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Abstract

:

Climate change impacts on social and economic assets and activities are expected to be devastating. What is as important as the analysis of climate change triggered events is the analysis of a combination of climate change related events and other natural hazards not related to climate change. Given this observation, the purpose of this study is to present a coastal risk analysis for potential earthquake triggered tsunamis (ETTs) coupled with the sea level rise (SLR) in the Eastern Mediterranean Sea. For this purpose, extensive stochastic analysis of ETTs, which are not related to climate change, are conducted considering the effects of climate change related SLR projections for this century. For the combined analysis, economic and social risks are evaluated for two regions in the Eastern Mediterranean Coastline, namely the Fethiye City Center at the Turkish Coastline and the Cairo Agricultural Area near Egypt. It is observed that ignoring SLR will hinder realistic evaluation of ETT risks in the region. Moreover, spatial evaluations of economic and social risks are necessary since topography and proximity to the earthquake zones affect inundation levels due to ETTs in the presence of SLR.
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1. Introduction


Tsunamis are rare but catastrophic events which may have long or short-term return periods and may cause significant damage especially when they occur due to deep sea high intensity earthquakes [1]. ETTs have resulted in mass casualty and economic destruction for the exposed countries throughout the history and also within the recent years [2]. Therefore, reliable tsunami risk assessment (TRA) studies are vital for the affected regions to take effective mitigation measures and adaptation strategies. Researchers have proposed various risk assessment approaches for TRA, in the past decade [3]. The two approaches that are used in the literature may be identified as: (i) the scenario-based deterministic approach and (ii) the probabilistic approach. In the scenario-based approach, the hazard and risk of credible worst-case scenario(s) are evaluated based on a few critical cases [3,4]. For the probabilistic approach of TRA, the most commonly used alternative is the stochastic generation of ETTs based on historical earthquakes, followed by wave propagation analysis which is followed by hazard and risk analysis of the outcome at the coastline [5,6,7,8,9,10]. Independent of ETTs, global warming, which is a long term event, is expected to result in an accelerated increase in SLR [11,12]. This may lead to higher risk of inundation of low-lying coastal areas [13]. Consequently, damages due to coastal floods are expected to increase significantly during the 21st century and beyond, as sea level rises, making socio-economic damages in coastal regions more prevalent [14]. Various studies have been conducted in the last two decades to evaluate, understand and develop management strategies and adaptation measures for risks due to SLR. Nicholls et al. [15] studied the risk of flooding within the coastal flood plain due to SLR. They concluded that SLR without adaptation measures will cause significant flooding impacts at coastal zones in southern Mediterranean that are found to be particularly vulnerable to SLR. Purvis et al. [16] carried out risk assessment of future coastal flooding to estimate the monetary loss at the UK coast in Somerset considering a given uncertainty over possible SLR. Hauer et al. [17] estimated the number of people at risk of inundation due to SLR accounting for the ongoing population growth. The starting point of these risk assessment studies is the estimation of SLR over decades, which is studied extensively in the literature [18,19,20,21,22,23,24]. These studies employ well established and robust methods, outcomes of which support similar observations. According to these studies, the expected global SLR will be inevitable over the century. More recently, similar estimates are also provided for spatial variation of SLR over various regions of World’s oceans [25]. Along this line of work, SLR estimates (0.00–0.4518 m) for the Mediterranean Sea is also reported in [26].



The hazard and risk analysis of ETTs should also be investigated in combination with other ocean or sea-based events like climate change-related SLR which have similar long return periods. One should also recognize that due to SLR, depth to sea surface also changes and this affects the wave generation and propagation of the ETT waves towards the shore. Simultaneous evaluation of SLR and ETTs is rare in the literature. Dall’Osso et al. [27] performed a Probabilistic Tsunami hazard Assessment (PTHA) for Sidney, Australia. Method for Splitting Tsunamis (MOST) model generated by NOAA was used to simulate 36 ETTs with different annual probabilities and SLR conditions. They concluded that tsunami hazard is dramatically increased due to higher SLR conditions. Li et al. [28] conducted a study on the rate of change of tsunami hazard by means of SLR for Macau, China. Probabilistic tsunami inundation maps were developed under different SLR conditions as, current, 0.5 m rise by 2060, and 1.0 m rise by 2100. The research revealed that SLR can cause a significant increase in the frequency of tsunami inundations which will be doubled and tripled for 2060 and 2100, respectively. Nagai et al. [29] worked on a tsunami risk hazard on the number of affected people living in Tokyo Bay, Japan. The results obtained from the study showed that up to 1.0 m SLR will not significantly affect the current living conditions for the residential areas around Tokyo bay. However, SLR affected ETTs can be hazardous for the inhabitants in the future, according to the research. To the best of our knowledge, social and economic risks due to ETTs have not been evaluated in the literature considering the combined effects of SLR. Since ETTs will be experienced in the presence of climate change triggered SLR in the future, it is useful and necessary to evaluate the combined coastal risks especially for low lying regions. The goal of this study is to develop a methodology to estimate the aggregate risk due to ETTs in the presence of SLR and Fethiye City Center, which is one of the most popular touristic destinations on the Turkish Mediterranean Coastline, and the Cairo Agricultural Area, known as the hearth of agricultural activities and located in the coastal areas of Egypt, which are selected as case study sites to demonstrate the proposed approach (Figure 1).



ETT simulations are conducted using NAMI-DANCE software [30]. To include potential SLR effects, the bathymetry of Mediterranean Sea is updated for each future simulation year (i.e., 2020, 2040, 2060, 2080 and 2100) based on SLR estimates and ETT risks are calculated using the updated bathymetries. Results of the simulations show that the contribution of the SLR related to climate change to ETTs depends on the coastal topography and increased risk levels are expected when both events are simultaneously considered in risk analysis.




2. Methodology


The approach used in this study falls under the category of probabilistic approaches since a large number of random earthquakes based on historical records in the region are generated using the Monte Carlo (MC) method. Through MC simulations, inundation level versus exceedance probability curves are formed using the wave propagation analysis for the Eastern Mediterranean as demonstrated in [24,31]. At this step, it should be noted that the waves generated by all random earthquakes are included in the risk assessment study disregarding the magnitudes of randomly generated earthquakes. Thus, low magnitude earthquakes that generate small amplitude waves together with high magnitude events that generate tsunami waves are collectively modeled in estimating the exceedance probabilities of inundations at the coast. Next, social and economic consequences/damages (i.e., social damage is evaluated in terms of number of people that will be affected and economic damage is evaluated in terms of monetary loss that will occur in the selected region) corresponding to various inundation levels are estimated and exceedance probability versus damage relations are obtained. Finally, social and economic risks are calculated by simultaneously evaluating the occurrence probabilities and associated damages. This procedure is carried out for a set of selected future simulation years which are associated with different SLR levels in the Eastern Mediterranean Sea. This approach provides a realistic temporal and spatial representation of ETTs in the region.



The general framework of the study is shown in Figure 2. The study is composed of two parts, namely (i) SLR predictions using dynamic system model with spatial SLR analysis capability (S-DSM), and (ii) TRA of ETTs in the presence of SLR analysis through MC simulations. Details of each part are explained in the following sections.



2.1. SLR Predictions Using S-DSM


Aral and Chang [26] modeled spatial variation of SLR due to climate change at Atlantic and Mediterranean coastline using the principal dynamic system methodology described in [18]. The outcome of that study included the observed data and model predictions of SLR for the Indian, Pacific, and Atlantic Oceans and the Mediterranean Sea. The rate of change of sea level and sea surface temperature (SST) in the Mediterranean Sea is projected within a 90% confidence interval from the 2000 to 2100 (Figure 3).



Aral and Chang [26] predicted the future SLRs in the Mediterranean Sea from 2020 to 2100 as shown in Table 1. The sea level in 2020 is assumed as the datum and the future predictions are provided based on this datum.




2.2. Risk Assessment Analysis of ETTs Through MC Simulations


The earthquake catalogue compiled by EU funded project TRANSFER (Tsunami Risk and Strategies for the European Region) [32] is used to generate the Earthquake Data Set (EDS) for this study. EDS is composed of 523 historical earthquakes that originated in the Eastern Mediterranean Sea during the 1900–2013 period [24]. These historical earthquakes are used to generate the probability density functions (PDFs) that are used in the MC simulations. Thus, 1000 MC simulations are conducted in this study as it is suggested by [33] that this number of simulations will provide a reliable economic and social risk estimate for the region. The MC simulation framework used in this study is given in Figure 4.



As mentioned earlier, the first EDS is compiled from the TRANSFER project [32]. Moment magnitude (   M w   ) and   F o c a l   d e p t h   are defined as the independent parameters of the earthquake source and PDFs are assigned to    M w    and   F o c a l   d e p t h   using historical earthquakes of the EDS. Based on Kolmogorov–Smirnov goodness-of-fit tests, normal and gamma distributions are selected for    M w    and   F o c a l   d e p t h  , respectively. Randomly-generated earthquake sources are constructed by sampling from EDS and using its location, strike, dip and rake angles.    M w    and   F o c a l   d e p t h   of the earthquake source are sampled from their PDFs and the rest of the source parameters (i.e., fault length ( L ), fault width ( W ), and displacement ( D ) are calculated using empirical equations provided by Hanks and Kanamori [34] and Wells and Coppersmith [35]. The empirical equations used in this study are [34]:


   M 0  = µ L W D ,  



(1)




where    M 0    is the seismic moment,  µ  is the shear modulus of the crust,  L  is the fault length,  W  is the fault width, and  D  is the displacement.


   M w  =  2 3  log  (   M 0   )  − 10.7 ,  



(2)







Wells and Coppersmith [35] proposed the following equations to calculate  L  and  W  for the all-slip-type regression analysis. The equations are:


   M w  = 4.38 + 1.49 l o g  ( L )  ,  



(3)






   M w  = 4.06 + 2.25 l o g  ( W )  ,  



(4)








2.3. ETT Simulations


To carry out ETT simulations, the bathymetry of the Eastern Mediterranean Sea having 405 × 405 m grid size is generated using GEBCO centenary edition [36]. Then the bathymetry is updated using the SLR predictions for 2020, 2040, 2060, 2080, and 2100 (Table 1).



ETT wave heights are determined using NAMI-DANCE software. The model uses the finite difference method and the shallow water equations bounded by the sea surface and the bottom topography to carry out the generation and propagation of ETT waves. Shallow water equations precisely describe the ETT wave propagation with long wave assumption. The equations consist of the combination of continuity and momentum equations without considering Coriolis, frictional, or viscous forces.



A thousand MC simulations are conducted to obtain inundation levels due to ETTs at Fethiye City Center and the Cairo Agricultural Area for each of the future years given in Table 1. Since the grid size of the bathymetry is prohibitively coarse to obtain inundation levels at the selected locations, gauges are digitized at 50-meter water depth to record non-breaking ETT wave height. Then Green’s law [37] is used to carry recorded ETT wave height to the coast. Løvholt et al. [38,39] used a similar method to carry ETT waves from 50-meter water depth to 0.5-meter water depth at the coast and they concluded that reliable results were obtained according to their investigations. In this study, following a similar approach, ETT wave height at 1 m water depth (i.e., coastline) is estimated using Green’s law [36,37]:


     H 1     H  50     =    (     d  50      d 1     )     1 4    ,  



(5)




where    H  50     and    H 1    are the ETT wave heights at 50 m and 1 m water depths, respectively and    d  50     and    d 1    are 50 m and 1 m water depths, respectively. In order to calculate inundation levels at Fethiye City Center and the Cairo Agricultural Area, the ETT wave height at the coastline is assumed to inundate all the connected land below this altitude at the coast and the inundation level is assumed to be equal to the ETT wave height at the coastline. Wave impact analysis is not considered in this study.




2.4. Economic and Population Growth Rate Projections


In this study, cumulative risks (i.e., ETTs in the presence of SLR) are calculated till 2100. The number of people affected and monetary loss experienced due to inundation caused by ETTs are used as consequences of social and economic risks, respectively. In order to realistically estimate changes in the population and monetary values at the selected case study sites, annual gross domestic product (GDP) growth rate, which is used as the indicator of annual economic growth rate (EGR), and annual population growth rate (PGR) values are compiled from World Bank, [40,41] and projections for future years for Egypt and Turkey are obtained using regression analysis. Compiled annual EGR and PGR data from World Bank [40,41] and their projections for Egypt and Turkey are shown in Figure 5a,b and Figure 6a,b, respectively. Both EGR and PGR oscillate through the years, however Figure 5 and Figure 6 show that the values are not constant. Thus, although the correlation coefficients are small, fitted regression lines demonstrate the trends in EGR and PGR, and thus they are used in this study.




2.5. Economic Risk Assessment


Economic risk is calculated using economic damage (  € /  m 2   ) and its corresponding occurrence probabilities which are calculated through MC simulations. Economic damage (  € /  m 2   ) is a function of the inundated area and type of land use, and here, it is estimated using the approach developed by Huizinga et al. [40]. In this study, we estimated cumulative economic risk due to SLR and ETTs for years   2020 ,   2040 ,   2060 ,   2080 ,     and   2100  . To consider the SLR effect, first the bathymetry of the study area is updated for each future year, then 1000 ETT simulations are reconstructed with the updated bathymetry. For the year  t  and for inundation level  i , the economic damage (  € /  m 2   ) is estimated using the following equation (modified from [24]):


  E  D  t , i   =  C i   D  m a x , t      A  t , i   ,  



(6)




where  t  is the index for the year and   t = 2020 ,   2040 ,   2060 ,   2080 ,   2100  ,  i  is the index for inundation level and   i = 0.25 , .. ,   4 ,   5 ,   6   m   (between 0 and 6 m, 0.25 intervals are used),   E  D  t , i     is the economic damage ( € ) for inundation level  i  and for year  t ,    D  m a x , t     is the maximum damage value (  € /  m 2   ) for the existing land-use at country level at year  t  and    A  t , i     is the inundated area for inundation level  i  and for year  t ,     C i    is the depth-damage function obtained from Huizinga et al. [42] that specifies what ratio of the maximum damage occurs for inundation level  i . It should be noted here that maximum damage values in 2010 prices for residential and agricultural areas of Turkey and Egypt are obtained from Huizinga et al. [42] and are projected to future years using EGRs.



For each year, the 1000 MC database is used to conduct wave propagation for the updated bathymetry to determine the PDFs of inundation levels. Then, Equation (6) is used to calculate the associated economic damage for each inundation level. These are used to construct exceedance probability-economic damage curves for each of the future simulation year,  t . Finally, economic risk at year  t  is calculated by integrating the area under exceedance probability–economic damage curve of that year (modified from [43]):


  R i s  k t  E c o n o m i c   =   ∑ ∆  P t    E  D  t , i    ¯  ,  



(7)




where   ∆  P t      is the probability of the interval between two exceedance probabilities  j  and   j − 1   for year  t ,     E  D  t , i    ¯    is the mean of the projected economic damages corresponding to these two exceedance probabilities for year  t ,     E  D  t , i    ¯  =   1    2   [  E  D  t , j   + E  D  t ,   j − 1    ]   .




2.6. Social Risk Assessment


A similar approach with that of the economic risk assessment is used to calculate social damage for each future year. Although very complex methodologies have been proposed in the literature to evaluate ETT risks [44] a simpler approach to estimate social risk is implemented here. In this study, injuries due to inundation are taken as the consequence of the social risk. The minimum inundation level which will cause injuries is taken as 0.5 (m) in this study based on a literature review [45,46,47]. In calculating the social risk, we assumed that population is uniformly distributed throughout the inundated area. The total number of people located within the area where wave height reaches 0.5 m or higher is taken as the consequence of the social risk.



Social damage for year t and inundation level  i ,   S  D  t , i     is calculated as follows:


  S  D  t , i   =  {      0                                                                             f o r                   i < 0.5   m                                   ∑ N  P  t , i    C  v u l                                       f o r                       i ≥ 0.5   m                               ,  



(8)




where   N  P  t , i     is the projected number of people for year  t  found in the inundated areas corresponding to the inundation level  i ,    C  v u l     is the vulnerability coefficient. The projected total number of people (  N  P  t , i    ) found in the inundated areas of selected regions for inundation level  i  is calculated using the projected PGR, population density of the country, and the inundated area as follows:


  N  P  t , i   = P G  R t   p d   A  t , i   ,  



(9)




where   P G  R t    is the population growth rate of the country where the selected region is located for year  t ,    p d    is the population density of the selected region at 2018 obtained from CIA [48] and    A  t , i     is the inundated area for inundation level  i  and year  t .



In order to estimate the social risk, vulnerability of people is also taken into consideration. Commonly used vulnerability indicators, i.e., gross domestic product (GDP) per capita (in $), literacy rate, and age class, are compiled from various sources [40,48,49] and used in this study. In addition to these three vulnerability indicators, tsunami awareness,    n   is identified as an important vulnerability factor in the literature. Thus,  n  is also included into the social risk calculations as one of the vulnerability indicator [24,31]. The vulnerability coefficient,    C  v u l     is calculated by taking the inverse of the average of normalized vulnerability indicators (with 2018 values) given in Table 2. The details of the calculations can be found in [24,31].



The social risk is calculated for year  t  by integrating the area under the exceedance probability versus number of injured people curve of that year:


  R i s  k t  S o c i a l   = i f    {        0                                                   f o r               i < 0.5   m       ∑ ∆  P t    S  D t   ¯                          f o r         i ≥ 0.5   m       ,  



(10)




where  i  is the inundation level,   R i s  k t  S o c i a l     is the social risk for year t,   ∆  P t  =  |   P j  −  P  j − 1    |    is the probability of the interval between two exceedance probabilities  j  and   j − 1   for year  t , and     S  D t   ¯  =   1    2   [  S  D j  + S  D  j − 1    ]    is the mean social damage corresponding to these two exceedance probabilities for year  t . For inundation levels at the coast below 0.5 m, social risk assumed to be 0.





3. Results and Discussions


In this study, potential economic and social risks due to ETTs are progressively analyzed over the century with and without considering the climate change induced SLR for Fethiye City Center and the Cairo Agricultural Area. Future economic and social risks presented in this section demonstrate changes in the consequences (i.e., number of people that will be affected and monetary loss that will occur at the selected region for social and economic consequences, respectively) due to ETTs in the presence of SLR together with the projected changes in EGR and PGR. We believe that although local dynamics are ignored (for example country level PGR and EGR values are used) due to very large temporal and spatial domains considered in this study, relative changes in social and economic ETT risks in the presence of SLR are reasonably predicted.



Comparison of inundation levels generated through MC simulations as a function of    M w    for Fethiye City Center and the Cairo Agricultural area with the previous time period are given in Figure 7 and Figure 8, respectively. Since the inundation levels obtained from earthquakes with    M w  < 6.5   are negligibly small, they are not shown in Figure 7 and Figure 8. It can be observed from the simulation results that inundation levels increase due to SLR both at Fethiye and Cairo.



TRA for ETTs, SLR, and ETTs+SLR are performed and the results for Fethiye City Center and the Cairo Agricultural Area are shown in Figure 9 and Figure 10, respectively. In Figure 9a,b, changes in economic risk only for ETTs, demonstrated by blue cylinders, represent the impact of EGR on economic risk. Similarly, in Figure 10a,b, change in social risk only for ETTs – demonstrated by blue cylinders – represent the impact of PGR on social risk. Economic risks increase for all future years for both selected regions as shown in Figure 9a,b, respectively. Predicted change in sea level which reaches half a meter by 2100 (Table 1) has significantly affected economic risk level for both Fethiye City Center and the Cairo Agricultural Area. It should be emphasized that economic risks due to SLR demonstrate the effect of increased inundations at Fethiye and Cairo together with increased maximum damage values estimated using EGRs. Consideration of ETTs and SLR events together leads to a high level of economic risks for both regions and, as can be seen in Figure 9a,b, the increase in economic risk is mainly due to SLR at both regions, although ETTs effects also increase this risk further.



Social risks due to ETTs and SLR increase for all future years for Fethiye City Center and the Cairo Agricultural Area are shown in Figure 10a,b, respectively. A minor oscillation in social risk for Fethiye City Center can be observed due to a decrease in the projected PGR for 2080 and 2100, as shown in Figure 10a.



A comparison of economic risks at Fethiye due to SLR and ETTs+SLR is given in Table 3 and Table 4, respectively. For Fethiye, the social risks due to SLR and ETTs+SLR are given in Table 5 and Table 6, respectively.



From the results given in Table 3, Table 4, Table 5 and Table 6 the following observations can be made. Since 2020 is chosen as the base year, ER in 2020 is zero when only SLR is considered and in 2040, ER increases to 30.16 (i.e., almost 3000% increase) (Table 3). ER due to SLR doubles from 2040 to 2060; then increases tenfold until 2100 (first column of Table 3). Although numerically smaller ERs occur due to ETTs, the trend is very similar; ER doubles from 2040 to 2060 and increases tenfold until 2100 (first column of Table 4). Consequently, ER due to SLR+ETTs follows the same behavior while the risk is mainly governed by the SLR effect. Impact of SLR on ER for each investigated future year at Fethiye is given in the last column of Table 4. For example, in 2040, ER due to ETTs is 4.38 while it is 32.55 due to SLR+ETTs, which corresponds to an increase of over 600%. This value reaches over 1600% in 2100. To realistically evaluate ERs due to ETTs and devise necessary mitigation measures at Fethiye, the effect of SLR has to be taken into consideration.



When only SLR is considered, until 2080, the inundation level at Fethiye does not reach 50 cm (minimum water level which is assumed to cause injury); thus SR is zero (1st column of Table 5). In 2080 and 2100, inundation level exceeds 50 cm causing SR. But as can be seen from Figure 6b PGR has a negative slope and around 2080, the population is predicted to start decreasing. Thus, the SR due to SLR decreases slightly from 2080 to 2100 due to the decrease in the population. Trend of PGR causes SR at Fethiye due to ETTs to increase slightly until 2080 and decreases in the last 20 years (first and fourth columns of Table 6). When SLR is simultaneously considered with ETTs, the SR in each of the investigated future year increases considerably (i.e., 13.86–7075.04% as given in the last column of Table 6). Relative to risk levels in year 2020 the bi-decadal increase in SR at Fethiye is in the range 22.46–41.95% with ETTs only and with SLR the range is 72.72–8360.87% which again shows that the SLR is adversely affecting the SR in the region.



The economic and social risks due to SLR and ETTs+SLR for Cairo are given in Table 7 and Table 8; and Table 9 and Table 10, respectively. Comparison of Table 3 and Table 7 show that ERs due to SLR at Fethiye and Cairo show similar behavior. By 2100, ER due to SLR at Fethiye reaches around 700 while at Cairo it a little higher, reaching 900. The situation is reversed for ER due to ETTs. While ER due to ETTs reach around 25 at Cairo, it exceeds 40 at Fethiye (first columns of Table 4 and Table 8). Since ER is governed by the SLR effects, comparison of ERs due to ETTs in the presence of SLR (ETTs+SLR) show similar behavior and combined ER for Fethiye and Cairo will become around 700 and 900, respectively (second columns of Table 4 and Table 8). On the other hand, SR due to both SLR and ETTs at Cairo are much higher than those observed at Fethiye. By 2100, SR due to SLR is around 4700 at Fethiye while it reaches over ten million. Similar to ER, since SR is governed by SLR, combined social risks (ETTs+SLR) are similar to those obtained for SLR.



From the results given in Table 7, Table 8, Table 9 and Table 10 the following observations can be made. The change in ER due to SLR at Cairo is in the range 0.00–85,669.62% (last column of Table 7). This is a flat land and the risk level is mainly a function of SLR and flat topography. ER due to SLR increases less than 40% from 2040 to 2060, then increases six-fold until 2100 (first column of Table 7). Numerically smaller ERs occur due to ETTs and although the trend is very similar from 2040 to 2060, the increase until 2100 is less than twofold (first column of Table 8). Since numerical values of ERs due to SLR are much larger than those due to ETTs, ER due to SLR+ETTs is mainly governed by the SLR effect at Cairo and ETT effects are minor. Relative to risk levels in year 2020, the bi-decadal economic risk for ETTs only, at Cairo is in the range 49.07–198.45% and with SLR risk level fluctuates in the range 1219.04–10,528.60% (6th and 7th columns of Table 8, respectively). This again indicates that SLR effects on ER are larger than those of ETT effects. The other reason for minor ETT effects is the distance between the main earthquake zone and the Cairo Agricultural Center region. This distance was very small for the Fethiye region, which amplified the ETTs effects of risk. The bi-decadal ER for SLR+ETTs at Cairo fluctuates in the range of 18.57–1219.04% while for only ETTs the range is 15.85–49.07%. Topography of the site is the influencing factor at Cairo and inundated agricultural land increases significantly due to SLR.



Similar to Fethiye, for Cairo, the inundation level does not exceed 50 cm until 2080 causing no SR due to only SLR (1st column of Table 9). In 2080 and 2100, inundation level exceeds 50 cm causing SR. As shown in Figure 7b, although the PGR has a negative slope for Cairo, the population will keep on increasing till 2100 and the SR due to SLR increases as well. Again due to the PGR trend, the SR due to ETTs increases with decreasing rates (2nd and 4th columns of Table 10). Relative to risk levels in year 2020, the increase in bi-decadal SR with SLR+ETTs at Cairo is extremely high (i.e., 90.88–90496.08% as given in the 7th column of Table 10), while it is much lower for only ETTs (i.e., 41.45–199.95% as given in the 6th column of Table 10). When SLR is considered, the SR in each of the investigated future year increases considerably (i.e., 34.95–30,104.16% as given in the last column of Table 10). This outcome supports increased inundation levels due to topography effects.




4. Conclusions


Studies on climate change indicate that SLR will be experienced in the Mediterranean in the future. Thus studying effects of SLR on the consequences of natural hazards such as ETTs is important. In this study, a comprehensive analysis is conducted for the progressive risk evaluation of ETT hazards in the Eastern Mediterranean Sea in the presence of SLR. ETT simulations are conducted with NAMI-DANCE software using updated bathymetries according to predicted SLRs for future years.



Climate change related SLR and potential ETTs are analyzed simultaneously to evaluate coastal risks at Fethiye City Center and the Cairo Agricultural Area. Results show that majority of both economic and social risks occur due to SLR. Thus, for realistic estimations of risks, ETTs have to be evaluated together with SLR.



Results of the simulations show that ER due to ETTs at Fethiye and Cairo are not the same. The Fethiye region, due to its proximity to the major earthquake zone in the Eastern Mediterranean is affected more from ETTs (1676% increase in ER by 2100 relative to 2020) compared to Cairo. The increase in ER due to ETTs by 2100 at Cairo is less than 200% relative to 2020.



The interesting outcome is that as the SLR increases over the years both economic and social risks drastically increase at the Cairo site due to the flat topography of the region and relatively wider regions being inundated over the years. Although the effect of SLR at the Fethiye site is similar, it is not as pronounced.



Social risk level decreases due to SLR and SLR+ETTs for Fethiye City Center due to a decrease in PGR from 2080 to 2100. However, relative to 2020, SR due to SLR+ETTs at Fethiye and Cairo increases almost 90 and 900 fold, respectively. In conclusion, SLR effects extremely influence the economic and social risks at both sites. But this influence does not show the same trend at both sites. Topography of the region, proximity to the earthquake zones, economic growth rates, and population levels are other factors that need to be considered in this analysis, as is done in this study.
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Figure 1. Considered areas for Fethiye City Center, Turkey and Cairo Agricultural Area, Egypt. 
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Figure 2. Flowchart of the methodology. 
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Figure 3. The rate of change of sea level and sea surface temperature projections in the Mediterranean Sea [26]. 
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Figure 4. Flowchart for the application procedure of MC simulations [24]. 
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Figure 5. (a) Economic Growth Rate and (b) Population Growth Rate of Egypt [40,41]. 
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Figure 6. (a) Economic Growth Rate and (b) Population Growth Rate of Turkey [40,41]. 
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Figure 7. Comparison of the calculated inundation levels with the previous time period for Fethiye City Center, Turkey. 
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Figure 8. Comparison of the calculated inundation levels with the previous time for the Cairo Agricultural Area, Egypt. 
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Figure 9. Projected economic risk values for (a) Fethiye City Center, Turkey and (b) the Cairo Agricultural Area, Egypt. 
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Figure 10. Projected social risk values for (a) Fethiye City Center, Turkey and (b) the Cairo Agricultural Area, Egypt. 
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Table 1. SLRs [26].
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	Year
	SLR (m)





	2020
	0



	2040
	0.0768



	2060
	0.1738



	2080
	0.2965



	2100
	0.4518
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Table 2. Vulnerability coefficients for Egypt and Turkey [24,31].
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Vulnerability Indicators

	

	
     C  v u l      




	
Country

	
GDP ($) *

	
Literacy Rate **

	
Age Class *** (<65)

	
N ****






	
Egypt

	
3478

	
0.74

	
0.96

	
1

	
1.91




	
Turkey

	
10,863

	
0.96

	
0.93

	
2

	
1.46








* [40] ** [48,49] *** [48,49] **** [24,31].
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Table 3. Economic Risks (ER) at Fethiye due to Sea Level Rise (SLR).
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	Year
	ER

Due to SLR
	Increase in ER (%)
	Increase in ER Relative to 2020 (%)





	2020
	0.00 *
	-
	-



	2040
	30.16
	2916.38
	2916.38



	2060
	60.43
	100.34
	5943.06



	2080
	311.48
	415.43
	31,047.82



	2100
	688.20
	120.95
	68,719.58







* Economic risk at 2020 is zero since it is considered as the base year. To be able to calculate percent increases it is taken as 1.0.
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Table 4. Comparison of Economic Risks (ER) at Fethiye due to Earthquake Triggered Tsunami (ETTs) and Sea Level Rise (SLR).
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	Year
	ER Due to ETTs
	ER Due to SLR+ETTs
	Increase in ER Due to ETTs (%)
	Increase in ER Due to SLR+ETTs (%)
	Increase in ER Due to ETTs Relative to 2020 (%)
	Increase in ER Due to SLR+ETTs Relative to 2020 (%)
	Change in ER Due to SLR (%)





	2020
	2.30
	2.30
	-
	-
	-
	-
	0.00



	2040
	4.38
	32.55
	90.74
	1316.33
	90.74
	1316.33
	642.56



	2060
	8.78
	66.01
	100.34
	102.82
	282.13
	2772.60
	651.74



	2080
	18.48
	320.94
	110.40
	386.18
	704.01
	13,866.11
	1637.06



	2100
	40.82
	717.51
	120.95
	123.57
	1676.42
	31,123.43
	1657.66
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Table 5. Social Risks (SR) at Fethiye due to Sea Level Rise (SLR).
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	Year
	SR Due to SLR
	Increase in SR (%)
	Increase in SR Relative to 2020 (%)





	2020
	0.00 *
	-
	-



	2040
	0.00 *
	-
	-



	2060
	0.00 *
	-
	-



	2080
	4947.82
	0.00
	0.00



	2100
	4679.99
	−5.41
	467,898.55







* Social risks at 2020, 2040 and 2060 are zero. To be able to calculate percent increases it is taken as 1.0.
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Table 6. Comparison of Social Risks (SR) at Fethiye due to Earthquake Triggered Tsunami (ETTs) and Sea Level Rise (SLR).
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	Year
	ER Due to ETTs
	ER Due to SLR+ETTs
	Increase in ER Due to ETTs (%)
	Increase in ER Due to SLR+ETTs (%)
	Increase in ER Due to ETTs Relative to 2020 (%)
	Increase in ER Due to SLR+ETTs Relative to 2020 (%)
	Change in ER Due to SLR (%)





	2020
	49.17
	55.98
	-
	-
	-
	-
	13.86



	2040
	60.21
	96.69
	22.46
	72.72
	22.46
	72.72
	60.59



	2060
	67.67
	147.89
	12.40
	52.96
	37.64
	164.20
	118.55



	2080
	69.79
	4991.85
	3.13
	3275.27
	41.95
	8817.40
	7052.83



	2100
	66.01
	4736.29
	−5.41
	−5.12
	34.26
	8360.87
	7075.04
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Table 7. Economic risks (ER) at Cairo due to Sea Level Rise (SLR).
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	Year
	ER Due to SLR
	Increase in ER (%)
	Increase in ER Relative to 2020 (%)





	2020
	0.00 *
	-
	-



	2040
	105.83
	10,483.47
	10,483.47



	2060
	145.10
	37.10
	14,410.11



	2080
	740.36
	410.24
	73,936.05



	2100
	857.70
	15.85
	85,669.62







* Economic risk at 2020 is zero since it is considered as the base year. To be able to calculate percent increases it is taken as 1.0.
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Table 8. Comparison of Economic Risks (ER) at Cairo due to Earthquake Triggered Tsunami (ETTs) and Sea Level Rise (SLR).
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	Year
	ER Due to ETTs
	ER Due to SLR+ETTs
	Increase in ER Due to ETTs (%)
	Increase in ER Due to SLR+ETTs (%)
	Increase in ER Due to ETTs Relative to 2020 (%)
	Increase in ER Due to SLR+ETTs Relative to 2020 (%)
	Change in ER Due to SLR (%)





	2020
	8.39
	8.39
	-
	-
	-
	-
	0.00



	2040
	12.51
	110.69
	49.07
	1219.04
	49.07
	1219.04
	784.85



	2060
	17.15
	157.81
	37.10
	42.58
	104.38
	1780.63
	820.18



	2080
	21.62
	752.20
	26.05
	376.64
	157.62
	88,63.91
	3379.54



	2100
	25.04
	891.89
	15.85
	18.57
	198.45
	10,528.60
	3461.31
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Table 9. Social risks (SR) at Cairo due to Sea Level Rise (SLR).






Table 9. Social risks (SR) at Cairo due to Sea Level Rise (SLR).





	Year
	SR Due to SLR
	Increase in SR (%)
	Increase in SR Relative to 2020 (%)





	2020
	0.00 *
	-
	-



	2040
	0.00 *
	-
	-



	2060
	0.00 *
	-
	-



	2080
	8,503,066.20
	0.00
	850,306,520.44



	2100
	10,410,082.94
	22.43
	1,041,008,194.43







* Social risks at 2020, 2040 and 2060 are zero. To be able to calculate percent increases it is taken as 1.0.
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Table 10. Comparison of Social Risks (SR) at Cairo due to Earthquake Triggered Tsunami (ETTs) and Sea Level Rise (SLR).
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	Year
	SR Due to ETTs
	SR Due to SLR+ETTs
	Increase in SR Due to ETTs (%)
	Increase in SR Due to SLR+ETTs (%)
	Increase in SR Due to ETTs Relative to 2020 (%)
	Increase in SR Due to SLR+ETT Relative to 2020 (%)
	Change in SR Due to SLR (%)





	2020
	11,531
	11,531.4
	-
	-
	-
	-
	0.00



	2040
	16,311
	22,011.6
	41.45
	90.88
	41.45
	90.88
	34.95



	2060
	21,989
	78,137.3
	34.81
	254.98
	90.69
	577.60
	255.34



	2080
	28,252
	8,512,665
	28.48
	10,794.49
	145.00
	73,721.46
	30,031.35



	2100
	34,588
	1 × 107
	22.43
	22.72
	199.95
	90,496.08
	30,104.16
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