 

et al., 2022; Aucelli et al., 2021; Nicholls et al., 2021). VGMs are often enhanced by anthropic activities mainly 33 

related to groundwater overexploitation, gas extraction, and coastal over-settlement that can cause sea level 34 

variations higher than those expected at the global and regional scale. Furthermore, ocean dynamic factors 35 

(e.g., differences in the rates of oceanic thermal expansion, changes in long-term wind and atmospheric 36 

pressure) may cause large regional departures of up to 50%–100% from the global average change for the 37 

thermal expansion component of sea-level change (Nicholls et al., 2021). 38 

There is an increasing availability of Mediterranean coastal inundation scenarios, notably for those sites which 39 

are particularly prone to the coupled effects of sea-level rise and negative vertical land motions such as the 40 

deltas and the coastal plains (e.g., Snoussi et al., 2008; Aucelli et al., 2017; Antonioli et al., 2017; Lopez-41 

Doriga and Jimenez, 2020). These studies followed a variety of methodologies which are mainly based on the 42 

IPCC scenarios (corrected for the local GIA contribution) coupled with the assessment of local subsidence 43 

which can be derived from Holocene data (e.g. millennial-scale), from long tidal gauges (e.g., centennial-44 

scale), GPS or InSAR data (e.g., decadal-scale). Most of the Mediterranean sea-level scenarios were based on 45 

a classical “bathtub” approach in which areas below the expected sea-level elevation are delineated as being 46 

flooded (e.g., Di Paola et al., 2021, Vandelli et al., 2022). This methodology is considered suitable for urban, 47 

armoured, rocky, and passive coasts characterized by moderate wave action and reduced sediment supply. 48 

However, “bathtub” inundation scenarios may be less accurate for active sedimentary coasts where future sea-49 

level rise has more dynamic effects than inundation alone (Fitzgerald et al., 2008; Lopez-Doriga and Jimenez, 50 

2020). In this morphological context, a wide range of processes driving coastal evolution are expected to occur 51 

which may counteract the incoming sea-level rise. However, the dynamic responses of shorelines and coastal 52 

environments (e.g., dune systems) are presently seldom taken into account in assessing the Mediterranean 53 

future scenarios to SLR. 54 
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The Mediterranean coasts were characterized by a continuous sea-level rise for the whole Holocene period 55 

(e.g., last 12 ka BP) with rates up to 10-15 mm a-1 followed by a major deceleration at 7 ka with rates lower 56 

than 3 mm a-1 (Vacchi et al., 2021). Since that period, the evolution of the Mediterranean coasts has been very 57 

different. Geological studies indicated that some coastal areas were affected by continuous erosion while others 58 

showed evidence of major progradation rates despite the continuous sea-level rise (i.e. Anthony et al., 2014; 59 

Melis et al., 2017; Degeai et al., 2020).  60 

Such different response of coastal systems to sea level rise is controlled by the complex interplay of 61 

geomorphological (e.g., morphology of the coastal sector) and climatic factors which triggered modifications 62 

in fluvial activity and consequent increase/decrease of the solid transport (Anthony et al., 2014).  The Holocene 63 

progradation trends of Mediterranean coastal plains show lots of variability as a consequence of local vertical 64 

movements (e.g., subsidence or uplift, that can amplify or reduce the effect of climatic sea-level rise) as well 65 

as in terms of sediment supply provided by the main rivers that play a fundamental role in the coastal adaptation 66 

to sea level rise (e.g., Voett et al., 2007; Anathony et al., 2014; Melis et al., 2017).  67 

For these reasons, the past geomorphological response to the SLR, can be considered as a key-factor for the 68 

definition and validation of future inundation scenarios due to expected sea-level rise.  69 

To this aim, in this study, we evaluated the response of 6 major Mediterranean coastal plains to the Holocene 70 

variability of sea-level rise. In particular, we used geological data to statistically quantify the thresholds of sea-71 

level rising rates necessary to shift from a progradation to an erosive trend. These thresholds were used to infer 72 

the future response of the Mediterranean coastal plains to the different sea-level scenarios recently released by 73 

the Intergovernmental Panel of Climate Change (IPCC, 2023). 74 

2. Methodology 75 

We evaluated the potential coastal resilience of 6 major coastal plains located in the central and western 76 

Mediterranean Sea (Figure 1). These are the Valencia plain (Spain), Rhone plain (France), Arno, Tiber, 77 

Volturno and Sele plains (Italy). 78 

We developed a specific coastal sensitivity index which integrates the past (e.g., last millennia) and recent 79 

(e.g., last decades) coastal evolution trends in order to evaluate the future evolution of the coastal plains on the 80 

basis of the expected sea level projections (IPCC, 2023). 81 
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We selected coastal plains widely investigated in the past. This allowed us to have a significant amount of 82 

information on the stratigraphic architecture and the past sea-level position thanks to the presence of a large 83 

number (e.g., 130) of Sea-Level Index Points (Shennan et al., 2015) 84 

To define the millennial trends, we used radiocarbon-dated relict shorelines to constrain the precise timing of 85 

maximal mid-Holocene transgression. These data allowed us to define for each plain a phase of coastal retreat 86 

(i.e.,., the phase of a landward shift of the shoreline before the maximal mid-Holocene transgression), a phase 87 

of coastal equilibrium (i.e., a phase following the maximal transgression and characterised by very minor 88 

changes in depositional facies) and a phase of progradation (i.e., characterised by a major seaward shift of the 89 

shoreline caused by the global deceleration of the sea-level rising rates and the increased river inputs, Anthony 90 

et al., 2014; Melis et al., 2017; Ghilardi et al., 2017) 91 

These morpho-evolutive data were coupled with the quantitative reconstruction of the millennial sea-level 92 

change rates by employing an Errors in Variables Integrated Gaussian Process model (EIV IGP, Cahill et al., 93 

2015) on the suite Sea Level Index Points (SLIPs) available for each investigated coastal plain (Vacchi et al., 94 

2016; 2021; Mattei and Vacchi, 2023). 95 

This allowed us to obtain the Millennial Trends Index (MTI) which defines the past thresholds of sea-level 96 

rising rates to shift from i) coastal retreat, to ii) coastal equilibrium and iii) coastal progradation. 97 

This allowed us to obtain the Millennial Trends Index (MTI) that defines the past thresholds of sea-level 98 

rising rates for each of the proposed phases (i.e., coastal retreat, coastal equilibrium, and coastal progradation). 99 

To define the recent morpho-evolutive trend, we calculated the shoreline displacement rates occurred in the 100 

last 20 years using the DSAS tool of ArcGIS (Theiler et al., 2009, 2019). The multitemporal shoreline position 101 

was reconstructed using satellite images available on the Google Earth platform. According to Pantusa et al. 102 

(2022), the calculated End Point Rate (EPR) values defined the quantitative limits for the recent shoreline 103 

trends as follows: 104 

- progradation: EPR ≥0.5 m a-1;  105 

- equilibrium -0.5 m a-1 <EPR< 0.5 m a-1;  106 

- retreat: EPR: ≤0.5 m a-1). 107 
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We coupled these data with the quantitative assessment of recent positive (e.g., uplift) or negative (e.g., 108 

subsidence) vertical ground movements (VGM) of the selected coastal plain using data from 2016 to 2022 109 

available on the European Ground Motion Service (https://egms.land.copernicus.eu/). 110 

This allowed us to produce the Recent Trends Index (RTI) which classifies the coastal trend as follows:   111 

- Shoreline Retreat  112 

- Shoreline Equilibrium  113 

- Shoreline Progradation coupled with uplift 114 

- Shoreline Progradation coupled with subsidence or tectonic stability 115 

To define the expected morpho-evolutive trend, we used RSLR (relative sea level rise) rates scenarios for 116 

the next decades (up to 2100) on the basis of the projections provided in the last IPCC Assessment Report 117 

(AR6, 2023) under different scenarios (i.e., SSP2-4.5, SSP3-7, SSP5-8.5). The expected sea-level rates were 118 

corrected according to the local coastal subsidence rates estimated for each investigated plain using the 119 

Copernicus data (see above). The so obtained rates were used to further classify the expected behaviour of the 120 

coastal plains to the future sea-level rise based on their past response to different rates of sea-level changes.  121 

In detail, we defined the Millennial trend index (HTI) by comparing the expected RSL rates with the evaluated 122 

Holocene rates for each plain. The Holocene rates were grouped in three ranges depending on the related 123 

coastal morphodynamic response (retreat, equilibrium, progradation), as follows:  124 

- Retreat phase: Sea-level rise rates are so high that sedimentary processes cannot balance them. 125 

Consequently, shorelines move back and the coastal systems are dominated by submersion 126 

processes. 127 

- Equilibrium phase: Sea-level rise rates are balanced by sedimentary processes and the coastal 128 

systems are characterized by a general equilibrium condition.  129 

- Progradation phase: Sea-level rise rates are so low that coastal sedimentary processes prevail. 130 

Consequently, shorelines move seaward and the coastal systems are dominated by progradation 131 

processes. 132 

The MTI is classified as follows: 133 

Class 1: Expected rate of RSL > range of Holocene rates of RSLR in the coastal retreat phase 134 

Class 2: Expected rate of RSL = range of Holocene rates of RSLR in coastal retreat phase 135 
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Class 3: Expected rate of RSL = range of Holocene rates of RSLR in coastal equilibrium phase 136 

Class 4: Expected rate of RSL ≤ range of Holocene rates of RSLR in coastal progradation phase 137 

In the case of Class 1 and Class 2, the expected SLR rates have been compared with those belonging to the 138 

Holocene period during which a coastal retreat occurred. In the case of Class 3, the expected SLR rates have 139 

been compared with those belonging to the Holocene period during which a coastal equilibrium occurred. In 140 

the case of Class 4, the expected SLR rates have been compared with those belonging to the Holocene period 141 

during which a coastal progradation occurred.  142 

Finally, we calculated the Coastal Plain Sensitivity Index (CPSI) which integrates MTI classes with the RTI 143 

conditions allowing us to classify the investigated plains according to three sensitivity levels (Figure 2): 144 

- Very High Sensitivity, the plain is considered very prone to be inundated under the expected sea 145 

level change; 146 

- High Sensitivity, the plain is considered prone to be inundated under the expected sea level change; 147 

- Medium Sensitivity, the plain can persist in equilibrium conditions under the expected sea level 148 

change; 149 

When the expected sea-level change rate, including its vertical uncertainty, falls within the uncertainty of the 150 

Holocene RSL change rate (see Figure 4), we evaluated the percentage of overlap into the retreat, equilibrium 151 

and progradation sectors, respectively.  152 

The ratio between the portion of overlap of each morpho-evolutive trend and the total overlapping area was 153 

expressed in terms of the percentage of likelihood that such morpho-evolutive trend will occur in the next 154 

decades (Figure 3). This last calculation was performed using the OCTAVE software (https://octave.org/).  155 

3. Results  156 

3.1 Holocene morpho-evolutive trends 157 

In the Valencia (#1) and Rhone (#2) plains, we observe similar RSL trends (Figure 4). Sea level rose with rates 158 

by ~10 mm a-1 in ~1.4 ka (9.6 to 8.2 ka BP).  We then observe a sudden deceleration with a rising trend lower 159 

than ~3 mm a-1 between 8.2 and 7.2 ka BP. The rate further decreased with average values of 0.5 mm a-1 and 160 

2.0 mm a-1 between 7.2 and 5.8 ka BP. RSL finally rose to the present datum with average rates by ~0.1 mm 161 

a-1 in both plains. The marine transgression reached its maximum inland position at ~7.3 ka BP in Valencia 162 
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plain and ~7.2 ka BP in the Rhone plain. This was followed by a period of equilibrium which lasted for ~ 1.4 163 

to 1.5 ka BP and finally, by ~5.8 ka of progradation which brought the coastline to the present position. 164 

In the Arno plain (#3), we observe a more complex coastal behaviour (Figure 4). In fact, sea-level rose with a 165 

mean rate of ~0.05 mm a-1 during a period of 2.3 ka (from 12.7 to 10.4 ka BP). Then, we observe a short-lived 166 

sea level stand that lasted 0.8 ka (10.4 and 9.6 ka BP) with a rising rate of 0.02 mm a -1. A strong acceleration 167 

with rates up to 10 mm a -1 characterized the following 1.8 ka (until 7.8 ka BP), bringing the RSL at -12.8 ±1.4 168 

m MSL. The rate slowly decreased with an average value of 2 mm a -1 between 7.8 and 5.5 ka BP. Finally, 169 

RSL rose to the present datum with an average value of 0.5 mm a -1. In the Arno plain, the marine transgression 170 

reached its maximum inland position at ~8.0 ka BP. This was followed by a period of equilibrium which lasted 171 

for ~ 2.3 ka (from 7.8 to 5.5 ka BP) with the formation of an extensive lagoonal system and, finally, by ~5.5 172 

ka BP, the progradation process brought the coastline to the present position.  173 

In Tiber plain (#4), we noted a similar decrease in RSLR rates (Figure 4) during a 1.4 ka long period (from 9.4 174 

to 8.0 ka BP), with rates passing from 10.6 mm a -1 to 3.4 mm a -1. Then, for ~ 2.0 ka (between 8.0 and 6.0 ka 175 

BP), the rate was stable at an average value of 2 mm a -1 and after that, we observed a further decrease up to 176 

0.4 m a -1, which led to the present datum. As for Arno plain (#3), in Tiber plain (#4), the marine transgression 177 

reached its maximum inland position at 8.0 ka BP. This was followed by a morphodynamic equilibrium that 178 

lasted for ~ 2.0 ka (from 8.0 to 6.0 ka BP), after then, the progradation prevailed, leading to the present coastline 179 

position.  180 

In the Volturno (#5) and Sele (#6) plains, we observe similar behaviour (Figure 4) for a 2.5 ka long phase (12.0 181 

to 9.5 ka BP), during which the RSL slowly rose with average values of 0.5 mm a -1 (#5) and 0.9 mm a -1 (#6). 182 

Then, in both plains, the rising rates increased for ~ 2.0 ka (9.0 to 7.0 ka BP) with average rates of 7.9 mm a -183 

1 in Volturno plain (#5) and 4.6 mm a -1 in Sele plain (#6). After this period, we noticed a quite different trend 184 

between Volturno plain (#5) and Sele plain (#6.) In fact, the present sea level position has been reached with 185 

highly variable rates in Volturno plain (#5), while the trends slowly decreased up to 0.1 mm a -1 in Sele plain 186 

(#6).  187 

In both plains, the marine transgression reached its maximum inland position between 7.0 and 6.5 ka BP. This 188 

was followed by a period of equilibrium, which lasted for ~ 1.4 to 1.5 ka BP, and finally, the progradation 189 

process brought the coastline to the present position. 190 
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3.2 Recent morpho-evolutive trends  191 

The recent evolution of Valencia, Arno and Tiber coastal plains (#1, #3 and #4) is characterized by a general 192 

shoreline equilibrium with average  EPR values ranging from  -0.10 m a -1 to 0 (see Table 1).  193 

The Rhone, Volturno and Sele plains (#2, #5 and #6) showed a general retreat trend with average EPR values 194 

ranging from -0.8 m a -1 to -0.60 m a -1 (see Table 1).  195 

The shoreline displacement trends for all the examined plains are strongly variable, with the highest difference 196 

rate estimated for plain #2, where the EPR ranges from 16.70 to -9.3 m a -1.  197 

Superimposed on these shoreline trends, general coastal subsidence (e.g., negative VGM values, Figure 1, 198 

Table 1) characterises the investigated Mediterranean plains. We observe maximal values in Volturno and Sele 199 

plains (#5 and #6), with subsidence rates higher than 3 mm a -1, and minimum rate in Tiber plain #4, where 200 

subsidence rates do not exceed 1 mm  a-1.  In Rhone and Arno plains (#2 and #3), subsidence rates range 201 

between 1.5 and 1.8 mm  a-1 and, finally, in plain #1, subsidence rates decrease to 1.22 mm  a-1.  202 

The coupled analysis of VGMs and recent shoreline trends indicate that a retreat phase with rates between -203 

0.6 and -0.8 mm  a-1 can be driven not only by a strong subsidence trend exceeding 3 mm a-1 (Volturno #5 and 204 

Sele #6 plains) but also by other forcing as in the case of Rhone plain where the measured subsidence rate did 205 

not exceed  1.4 mm a-1. 206 

 207 

Table 1 – Recent trends in terms of: column 1) average VGMs rates measured between 2016 and 2022 208 

by the European Ground Motion Service (https://egms.land.copernicus.eu/) with their uncertainty in 209 

column 2; column 3, 4, 5) mean, maximum, and minimum coastline displacement rates (expressed by 210 

the End Point Rates EPRs ) between 2003 and 2022;  211 

 212 

PLAIN Mean EPR 

(m a-1) 

Max EPR 

(m a-1) 

Min EPR 

(m a-1) 

InSAR VGMs 

(mm a-1) 

Uncertainty 

VGMs (mm a-1) 

#1 - Valencia -0.10 2.20 -3.30 -1.22 1.40 

#2 - Rhone -0.80 16.70 -9.30 -1.46 1.74 

#3 - Arno 0.01 3.96 -6.40 -1.84 1.31 
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#4 - Tiber 0.00 7.80 -5.90 -1.03 1.45 

#5 - Volturno -0.70 3.50 -4.00 -3.28 1.23 

#6 - Sele  -0.60 0.50 -1.60 -3.53 1.59 

 213 

3.3 Expected morpho-evolutive trends  214 

Under the SSP2-4.5 scenario, our results show that in all investigated plains (plains #1- #6), the expected RSL 215 

rate value overlaps the part of the curve of RSLR rate belonging to the period in which the plains were affected 216 

by a retreat trend (Figure 5), with different likelihoods.  217 

The Valencia (#1) and Rhone (#2) plains are considered prone to retreat with a probability of 79% and 92%, 218 

respectively. Furthermore, we estimate a phase of equilibrium with a probability of  9% only for #1 and that a 219 

progradation trend will prevail only in 13% and 8% of cases in #1 and #2, respectively (Table 2).  220 

In the Arno plain (#3), we calculate a probability of 74% for coastal retreat, 19% for the equilibrium, and 9% 221 

for the coastal progradation, as already occurred in the last 5.5 ka during the slowdown of RSL rise (Figure 5). 222 

We reconstructed a very similar behaviour in Tiber plain, (#4), where the coastal retreat process has a 223 

probability of 78%, an equilibrium persistency 17%, and a progradation 5% (Figure 5). 224 

For the Volturno plain, we observe that expected SLR rate values overlap the Holocene SLR rates only where 225 

the retreating trend prevails, returning a 100% proness to retreat. Finally, only in one case (Sele plain #6), did 226 

we obtain that the expected SLR rate is higher than the past ones, overlapping the uncertainty values (grey area 227 

in Figure 5).  228 

However, it is worth noting that the range of the expected values (black bar in Figure 5) overlaps the uncertainty 229 

of the SLR rates belonging to equilibrium and progradation phases in four out of six plains (see Table 2), with 230 

variable percentage values (5% to 19%). 231 

The results we obtained for scenarios SSP3-7.0 and SSP5-8.5, which assume that CO2 emissions will roughly 232 

double the current levels by 2100 and 2050, respectively, allow us to suppose that the investigated plains will 233 

retreat (Figure 5), except for the Arno plain where a coastline equilibrium could persist with a probability of 234 

11% (under the scenario SSP3-7.0) and 7% (under the scenario SSP5-8.5) (see Table 2). 235 

 236 
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Table 2 – Predicted rates of RSL rise under the three IPCC scenarios considering the ongoing VGMs 237 

indicated in Table 1 238 

PLAIN RSLR in 2100 SSP2- 4.5 RSLR in 2100 SSP3- 7.0 RSLR in 2100 SSP5- 8.5 

Average 

mm a-1 

Uncertainty 

mm a-1 

Average 

mm a-1 

Uncertainty 

mm a-1 

Average 

mm a-1 

Uncertainty 

mm a-1 

#1 - Valencia 7.22 5.19 -3.31 10.22 5.19 -4.24 12.22 6.16 -4.24 

#2 - Rhone 7.46 5.29 -3.47 10.46 5.29 -4.36 12.46 6.25 -4.36 

#3 - Arno 7.84 5.17 -3.27 10.84 5.17 -4.21 12.84 6.14 -4.21 

#4 - Tiber 8.03 4.25 -4.25 10.03 5.21 -4.25 13.03 5.21 -4.25 

#5 - Volturno 9.83 5.14 -3.23 12.83 5.14 -4.17 14.83 6.12 -4.17 

#6 - Sele  10.53 4.30 -4.30 12.53 5.25 -4.30 15.53 5.25 -4.30 

 239 

3.4 Predicted coastal sensitivity to sea levels expected for the year 2100 240 

Our analysis indicated that coastal sensitivity of the Mediterranean plains under the SSP2-4.5 scenario (RSLR 241 

globally ranging between 6 and 7 mm a-1) results in very high values (74%-100%), even with likelihood 242 

ranging between 13% and 5% of resilience in Valencia, Arno and Tiber plains (Table 3, Figure 5). Those plains 243 

(#1, #3, #4) also present medium coastal sensitivity with a probability of 9%, 19%, 17%, respectively (Table 244 

3, Figure 6). Finally, under this scenario, we found that Volturno and Sele plain (5# and #6) have the highest 245 

coastal sensitivity level (Table 3, Figure 6).  246 

Consequently, the present morphodynamic conditions of the investigated plains are expected to be modified 247 

with a probability ranging between 74% and 100% (Table 3, Figure 6). Under this scenario, future coastal 248 

response to RSLR can be comparable to the one occurred during the Holocene, resulting in a highly probable 249 

retreat of the low-lying coastal sectors.   250 

Under the SSP3-7.0 scenario, we evaluate a high sensitivity to RSLR for all the investigated plains, except for 251 

Arno plain where 11% of medium sensitivity can be supposed. Under this scenario, the present 252 

morphodynamic equilibrium of this plain will be inverted with a probability higher than 89%, favouring the 253 

coastal retreat and the consequent submersion, with rates already estimated for the Holocene. In addition, the 254 
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rates we estimate for Sele plain (#6) will exceed even the highest values defined for the Early Holocene (Table 255 

2, Figure 5).   256 

We obtained similar results under the SSP5-8.5 scenario when the sensitivity to RSLR of the Mediterranean 257 

plains will range from high (Valencia, Arno and Tiber plains) to very high (Rhone, Volturno and Sele plains). 258 

Also under this scenario, the sole Arno plain shows a 7% probability to be characterized by medium sensitivity 259 

(Table 3, Figure 6). 260 

 261 

Table 3 – Table of calculate Sensitivity index for the 6 investigated plains under the 3 IPCC 262 

 scenarios took into account. 263 

SSP2- 4.5 SSP3- 7.0 SSP5- 8.5 

PLAIN SENSITIVITY % SENSITIVITY % SENSITIVITY % 

#1 - 

Valencia 

Very High - Very High - Very High - 

High 79% High 
100

% 

High 100

% 

Medium 9% Medium - Medium - 

Resilient/Low 13% Resilient/Low - Resilient - 

#2 - Rhone 

Very High 92% Very High 
100

% 
Very High 

100

% 

High - High - High - 

Medium - Medium - Medium - 

Resilient/Low 8% Resilient/Low - Resilient/Low - 

#3 - Arno 

Very High - Very High - Very High - 

High 74% High 89% High 93% 

Medium 19% Medium - Medium 7% 

Resilient/Low 8% Resilient/Low 11% Resilient/Low - 

#4 - Tiber Very High - Very High - Very High - 
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High 78% High 
100

% 
High 

100

% 

Medium 17% Medium - Medium - 

Resilient/Low 5% Resilient/Low - Resilient/Low - 

#5 - 

Volturno 

Very High 
100

% 
Very High 

100

% 
Very High 

100

% 

High - High - High - 

Low - Low - Low - 

Resilient - Resilient - Resilient - 

#6 - Sele 

Very High 
100

% 
Very High 

100

% 
Very High 

100

% 

High - High - High - 

Medium - Medium - Medium - 

Resilient/Low - Resilient/Low - Resilient/Low - 

 264 

4. Discussions 265 

The coupled analysis from long (e.g., millennial) to short (e.g., decadal) coastal evolution of six Mediterranean 266 

major coastal plains provides us new insights into the dynamic response of sedimentary coasts to sea level rise.  267 

According to the IPCC projections, GMSL is expected to rise between 0.56 m (under the scenario SSP2-4.5: 268 

0.43 m – 0.76 m) and 0.77 m (under the scenario SSP5-8.5: 0.63 m – 1.01 m) in 2100 (relative to the baseline 269 

period 1995-2014). However, the global trend may be significantly exacerbated by the local coastal subsidence, 270 

as in the case of the Mediterranean plains (e.g., Aucelli et al., 2017; Di Paola et al., 2021). Our methodological 271 

approach improves the classical “bathtub” inundation approach, considered simplistic and not capable of 272 

capturing all the variability in coastal response to sea level rise (e.g., Lopez-Doriga and Jimenez, 2020) by 273 

providing more robust analysis of the potential coastal responses to different rates of sea-level rise. 274 

Under the SSP2-4.5 scenario, the average RSLR values in the Mediterranean low-lying areas range from 7.2 275 

mm a-1 (Valencia plain) to 10.5 mm a-1 (Sele plains) (see Table 2). Under this scenario, the coastal sensitivity 276 

of Mediterranean plains shows high-to-very high values (74%-100%), even if with likelihood ranging between 277 
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13% and 5% of resilience in four plains (Valencia, Rhone, Arno and Tiber plains). Valencia, Arno and Tiber 278 

plains also present medium sensitivity with a probability of 9%, 19%, and 17%. Under this scenario, Volturno 279 

and Sele plains located in the southernmost sector have a 100% very high sensitivity.  280 

Under SSP3-7.0 and SSP5-8.5 scenarios with CO2 emissions that roughly double from current levels by 2100 281 

and 2050 respectively (IPCC, 2023), a high-to-very high sensitivity to RSLR is also expected for all the 282 

investigated Mediterranean plains. The single exception is the Arno plain which shows 11% (SSP3-7.0) and 283 

7% (SSP5-8.5) of medium sensitivity. Under these scenarios, the present morphodynamic equilibrium will be 284 

modified in a retreat trend with a probability of 89% (SSP3-7.0) and 93% (SSP5-8.5). 285 

These data have major implications for the management of the Mediterranean coasts. In fact, our results show 286 

that in all the investigated coastal plains the predicted sea-level rise will results in a shift from equilibrium to 287 

retreat trends with a probability ranging between 74% and 100%. Only under the SSP2-4.5 scenario, Valencia, 288 

Rhone, Arno, and Tiber plains present a low probability (5% - 13%) to be affected by morphodynamic 289 

variations, preserving their present coastal equilibrium. However, this probability can be increased by 290 

considering the 2022 annual Greenhouse Gas Index (AGGI) measured by the NOAA Global Monitoring 291 

Laboratory (www.globalchange.gov/indicators/annual-greenhouse-gas-index).  In fact, the SSP2-4.5 scenario, 292 

according to which the GHG emissions have to remain around current levels until the middle of the century, 293 

is already overtaken by an annual CO2 increase from 1 Jan 2022 to 1 Jan 2023 of 2.19 ± 0.08 ppm 294 

(https://gml.noaa.gov/ccgg/trends/global.html). 295 

Under the two scenarios predicting an increase in GHG concentrations (SSP3-7.0 and SSP5-8.5), the most 296 

probable morphodynamic response evaluated for all the investigated coastal plains is a coastal retreat similar 297 

to that occurred during the early Holocene stages. 298 

5. Conclusions 299 

According to the IPCC AR6, global sea level rise has been unavoidable for centuries to millennia with high 300 

confidence, due to the effect of present climatic conditions in terms of deep ocean warming and ice sheet melt.  301 

The ongoing magnitude and rate of this phenomenon are strictly related to the GHG emissions and socio-302 

economic trends. However, the confidence level of RSLR projections decreases at a regional scale, especially 303 

in a close basin interacting with the Atlantic Ocean, such as the Mediterranean (Adloff et al., 2017).   304 
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Our study plays a fundamental role for improving the evaluation of coastal morphodynamic evolution to 305 

expected SL changes, assessing the long to short-term shoreline response to a modified rate of relative sea-306 

level rise driven by climatic and local forcing. Our statistical approach focuses on the highest exposed low-307 

lying areas, indicating a low resilience of Mediterranean plains to future sea-level rise scenarios. In the next 308 

80 years, the investigated plains can be considered prone to retreat with high confidence (> 74% for SSP2-4.5; 309 

>89% for SPP3-7.0; > 93% for SPP5-8.5). Only if the GHG emissions will remain around current levels until 310 

the middle of the century (SSP2-4.5), we estimate a probability between 5% and 13% of sensitivity. However, 311 

the low confidence in this scenario is further reduced by the direct impacts of climate change on agriculture, 312 

water supply and fisheries amplified by the inefficient management of water, land and marine resources largely 313 

evaluated for the Mediterranean area (Cramer et al., 2018).  314 

The sensitivity index for low-lying areas we are proposing is a step forward in the assessment of risk conditions 315 

compared to the classical inundation scenarios, as we evaluate the likelihood of retreating by statistically 316 

analysing the geomorphological response to the already-occurred SLR. 317 

In conclusion, our procedure is effective for planning the most-suitable coastal risk-management measures, 318 

according to the IPCC report. In the case of the investigated Mediterranean plains, these measures could lead 319 

to the relocation of coastal cities and settlements considering that the shorelines have a high probability of 320 

retreating up to their early-Holocene position. 321 
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Figure 1 – Location map of the studied coastal plains with the present shoreline trend (coloured circles) and 
the average rates of local vertical ground movements (upper and lower boxes) measured between 2016 and 
2022 by the European Ground Motion Service (https://egms.land.copernicus.eu/).  
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Figure 2 – Matrix of the Coastal Plain Sensitivity Index (CPSI), where the X-axis represents the possible 
Holocene morpho-evolutive trends compared with the future morpho-evolutive trends, according to each 
IPCC scenario corrected with the local subsidence, and the Y-axis represents the possible recent morpho-
evolutive trends taking into account the values of the end point rates (EPR) and of the local vertical ground 
movements.  

 

  



 

Figure 3 – Method for the evaluation of the likelihood that such morpho-evolutive trend can occur under a 
specific IPCC scenario, calculated as the ratio between the portion of overlap area of each morpho-evolutive 
trend and the total overlapping area. 

 

  



 

 

Figure 4 – RSL curves of the studied coastal plains calculated using the model Errors in Variables Integrated 
Gaussian Process (EIV IGP, Cahill et al., 2015) that performs Bayesian inference on historical rates of sea-level 
change. 

  



 

Figure 5 - Holocene curves of RSLR rates calculated using the model Errors in Variables Integrated Gaussian 
Process (EIV IGP, Cahill et al., 2015), with the time intervals of the different Holocene evolution phases (X-
axis, blue area is retreat, grey area is equilibrium and yellow progradation) lived by the studied plains and 
the local RSLR rates (Y-axis) expected for the next decades (up to the year 2100) calculated taking into 
account different IPCC predictive scenarios (yellow circle for SSP2-4.5, orange circle for SSP3-7, red circle for 
SSP5-8.5) corrected with the present local coastal VGMs rates (https://egms.land.copernicus.eu/).  
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Figure 6 – Coastal sensitivity of the studied coastal plains according to the proposed methodology. 
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