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Assessing Flood Risk Under Sea Level Rise and Extreme Sea
Levels Scenarios: Application to the Ebro Delta (Spain)
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"IMEDEA (UIB-CSIC), Esporles, Balearic Islands, Spain, ’Now at TU Delft, Delft, the Netherlands, 3Department of Physics,
University of the Balearic Islands, Palma, Balearic Islands, Spain

Abstract This study presents a novel methodology to estimate the impact of local sea level rise and
extreme surges and waves in coastal areas under climate change scenarios. The methodology is applied to
the Ebro Delta, a valuable and vulnerable low-lying wetland located in the northwestern Mediterranean
Sea. Projections of local sea level accounting for all contributions to mean sea level changes, including ther-
mal expansion, dynamic changes, fresh water addition and glacial isostatic adjustment, have been obtained
from regionalized sea level projections during the 21st century. Particular attention has been paid to the
uncertainties, which have been derived from the spread of the multi-model ensemble combined with sea-
sonal/inter-annual sea level variability from local tide gauge observations. Besides vertical land movements
have also been integrated to estimate local relative sea level rise. On the other hand, regional projections
over the Mediterranean basin of storm surges and wind-waves have been used to evaluate changes in
extreme events. The compound effects of surges and extreme waves have been quantified using their joint
probability distributions. Finally, offshore sea level projections from extreme events superimposed to mean
sea level have been propagated onto a high resolution digital elevation model of the study region in order
to construct flood hazards maps for mid and end of the 21st century and under two different climate
change scenarios. The effect of each contribution has been evaluated in terms of percentage of the area
exposed to coastal hazards, which will help to design more efficient protection and adaptation measures.

1. Introduction

Sea level rise (SLR) is one of the most adverse consequences of global warming (Nicholls & Cazenave, 2010),
posing one of the major threats for coastal regions. The Fifth Assessment Report (AR5) of the Intergovern-
mental Panel on Climate Change (IPCC) released in 2013 points out that sea level will continue to rise during
the 21st century and beyond, regardless the socio-economic scenario considered (Church et al., 2013). Con-
versely, the magnitude of this rise will largely depend on the coastal site location and on the amount of
greenhouse gases (GHG) emissions (Carson et al.,, 2016; Slangen et al.,, 2014, 2017). Despite few studies sug-
gest that some natural systems such as small coral reef islands are more resilient to SLR (Kench et al., 2006,
2015), unceasing anthropization and SLR acceleration point toward an inescapable increasing risk of coastal
hazards (Dangendorf et al., 2017).

The projected SLR due to increased GHG concentrations will submerge coastal low-lying areas and will also
increase the exposure of the coasts to extreme events such as high storm surges and large ocean waves
that cause sporadic floods. Although rare, those occasional inundations can be devastating, with negative
environmental and economic impacts, especially for unprepared areas (Batstone et al., 2013). The combined
effects of SLR and extreme marine events include the salinization of waters with the subsequent harming of
crops and habitats, the damage of infrastructures or strong erosion favoring reshaping and, eventually, the
loss of land (Brown et al., 2014). Additionally, all these processes are attenuated or intensified by vertical
land movements, which are more important than SLR in some regions (Woppelmann & Marcos, 2016). In
particular, most of world deltas are facing higher subsidence rates than absolute SLR (Ericson et al., 2006;
Syvitski et al., 2009), thus exacerbating coastal hazards.

Marine extreme events are the result of the combination of storm surges, tidal oscillations and ocean waves.
We will focus on the Mediterranean Sea, a micro-tidal environment in which the concern of extreme events
is associated to surges and waves extremes. The Mediterranean Sea is also the target of an extensive and
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strong ocean modeling community (e.g., Ruti et al.,, 2016); in this context, we take advantage from the avail-
ability of a unique set of regional storm surge and waves with high spatio-temporal resolution that includes
hindcast, control runs and climate scenarios of the 21st century.

All in all the present study integrates state-of-the-art information from ocean models with sea level observa-
tions in a novel workflow to provide the best possible assessment of mean SLR and marine extremes at local
scale. Offshore information is then projected onto the coast by computing the wave run-up (Stockdon et al.,,
2006). Here feedbacks with river flow and sediments are not analyzed, as the priority is to solve long-term and
extreme episodic sea level and wave variations. The accurate resolution of local climate forcing is critical, as it is
an input for all subsequent steps such as modeling of coastal erosion, studies of socio-economic impacts, or
the evaluation of other smaller-scale processes (Sanchez-Arcilla et al., 1996). The resulting information can be
used to create flood hazard maps for vulnerable coastal sites. In this sense, the degree of vulnerability is directly
related with the exposure to SLR, the probability of occurrence of an extreme event, and the risk of losing
human lives, damaging key infrastructures or other economical (e.g., tourism, trading, fishing, . ..) and environ-
mental impacts (Tessler et al,, 2015). Additionally it is plausible to think that the range and sophistication of pro-
tection and adaptation measures to be implemented by stakeholders are strongly limited by the regional
wealth. Therefore, it is expected that decision-makers will prioritize the adoption of contingency plans for the
most sensitive sites. Among them are: populated coastal cities, harbors, beaches, deltas and biological reserves,
to cite only a few. Coastal deltas are vulnerable regions that can be particularly exposed to experiment reshap-
ing processes induced by SLR (e.g.,, Van De Lageweg & Slangen, 2017). Therefore the Ebro Delta, a muddy dom-
inated delta located in the northwestern Mediterranean Sea, is considered an ideal site to apply the proposed
methodology. With around 50% of its 320 km? below 0.5 m, it is an extremely vulnerable system with an
intense anthropogenic pressure, a common characteristic of many other world deltas (Giosan et al.,, 2014).

A similar methodology combining mean SLR and extremes to the here proposed has been recently applied
to the coast of Germany by Arns et al. (2017). However, to our knowledge this is the first time that the con-
tribution of extremes has been solved in the Mediterranean Sea using high resolution projections and com-
bining mean SLR, the joint effect of extremes and vertical land movements. Besides, this study extends and
complements previous works already performed in the Ebro Delta that analyzed the risk of flooding under
different relative sea level rise scenarios (e.g., Alvarado-Aguilar et al., 2012; Fatori¢ & Chelleri, 2012; Genua-
Olmedo et al., 2016; Ibanez et al.,, 2014; Jiménez et al.,, 1997, 2017; Sanchez-Arcilla et al.,, 1996, 1998, 2008),
by considering mid-term sea level variability (seasonal and inter-annual) and a more accurate impact of
extremes. To conclude, a range of uncertainties is given for sea level rise induced by extreme events.

The manuscript is organized as follows: section 2 describes extensively the methodology and data used;
section 3 presents briefly the Ebro Delta; in section 4 flood hazard maps for Ebro Delta under climate
change scenarios are presented; and finally section 5 includes a discussion of the obtained results and main
conclusions of this study.

2, Study Area

With a subaerial surface of about 320 km? the Ebro Delta is one of the largest wetlands in the Mediterra-
nean region. It is located in the northwestern Mediterranean Sea/northeastern Spanish coast (see Figure 1,
bottom-right). It includes a National Natural Park with rich biodiversity hosting one of the largest popula-
tions of birds in Europe. Farming is at the core of the Ebro Delta economy with more than 75% of its area
dedicated to agriculture, and 65% focused on rice production (Genua-Olmedo et al.,, 2016). Additionally it is
a centre of several economic activities including the exploitation of salt marshes, fishing, hunting, and more
recently aquaculture and tourism (Fatori¢ & Chelleri, 2012; Sanchez-Arcilla et al., 1996).

The abrupt decrease in Ebro River sediments discharge, with 99% less sediments than at the beginning of
the 20th century (Rovira & Ibanez, 2007), has reversed the growing trend of the Ebro Delta surface during
the last centuries. The reason is the intensive construction of dams and water reservoirs. Presently there are
more than 170 active dams in Ebro river basin, with 96% of water of Ebro River basin fully regulated
(Jiménez et al.,, 2017). Thus, Ebro delta presents now a wave dominated coast with strong reshaping pro-
cesses. As an example, eroded sediments from delta beaches have formed the north and south spits (see
Figure 1) in the last 50 years indicating an intense longshore transport (Jiménez & Sanchez-Arcilla, 1993;
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Figure 1. Topography of Ebro Delta (see background color, in meters). Additionally in the bottom right plot the Ebro
Delta is positioned within the western Mediterranean Sea. The three blue stars near Ebro Delta indicate the position of
tide gauges used to estimate seasonal and inter-annual amplitudes.

Jiménez et al., 1997). For a further description of Ebro Delta formation and evolution the reader is referred
to, e.g., Maldonado (1972, 1986) and Sanchez-Arcilla et al. (1998).

The Ebro Delta is a suitable place to apply the methodology developed here since it shares common threats
with other coastal regions and, more specifically, with other deltas (Ericson et al., 2006; Giosan et al., 2014).
On one hand the lack of sediments is favoring land compaction resulting in a net subsidence average rate
of about 3 mm/year, considering the mean of the last 20 years (Pipia et al.,, 2016). Besides, the projected
construction of more dams and water reservoirs will likely aggravate the land sinking process. On the other
hand, mean SLR in the Mediterranean Sea is accelerating in the last decades with a trend about 2.6 =
0.2 mm/year since 1993 (Marcos et al., 2016). Overall it makes the Ebro Delta a vulnerable place with high
risk of surface loss and saltwater intrusion, and exposed to mid and long-term negative environmental,
social and economic impacts.

3. Data and Methods

3.1. Local Mean Sea Level Rise With Uncertainties

Yearly mean SLR for the area of interest is obtained from the last global IPCC projections (Church et al,
2013), available through the Integrated Climate Data Centre website hosted at the University of Hamburg
(http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.html). These mean SLR projections consist of gridded
1°x1° sea surface height (SSH) fields that include the following contributors: ocean dynamical changes,
global ocean thermal expansion, inverted barometer effect, melting land ice from Greenland, Antarctica
and glaciers, changes in land water storage and glacial isostatic adjustment (GIA). Projected changes in the
different mean SLR components are referred to the average of the period 1985-2005. Projections are avail-
able for Representative Concentration Pathways (RCP), RCP4.5 and RCP8.5 climate change scenarios.
Together with the ensemble average of each component also the multi-model ensemble spread is provided
in the form of 5% and 95% confidence intervals.
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To assess local mean SLR from global maps, we have selected the time series corresponding to the closest
grid point of each component to the study area (~1 km off the Ebro Delta coast), except for the ocean
dynamics contributor. In this case, the low spatial resolution of the ocean models used to derive the projec-
tions does not represent correctly the exchanges through the Strait of Gibraltar and prevents from using
the SSH fields in the Mediterranean Sea and any other marginal sea. Nevertheless, since at basin scale and
in the long term the Mediterranean sea level follows sea level changes in the nearby Atlantic Ocean (Jorda
& Gomis, 2013), we have thus extracted the time series averaged over the region of the Gulf of Cadiz and
taken them as representative of basin averaged ocean dynamical projections. The results are not sensitive
to the area chosen as far as it remains within the vicinity of Gibraltar. Uncertainties in the different compo-
nents have been combined as in Church et al. (2013).

The multi-model ensemble mean averages out internal model variability which means that it lacks seasonal
and inter-annual variability that contribute to higher/lower mean sea levels. We have accounted for this var-
iability as part of the uncertainties in the mean sea level projections. Seasonal and inter-annual variability
have been quantified on the basis of three in-situ tide gauges located close to the area of study (see stars in
the inset of Figure 1), namely L'Estartit (operated during the period 1 January 1989 to 1 January 2015),
Sagunt (1 January 2007 to 1 January 2014) and Barcelona (1 January 1993 to 1 January 2014). Monthly tide
gauge records were downloaded from the Permanent Service for Mean Sea Level (PSMSL) website (Holgate
et al., 2013). Original time series have been detrended. The seasonal signal has been extracted as the sum
of the annual and semiannual Fourier terms of detrended tide gauge records, whereas the inter-annual sig-
nal has been computed using a low-pass Lowess filter with a time span of 360 days. Seasonal and inter-
annual signals in this region are uncorrelated to each other, shown by the distribution of correlations
obtained using a random-phase perturbation (Ebisuzaki, 1997) (supporting information Figure S2). There-
fore, the uncertainty introduced by this variability has been computed as the linear sum of the annual
amplitude seasonal signal and the standard deviation of inter-annual time series. This uncertainty has been
finally added to that provided by the multi-model ensemble spread. The linear addition of both signals is
justified because we seek the maximum impact of natural variability for a given period.

3.2. Extreme Events

Marine extreme events arise from the interplay of surges, waves and astronomical tides. We neglect the latter
as tides are a small contributor in the Mediterranean Sea with values of the M, constituent of about 5 cm in
most of the basin (Tsimplis et al., 1995) and we thus consider only surges and waves. Numerical simulations of
storm surges over the Mediterranean Sea during the 21st century have been used to evaluate changes in the
extreme surges. These simulations are the same as those described in Marcos et al. (2011) and consist of a
hindcast run for the periods 1958-2001, a historical run forced with observed greenhouse gases concentrations
(1950-2000) and three projections under B1, A1B and B2 climate change scenarios for the period 2001-2100.
For completeness their characteristics are summarized here, although more details can be found in Marcos
etal. (2011) and Jorda et al. (2012). Numerical simulations are conducted using the HAMSOM model (Backhaus,
1985) in its barotropic version, run over the Mediterranean Sea with a spatial resolution of '/, in latitude and
!/ in longitude and forced with 6 hourly dynamically downscaled surface (10 m) atmospheric pressure and
wind fields provided by ARPEGE-v3 climate model (Déqué & Piedelievre, 1995). The same wind forcing fields
were used to generate wind-waves simulations with the numerical model WAM (WAMDI Group, 1988) run
over the Western Mediterranean basin with a spatial resolution of /.. As in the case of surges, the same set
of simulations and for the same periods were carried out, including a hindcast, a historical run and three cli-
mate change scenarios. More details on the model setup and forcing can be found in Martinez-Asensio et al.
(2013). Altogether a set of surge and waves simulations, consistent to each other, have been used.

The probability of reaching a determined flood level tends to be higher (or the return period smaller) when
surges and waves are correlated. In that case, if return periods of surges and waves are derived indepen-
dently they will tend to be overestimated, thus underestimating the real risk. On this basis, our methodol-
ogy takes into account that surge and significant wave height (H;) series can be significantly correlated,
resulting in an exacerbation of the return level (RL) or, equivalently, in a reduction of the return period.
Results from Wahl and Chambers (2014) in the US coasts suggest that an indicative (although nonconclu-
sive) rule is that the relationship between surge and H is significant at 90% level for Kendall
correlations > 0.2. This value is also confirmed in the case study after visual inspection of the simultaneous
surge and wave extremes. Hence, for correlated variables it is more appropriate to compute the joint return
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period. Hawkes et al. (2002) reviewed some methods to estimate the joint return period, mostly based on
the Monte Carlo simulation of design states of waves and water levels. Here we apply the theory of copulas
(Coles, 2001; Sklar, 1959), that have become very popular in recent years in climate studies, although they
have been used for long time. Copulas aim to reproduce the statistical structure of dependence between
two or more variables departing from best fitted univariate marginal distributions of probability. In particu-
lar, the relationship between an n-variate cumulative distribution function and a copula is defined as:

FX1.2. n (X1 y X2y e 7Xn)=C[FXw (X1)FX2(X2)a [ FXn (XH)L M

where C is the copula function that depends on the univariate marginal cumulative distributions Fx_(x,), be
ing x, uniformly distributed random variables.

Previous studies have used copulas to characterize rainfall/drought intensity and duration (e.g., De Michele
& Salvadori, 2003; Shiau, 2006), river and snow-melt flooding (e.g., Ozga-Zielinski et al., 2016; Reddy & Gang-
uli, 2012), extreme waves (de Waal and Van Gelder, 2005), sea storms (De Michele et al., 2007) and also for
the combination of surges and H; (e.g., Arns et al.,, 2017; Rueda et al,, 2016). There are several families of
copulas in the literature, being the most used the Archimedean and elliptical ones, or a combination of
them (for a more complete description of types of copulas the reader is referred to Nelsen (2006) and Salva-
dori et al. (2007)). One of the benefits of using copulas is that the joint return period is simply defined by
the copula itself and the time resolution of the data (Salvadori et al., 2011).

For the sake of clarity, the step by step description of the procedure followed to get the joint return period
of surges and H; via copulas is described below:

a. Selection of independent events. To avoid biased return levels only the independent relative maxima of
surges are included in the analysis. The highest values of Hy and wave peak period (T, within =6 hours
of the maximum surge are also retained to build the set of triads of (surge, H Tp). Independency
between events depends on the size and translation velocity of storms, but a typical value of 72 hours is
accepted for the Mediterranean Sea region (Marcos et al., 2009).

b. Selection of extreme events. Extreme events have been selected following the Peak Over Threshold (POT)
approach (Davison & Smith, 1990). Only those triads of independent events of (surge, H,, T,) whose values
of surge are over a predefined threshold are retained. This threshold must be chosen to, on the one hand,
provide a number of events large enough to ensure statistical robustness and, on the other, to represent
actual extreme events. In order to find a well suited threshold many sensitivity tests can be performed
(Coles, 2001). In this work the threshold was chosen intending to balance a significant Kendall correlation
at 95% of significance level with the selection of “true” extremes. To maintain the comparability between
different models and scenarios the percentile 96" was applied for all cases. In practice, it means that the
same number of data is employed, about 4 (~3.8) extremes per year on average, for all simulations. It is
worth to notice that the Block Maxima approach can also be applied, which consists on selecting a fixed
number of maxima per block of time, usually a year (see e.g., Kotz & Nadarajah, 2000). However, caution is
advised in this case since in the Mediterranean Sea extreme events occur predominantly on late fall, winter
and early spring and consequently grouping events in a calendar year basis may add a bias.

. Fitting of univariate marginal distributions. The extreme surge and H, series are fitted separately to a set of
parametric statistical distributions that include Generalized Pareto Distribution, Weibull, gamma, log-
normal and exponential distributions. Except for the exponential distribution, simpler with only one
parameter to fit, all other distributions have two. The distribution that fits the data with the maximum
likelihood is selected for each case. Additionally, the Root Mean Square Error (RMSE) between all five the-
oretical curves and the empirical cumulative distributions was estimated to confirm the agreement with
the maximum likelihood criterion. The possibility to generate new synthetic data from the selected statis-
tical distributions will be used in the next subsections to compute the joint return period through copu-
las. A further description of the tested statistical distributions is presented in the Supplementary Material.

d. Selection of best fitted copula. By making use of the above estimated univariate marginal distributions of
surges and Hg, copulas are computed among the Archimedean and elliptical copulas. More specifically
the following theoretical copulas were tested: Frank, Clayton, Gumbel, Normal and t-Student (see mathe-
matical expressions in the Supplementary Material). Copulas are fitted through a maximum likelihood
procedure. From previous works there are several ways to proceed to check the goodness-of-fit, although
none of them is completely conclusive. One approach is to estimate the RMSE between the empirical

n
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copula and each fitted copula or, similarly, directly to compare all copula maximum likelihood estimators
to get the best fitted. Additional goodness-of-fit estimators such as the Bayesian, Akaike or Cramér-von
Mises information criteria are also found in the literature. In this work it has been used the comparison of
the joint nonexceedance distribution of empirical and fitted copulas by means of the RMSE, as in Wahl
et al. (2012). For example, for the bi-variate case the empirical joint nonexceedance probability is

expressed as (Gringorten, 1963):

e St Ny —0.44

Fov(ui,vi)=P(U < u;,V < vj)= ) )]

N+0.12

where the pairs (uj,vk) refer to surge and Hs in this work and are organized in ascending order in relation

to uj. Nj is the number of occurrences of (uj,vk), with Uy < uj and v <, i =

1,....,Nand 1 < j, k<.

Additionally a Q-Q plot of theoretical versus empirical joint nonexceedance distributions and a
Kolmogorov-Smirnov test (K-S test) to check vertical separation have been applied.

e. Joint return period and return levels. Salvadori et al. (2011) summarized different possibilities to define the
joint return period. In this work it is preferred to use the “OR” joint return period, i.e., the expected time
to record a value either of surge or Hy exceeding a given threshold. Mathematically, this is expressed as:

P(U>u UV >v)=1-Fyy(u,v)=1—C[Fy(u), Fy(v)], (3)

being the return period inversely proportional to equation (3). Thus, different values of C can proceed from
several combinations of surge and H,. However, each C is related unequivocally to a determined return
period. Besides, the corresponding T, for each value of H has been obtained from a linear fit between the
independent extreme events of T, against H,, as in Arns et al. (2017).

Among the different combinations of surge, and H; defined by a certain value of C (or a return period), three
sets that cover a wide range of sea levels induced by extreme events are selected. In particular, those values
representing percentile 99, percentile 50 (median) and percentile 1 of the total sea level generated by the
joint effect of surge and wave run-up. Thus, an interval of uncertainty accounting for the impact of extremes
is built, given that different combinations may have a distinct effect on flooding levels depending on the
topographic features of the study area. The equation of wave run-up employed here was deduced empiri-
cally by Stockdon et al. (2006), equation (19) therein, and depends on Hs, T, land slope (f5) and surge, which

EXTREMES
(surges & waves)

Regional
IPCC
Tidegauges

TOTAL SEA LEVEL
(run-up)

-

MSLR + VARIABILIT

VERTICAL LAIh

MOVEMENT

runs

Satellite

TOPOGRAPHY

BATHYMETRY

LIDAR

FLOOD HAZARD

MAP

o /

Figure 2. Workflow of the methodology. Mean Sea Level Rise (MSLR), extreme
events due to the joint effect of storm surges and wave extremes, and vertical
land movements are all together integrated and projected onshore through
computing the wave run-up, to construct coastal flooding hazard maps. The
accuracy of these maps will depend on the spatial resolution of available
topography/bathymetry for the area of study. As an example, the methodology
will be applied for Ebro Delta for mid and late 21st century, considering socio-
economic scenarios RCP4.5 and RCP8.5, and a return period of 10 years.

determines the set-up. This expression accounts for the 2% of highest
levels. The accessibility to a very high resolution bathymetry/topogra-
phy of the area of study is thus critical for an accurate estimation of
the land slope and consequently of the run-up term.

On this point we would like to mention that another manner to esti-
mate return levels is to compute the tri-dimensional copula of surges,
Hs and T,. By doing so more combinations of surge, Hs and T, arise to
give a certain water level because now T, can take any value within
the range of T, provided by the independent events. However, this
apparent positive side involves also an important drawback because
some of those new combinations, despite being statistically consis-
tent, are sometimes physically unrealistic, with simultaneous values
of exceedingly small Hy and long T,(see supporting information
Table S1). Therefore we have preferred to estimate the bi-variate cop-
ula of surges and H, and to obtain directly T, from a linear fit against
H;. For completeness a comparison of both methods is presented in
the Supplementary Material (supporting information Figures S8-S10
and Table S1) with overall similar results in terms of percentage of
flooded area with values falling within the uncertainty range.

The whole procedure is repeated for each available numerical
model (M) and simulations -either hindcast (H), control (Ctrl) or sce-
nario (S)-. To estimate the return level (RL), 30 year blocks have been
used. Changes in RLs have been computed as the difference between
RLs in scenarios (2030-2060 for mid-century and 2070-2100 for late
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Figure 3. Yearly mean Sea Level Rise (SLR, solid thick dark purple line) from the ensemble average of AOGCMs at the nearest Ebro Delta grid point (in meters).
Time series cover the period 2006-2099. Results for two socio-economic scenarios are showed: (top) RCP4.5 and (bottom) RCP8.5. Light purple shading area repre-
sents 5-95% mean SLR interval of confidence. All sea level components are plotted separately with thinner solid lines of different colors. The component that
refers to thermal expansion + dynamic SSH + inverted barometer has been obtained averaging several grid points located in the left side of the Strait of Gibraltar
(see section 2.1 for further explanations). Seasonal and inter-annual sea level variability has been estimated from in situ tide gauges (see section 2.1 and Figure 4),
being indicated by vertical solid lines (black and yellow colors respectively).

century) and Ctrl (1970-2000) runs. Then, the absolute RL is estimated by adding this difference to the RL
from the hindcast (computed using the period 1970-2000), which is taken as the best representation of
present-day climate. This can be expressed as follows:

RLms1(surge, Hs) =RLy n(surge, Hs) +RLw s T(surge, Hs) —RLm cen (surge, Hs) (4)

where the dependence of return levels on the pair selected -the most probable obtained with copula- of
surges and significant wave height (surge, Hs), has been stated explicitly. The period of the RL has been
established in 10 years, a moderate value that ensures that RL correspond to real extremes (only about 3
events in the 30 year blocks) but at the same time probable enough to be a real threat in a short time
frame.

3.3. Vertical Land Movement
Vertical land motion (VLM) of the Earth’s crust can, at some particular locations, reach values comparable
to those of absolute mean SLR. This is the case of many world deltas (Ericson et al., 2006; Syvitski et al.,
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Figure 4. Sea level measured by three tide gauges located near Ebro Delta (unit in meters, for exact locations see blue
stars in Figure 1). Original time series have been linearly detrended. Blue lines represent the seasonal variability, estimated
as the combination of annual and semiannual Fourier terms. In red color it is shown the inter-annual signal resulting from
the application of a Lowess low-pass filter with a span of 360 days.

2009), in which VLM exacerbates the risk of coastal flooding. Previous studies that analyzed potential
impacts of SLR on Ebro Delta applied an indirect rate of subsidence estimated through sediment balance
(Sanchez-Arcilla et al.,, 1993), with a value of 3 mm/year. This number has been recently confirmed with
satellite data by Pipia et al. (2016) using remote sensing observations between years 1992 and 2011. It
must be noted, however, that this is an average value but there is a large variability of VLM across the
delta plain, with rates ranging between 2 and 8 mm/year. For the purpose of this work and in absence of
detailed projections of VLM it will be assumed a stationary and homogeneous rate of subsidence of
3 mm/y during the 21st century over the entire delta.

3.4. Total Relative Sea Level
Total relative sea level at the coast has been computed to account for all the terms described above, which
can be expressed as:

TSLR=mean SLR+Vertical Land Movement+ wave run—up (Hs‘,Tp,,b’, surge) (5)

where wave run-up is computed with the empirical expression of Stockdon et al. (2006).

Total relative sea level has been estimated for each scenario, return period and series of triads of (surge, Hs,
To) considering the predicted mean SLR, its uncertainty (including seasonal and inter-annual variability) and
the VLM.

3.5. Flood Hazard Maps

The final step of the methodology is to provide maps of flood risk by inundating the high resolution topog-
raphy according to the values of total relative sea level for mid and late 21st century (see Figure 2). These
flood hazard maps indicate flooded areas incorporating the projected percentage of area inundated. A
permanently inundated area will result from mean SLR plus delta subsidence, whereas a temporary inun-
dated area has been defined as that exposed to moderate (10 year RL) extreme events. For simplicity
flooded areas include all those grid points below projected sea level without taking into account if the
inundated regions are directly connected to the sea. However, a test for a value of mean SLR of 0.12 m
demonstrates that the flooded area is overestimated in less than 0.5% when this approach is used. This
quantity increases to 5% for a mean SLR of 0.5 m, and up to 8% for 0.9 m, enough for the purpose of this
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Figure 5. Flood hazard maps for mid 21st century and for (top) RCP4.5and (bottom) RCP8.5 scenarios. All four plots include the impact of mean SLR (0.22 m for
RCP4.5 and 0.25 cm for RCP8.5) between 2006 and 2050. Subsidence is also included in all plots (estimated as 0.1 m in 2050 respect the year 2016). The impact of
adding seasonal and inter-annual variability is shown in the right plots (seasonal + inter-annual uncertainties = 0.1 m). The thick vertical black line in the colorbar
separates inundated areas (blue tones) from those dry (red tones).

study, as our interest here is to solve accurately the climatic forcing and to compare the relative contribu-
tion of each term to SLR.

4, Results

4.1. Flooding of Ebro Delta Due to Mean SLR (With Uncertainties) and Land Subsidence

The risk of permanent flooding depends highly on the net result of local mean SLR and vertical land move-
ments. In the case of Ebro Delta the existence of a rate of subsidence implies that both effects act to favor
land flooding with the subsequent potential loss of wetland.

Yearly mean SLR -total and individual components- for the 21st century at the Ebro Delta under RCP4.5 and
RCP8.5 are presented in Figure 3. All curves are referred to the average of the period 1985-2005 and span
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Figure 6. Same as Figure 5 but for end of 21st century. In this case mean SLR is 0.47 m for RCP4.5 and 0.67 m for RCP8.5. Subsidence is 0.25 m for all plots. Variabil-
ity of 0.1 m has also been added in the right plots.

the period 2006-2099. Light purple shaded area indicates 5-95% confidence interval for mean SLR, esti-
mated according to the methodology developed in Church et al. (2013). A comparison between time series
of both scenarios suggests a similar behavior of mean SLR until 2050, with an increase of 0.22 m for RCP4.5
and of 0.25 m for RCP8.5. Since mid-century mean SLR in both scenarios diverges and the increases by 2099
are 0.47 m for RCP4.5, and 0.67 m for RCP8.5.

Monthly sea level records measured by three tide gauges nearby the Ebro Delta are presented in Figure 4.
Seasonal and inter-annual signals are represented separately for each record. Despite the temporal cover-
age differs largely among tide gauges, ranging between 7 years for Sagunt and 25 years for L'Estartit, sea-
sonal and inter-annual amplitudes are similar at all sites. In particular, the amplitude of the seasonal signal
has been estimated in 7 cm while that of the inter-annual signal is 3 cm. Independence between seasonal
and inter-annual signals has been verified at zero time-lag using the random-phase method (Ebisuzaki,
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MeteoFrance Control, 1970-2000 1997). For a further description of the method the reader is referred to

o T 1 . v the Supplementary Material (supporting information Figures S1 and

4 t ‘ . S2). Given that both signals are independent, their uncertainties can

be linearly combined and are represented in Figure 3 (solid black and

357 l yellow vertical lines). A comparison between the amplitudes and the

3 vertical width of the shaded region shows that, until 2060, the ensem-

_ ble mean uncertainty is of the order of seasonal and inter-annual

é 25+ amplitudes; conversely, after 2060 ensemble uncertainties dominate
IUJ o L over seasonal and inter-annual signals.

151 Flooded area resulting from mean SLR and subsidence is repre-

| sented for mid and end of the 21st century in Figures 5 and 6,

1 respectively. All maps incorporate mean SLR and subsidence for sce-

05 narios RCP4.5 (top plots) and RCP8.5 (bottom plots). Additionally, a

% ‘ . . worst case scenario is built by including the effect of natural vari-

0.2 0.3 0.4 ability acting with a positive sign, that is, by assuming that in the

Surge (m) chosen period the seasonal and inter-annual variability acts by

increasing the mean SLR. The impact of adding seasonal and inter-

Figure 7. Copula-based joint contours of probability of surges and significant annual variations is presented in the right plots of Figures 5 and 6.

wave height (Hs) for MeteoFrance control simulation. The period covered is To facilitate comparisons the percentage of the area of Ebro Delta

1970-2000. Red contours correspond to pairs of surge and H, with al retur . . - .
) omours ¢ P pal urge s With equ riu " flooded is provided inside each plot in bold numbers and ranges
period. Blue dots indicate independent extreme events over percentile 96, as

described in section 2.2. Gray dots indicate the most probable pair of surge between 36% and 45% in 2050 and 61% and 73% by the end of the

and H; according to the maximum PDF after the addition of individual PDFs of century.

surge and H,.
ure * Due to the accelerated mean SLR linked to higher GHG concentra-

tions, the flooded area is larger for RCP8.5 than for RCP4.5 scenario,
with about 2% more for year 2050 and around 7-8% for 2099. Conversely, the effect of adding variability
(which amounts to 0.1 m) is greater in 2050, with an increase of around 6-7% of the area submerged in
both scenarios, while the impact for 2099 amounts to 3-4%. This result obeys the topography of Ebro delta,
where more than 50% of its area is below 50 cm above sea level and about 70% is below 1 m (Alvarado-
Aguilar et al., 2012). Maps without the contribution of land subsidence are available in the Supplementary
Material (supporting information Figures S6 and S7).

4.2. Flooding of Ebro Delta in Response to Mean SLR and Extreme Events

Areas at risk of temporary flooding due to their exposure to extreme marine events as sea level rises, have
been estimated by computing the return levels of the compound projected surges and waves, superim-
posed to mean sea level projections.

Figure 7 shows one example of joint contours of probability computed via copulas. Blue dots identify
those pairs of independent events of simulated (surge, H,) over 96" percentile used for fitting copulas
and the set of return levels for fixed return periods is depicted with solid red contours. The most probable
pair of surge and significant wave height for each return period is highlighted with a gray circle. The
example in Figure 7 is based on data from the MeteoFrance Control run, covering from July 1969 to June
2000 (see supporting information Table S1). Supporting information Table S1 provides the most probable
pairs of surge and H; for all simulations and for a return period of 10 years. In the same table, the selected
pairs used for constructing flood maps are highlighted in bold. For coherence with previous results and
given the similarities between their gases concentrations, A1B scenario (Aemet Hadley) has been associ-
ated with RCP4.5 and A2 (MeteoFrance) with RCP8.5. The selected values of H (and Ty) and surge are also
used to estimate total relative sea level through equation (5), including the run-up computation (i.e., also
accounting for set-up and swash terms). To compute the run-up term, the slope (f5) of the local topogra-
phy is needed. The slope (f) has been evaluated at each grid point taking the shortest distance between
that point and the closest watered point. The more accurate the set-up, the more correct local relative
sea level can be estimated.

The results of the impact of extreme events have been mapped in Figures 8 and 9 for those combinations
of surge, Hy and T, corresponding to percentile 99 (all cases are described in supporting information
Table S1, LF (linear fit) method). These flooding maps now include the areas submerged due to mean SLR

SAYOL AND MARCOS 804



@AGU Journal of Geophysical Research: Oceans

10.1002/2017JC013355

Latitude [deg]
=Y B
o o
o o
B O

40.62

40.6
40.58
40.56

40.54

Floodedarea: 58.1%

SLR=0.22m
Subsidence =0.10m

E_lSurge =0.270m
Run —up: {(Hs=2.55m, T, =10.05s

0.0 05 10 1.5 2.0 25 3.0 35 4.0 45

[ T TR
E Height over sea level [m]

0.62 0.66

0.7 0.74 0.78
Longitude [deg]

RCP8.5

0.82 0.86

Latitude [deg]

40.62

40.6
40.58
40.56

40.54

e
0.0 05 10 1.5 20 25 3.0 35 4.0 45

Floodedarea: 57.1%

SLR=0.25m
Subsidence =0.10m

urge =0.242m
Run —up: (Hs=2.30m, T, =9.735s)

B T

P_E Height over sea level [m]

0.7 074 078 0.82

Longitude [deg]

Latitude [deg]

Latitude [deg]

40.62

40.6
40.58
40.56

40.54

Floodedarea: 63.3%

SLR + Variability =0.32m

P Subsidence=0.10m

_Furge= 0.270m
Run—up: (Hs=2.55m, Tp =10.05s

0.0 05 10 15 2.0 2.5 3.0 35 4.0 45

P E Height over sea level [m]

0.62 0.66 0.7 0.74 0.78

Longitude [deg]
RCP8.5

0.82 0.86

62.5%

SLR + Variability =0.35m
Subsidence =0.10m

loodedarea:

P

urge =0.242m
Run —up: (Hs=2.30m, T, =9.73s)

0.0 05 10 15 2.0 25 3.0 35 4.0 45

____Height over sea level [m]

0.66 0.7 074 078 0.82 0.86

Longitude [deg]

0.62

Figure 8. Flood hazard maps including extremes for mid 21st century. Top and bottom plots correspond to scenarios RCP4.5 and RCP8.5, respectively. P and E
refer to permanent (dark blue background color) and extremes (light blue background color) terms of land inundation (including the permanent flooding shown
in Figures 5 and 6 plus the effect of surge and waves through run-up). As in previous figures, right plots include in the permanent term the impact of a positive

variability.

as well as the areas exposed to a surge-wave 10 year return level. Given the large range of possible values,
particular cases have been selected to illustrate the results, whose information is labeled in the inset of
each map. The overall results are further summarized in Figure 10, where hash lines in the top of the bars
account for the uncertainty of extremes from percentile 1, percentile 50 and percentile 99 combinations
Results for year 2050 and RCP4.5 for percentile 99 (Figure 8, top) show that the percentage of area flooded
is 58.1% when the ensemble average mean SLR is used and it is 5.2% higher when variability is included,
reaching 63.3%.The percentage of area flooded for scenario RCP8.5 (Figure 8, bottom) oscillates between
57.1% and 62.5%. Interestingly, the combination of surge and waves corresponding to percentile 99 does
not always provide the maximum flooding (compare these results with percentages denoted by the hash
area in Figure 10). The reason is that ultimately it depends strongly on the topographic features. For
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Figure 9. Same as Figure 8 but for year 2099.

instance, depending on land slope and configuration, flooding by a small surge can be larger than that of a
relatively big wave (or vice versa). This fact supports the need for a range of uncertainties to cover the effect
of different combinations. Additionally the submersion is greater for RCP8.5 due to a higher mean SLR, but
the impact of extremes is larger for scenario RCP4.5.

The previous result for mid 21st century turns out to be the opposite for the end of the century (Figure 9).
The reason is that, although extremes are very similar, the projected mean SLR is significantly higher for
RCP8.5 than for RCP4.5 (0.67 m versus 0.47 m) by the end of the century. This yields finally a significant dif-
ference in the percentage of area flooded (~6%). The inclusion of mean sea level variability (Figure 9, right)
only contributes with ~1% more of area flooded in both scenarios, consistently with the topography of the
Ebro Delta. The percentage of area at risk of flooding for year 2099 increases substantially when extremes
are accounted for, to a range between 83.6% and 90.5%.
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Figure 10. Ebro Delta percentage of area flooded (given in the range 0-100%) for scenarios RCP4.5 and RCP8.5 (indicated
by yellow labels), and for years of interest 2050 and 2099. Each color corresponds to a different combination of factors:
mean SLR, variability (seasonal and inter-annual signals), land subsidence and the combined effect of surge and waves
extremes. Uncertainties from the different combinations of surges, Hs and T, (percentile 99, percentile 50 and percentile 1)
are indicated with hash lines.

5. Discussion and Conclusions

This study highlights the importance of all climate forcing terms that contribute to local relative sea level
changes for coastal flood hazard risk analyses. In particular, the integration of seasonal and inter-annual
mean sea level variability may enhance the impacts in coastal areas, since higher sea levels can be reached
sooner than expected only from the response of mean SLR to increased radiative forcing. This is therefore a
key factor to be considered in short to mid-term coastal planning (Nieves et al, 2017). Likewise, land subsi-
dence may, in some areas, exacerbate the risks of mean SLR, as in the study case presented in this work
which can be extended to most world deltas. Finally, the joint effect of extreme marine events must be con-
sidered when the probability of compound events exists. If extreme waves and surges are considered sepa-
rately, the resulting risk assessment may be underestimated.

Our results in the western Mediterranean Sea regarding the joint probability distribution of surge and waves
are in line with those discussed by Arns et al. (2017). They estimated changes in coastal design heights in
the German Bight, a region with very different oceanic regime and where astronomical tides are important.
Similarly to the method here presented, the joint effect of storm surges and waves was carefully analyzed
with copula theory and projected inshore via run-up. However, the effect of seasonal and inter-annual vari-
ability and vertical land movements was not discussed at all. Therefore, this study intends to generalize the
approach by including now these factors.

The impact of the different contributors to Ebro Delta flooding -in terms of percentage of the total flooded
area- is summarized in Figure 10 for RCP4.5 and RCP8.5 scenarios. For instance, when considering only
mean SLR and seasonal and inter-annual variability, the area at risk increases about 7% for year 2050 and
5% for year 2099 and for both scenarios (see the cases mean SLR-Variability and mean SLR + Variability,
blue and green bars). In our particular case, the high rates of subsidence have a larger impact, increasing
the flooded area by 6-7% for mid 21st century and for both scenarios (see mean SLR + Subsidence, pink
bar), and near 15% for year 2099.
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Because 50% of Ebro Delta is below 0.5 m over present-day mean sea level, some previous studies analyzed
the effect of a relative sea level rise of this particular threshold (e.g., Sanchez-Arcilla et al., 1998, 2008)
exploring the coastal response from a sediment balance standpoint. It is known that sediment distribution
is important for horizontal and vertical accretion (Jiménez et al., 2017). Their results indicated a change in
the morphology with a remarked coastal retreat of delta plain, with a redistribution of sediments toward
the northern (mostly because of the dominant orientation of waves and longshore currents) and southern
spits. In particular, in Sdnchez-Arcilla et al. (2008) coastal risks were discussed from a climate change per-
spective by means of a sensitive analysis, changing arbitrarily some key drivers. They divided the inundated
area by the degree of risk considering two levels: 1) areas below SLR directly connected with sea (prone
areas); 2) other areas below SLR not directly connected with sea but with a coastal side that suffers strong
erosion and breaching. For a relative SLR of 0.5 m the total area inundated adding the two levels of risk was
44% ((Sdnchez-Arcilla et al., 2008), see Figure 5 therein). This magnitude is similar to the one shown here in
Figure 5d, for year 2050 and RCP8.5 (44.7% for a relative SLR of 0.45 m, 0.35 of mean SLR and 0.1 m of subsi-
dence). From their results they inferred that it is necessary at least four times more river water discharge to
compensate sediment loss. However they did not address the effect of extremes due to the lack of climate
projections of surges and waves at that moment.

IPCC scenarios from the Fourth Assessment Report (IPCC, 2007) were used in Alvarado-Aguilar et al. (2012)
to investigate flood risk hazard in Ebro Delta. They considered a low, medium and high SLR scenarios and a
range of subsidence rates, with an average value of 3 mm/year. Additionally, they analyzed the effect of
manipulating channel connections and flood gates in Ebro Delta plain, concluding that for a relative SLR
between 0.1 and 0.8 m, closing some critical points reduces flooded prone area about 60%. Otherwise for
relative SLR higher than 0.9 m flooded prone area is only reduced 15%, and therefore they remark the need
to find other alternatives. This relative SLR high scenario (0.9 m) is very similar to that obtained in this study
in Figure 6¢ for a relative SLR of 0.92 m (mean SLR of 0.67 m and a subsidence of 0.25 m) for year 2099 and
RCP8.5, with 69% of flooded area (61% for Alvarado-Aguilar et al., 2012, who consider regions directly con-
nected with sea). Saltwater wetland, saline vegetation and riparian buffers will be the main affected zones,
while urban areas are poorly impacted according to this study (Alvarado-Aguilar et al., 2012). More recently
Genua-Olmedo et al. (2016) studied the effects of SLR on soil salinity of Ebro Delta and their impact on rice
crops. To do this, they used RCP4.5 and RCP8.5 scenarios, mean and high SLR. However, in their model they
only accounted for the global mean SLR, although it is well known that SLR is geographically nonuniform,
and they did not include the effect of land subsidence as reliable measurements were still not available, or
the contribution of sea flooding to delta surface loss. Their results, even with these shortcomings, con-
cluded that salt intrusion will affect rice crops, with economic losses over 20% under the worst SLR high-
end scenario of 1.8 m (Jackson & Jevrejeva, 2016).

Regarding the impact of extremes, the most energetic waves have an eastern origin and are usually accom-
panied by storm surges (Jiménez et al., 1997). Valdemoro et al. (2007) discussed storminess on Ebro Delta,
indicating that the main effect is coastal flooding due to the absence of high enough barriers and dunes.
Thus the degree of penetration of water inside land is related with the magnitude of swash and beach
width. Jiménez et al. (1997) studied qualitatively the combined effect of storm surges and waves over Ebro
Delta for an extreme event occurred in October 1990, with a water level of 0.75 mxeters and a significant
wave height of 4.25 m. That event caused strong erosion on the coastline moving landward the backline,
breaking barriers such as the connection between spits and delta plain and creating considerable breaches,
connecting inland marshes and ponds with sea (Jiménez et al., 1997). In this study we have shown that
surge and wave extremes increase substantially the flood risk with respect to MSL alone. As represented in
Figure 10, extreme events contribute about 20% for RCP4.5 and RCP8.5 for years 2050 and 2099 (see mean
SLR + Variability + Subsidence and mean SLR + Variability + Subsidence + Extremes, brown and kiwi bars).
The range of uncertainties shown by the different combinations of extremes, derived from a range of possi-
ble water level s (see hash lines in Figure 10 and supporting information Figure S10) represent between 3
and 5% of the percentage of flooded area, which is of the order of mean SLR variability.

It must be recalled that our risk assessment does not contemplate any adaptation measure addressed to
protect this vulnerable environment. Indeed, our results should be understood as an indication of the con-
sequences of SLR and marine extremes if no actions are undertaken. The protection plan of Ebro Delta may
consider the construction of dikes, which Genua-Olmedo et al. (2016) quantified in 1.5 m height. Other
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studies have suggested solutions more in harmony with nature, such as to increase substantially river dis-
charge of sediments, the protection of dunes and the creation of new ones (Fatori¢ & Chelleri, 2012). Also
the increase of vegetation and adjust of marshes elevation to SLR can help dissipate energy, betting for an
adaption more than for a protection. This philosophy is opposite to the most complete adaptation plans
such as the Dutch National Adaptation Strategy and the Thames Estuary assessment (TE2100 Project), which
focus mostly on reinforcing protection (Ibanez et al., 2014). In any case, the strong anthropization of Ebro
River basin and Ebro Delta raises the concern of the real scope of those solutions if they are not accompa-
nied by a radical reduction of human pressure on Ebro River basin and by environmental governmental
policies.

To conclude, one major constrain of this study focused on the Ebro Delta is that it has not considered ero-
sion and redistribution of sediments. However, we believe the detailed and strict analyses of the climate
forcing factors affecting the region will be a valuable tool and a first step toward an accurate evaluation of
all the environmental, ecological and socio-economic impacts on the region. It is the necessary input, for
example, to apply state-of-the-art complex sediment transport models to quantify sediment budget or to
investigate changes in the land-use as well as modification in habitats of relevant species. In summary, the
methodology developed in this work remains fully applicable to solve the impact of the combined effect of
SLR and marine extremes at local scales, as far as regional simulations and long enough near in-situ data
are available.
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