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This paper examines the vulnerability to flooding and erosion of four open beach study sites in Europe. A frame-
work for the quantitative estimation of present and future coastal flood and erosion risks is established using
methods, data and tools from across a range of disciplines, including topographic and bathymetric data, climate
data from observation, hindcast and model projections, statistical modelling of current and future climates and
integrated risk analysis tools. Uncertainties in the estimation of future coastal system dynamics are considered,
as are the consequences for the inland systems. Different implementations of the framework are applied to the
study sites which have different wave, tidal and surge climate conditions. These sites are: Santander, Spain—the
Atlantic Ocean; Bellocchio, Italy—the Adriatic Sea; Varna, Bulgaria—the Black Sea; and the Teign Estuary, UK—the
northern Atlantic Ocean. The complexity of each system is first simplified by sub-division into coastal “impact
units” defined by homogeneity in the local key forcing parameters: wave, wind, tide, river discharge, run-off,
etc. This reduces the simulation to that of a number of simpler linear problems which are treated by applying
the first two components of the Source–Pathway–Receptor–Consequence (S–P–R–C) approach. The case studies
reveal the flexibility of this approach, which is found useful for the rapid assessment of the risks of flooding and
erosion for a range of scenarios and the likely effectiveness of flood defences.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The European coastline is one of the most densely populated and de-
veloped coasts in the world. Up to half the population of Europe's coastal
states now lives within 50 km from the coastline (Eurostat, 2009),
attracted to this dynamic hinterland for transportation, commercial or
recreational purposes. Many of these coastal communities are vulnerable
to erosion and flooding events, putting a great number of people and
valuable infrastructure at risk. Similarly, coastal habitats— sandy beaches,
coastal lagoons and sedimentary cliffs, etc. are also threatened, a matter
made worst by coastal squeeze from these communities. This makes it
vital that the imminent arrival of coastal threats should be predicted in
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order to enable communities and civil protection agencies to respond in
a timely fashion, and for hazard-reduction measures to be in place.

However, the assessment of flooding and erosion risk on the coast is a
complex problem, due to the large spatial variability ofmarine dynamics,
geological, ecological and urban coastal environments, defence and
protection measures, etc. Until the end of the twentieth century,
traditional methods of estimating the sources of flood and erosion risk
were dominated by the statistical analysis of historical data (Thorne
et al., 2007). However, due to the short time scales covered by the
majority of the available records, this often meant ignoring longer term
trends, such as those resulting from climate variability and human in-
duced sea level rise. The arrival of important advances in hydrodynamic
modelling and GIS techniques, as well as a deeper understanding of the
nature and impacts of climate change during the last 30 years, has
allowed these complexities and limitations to be dealt with more
efficiently. Climate change, with its associated rising sea level and
possible increases in the frequency and/or intensity of storms and
changes in wave climate, can be expected to significantly increase the
risk of coastal erosion and flooding in most coastal locations (Nicholls
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et al., 2007). On the other hand, developments in hindcasting and climate
modelling have resulted in improvements to coastal storm predictions
such that the timing, intensity and other important storm variables can
be forecast quite accurately up to approximately three days in advance.
Finally, the improved ability to precisely model the extent of flooding
or erosion over large geographical areas has been of great use in risk
management.

In this paper, the most recent advances in hydrodynamic and mor-
phological modelling are applied in order to identify the sources of
risk of coastal flooding and erosion (hazards) and their interaction
with existing coastal defences (pathways) at four study sites across
the Europe. Despite the different models and techniques used at each
study site, a consistent analysis framework, provided by the SPRC
approach, has been followed. This system evaluates how the Sources
(waves, tide, storm surge, mean sea level, river discharge, run-off),
through the Pathways (coastal defence units), affect the Receptor
(inland system) generating Consequences or damages (economical,
social, environmental, affected population, land losses) (see Zanuttigh,
2011; Narayan et al., in this issue). The first step is the identification of
the main features to be analysed (beaches, coastal defences, inland
areas) at each site and the most relevant marine and river dynamics
(waves, sea level, tide, storm surge, river discharge, run-off) that define
the Sources. Within the region of interest a number of sources, Ns, are
identified. These are chosen to sufficiently characterise the major
sources of hydrodynamic forcingwithin the system. A sourcemay com-
prise a wave climate (wave height, wave period, wave direction) or
other sets of variables describing tides, surges, river discharges or
mean sea levels. Then, the coastline is divided into Np homogeneous
“pathway” units. This segments and classifies the entire shoreline into
a limited number of coherent typologies, encompassing man-made
and geomorphological features. Finally, the hinterland is divided into
Ni “receptors” or impact units, which are regionswith similar properties
and susceptible to similar threats, perhaps dictated by elevation, land
use or ecology or geomorphology. After establishing the impact units,
we need to define the different hazards that affect them through the
pathways and characterise their statistical distribution.

The approach is exemplified in a practical fashion through the appli-
cation of key parts of the proposed analysis framework to four different
study sites, located in Italy, Bulgaria, Spain and the UK. The Italian case
study at Bellocchio is focusedmainly on the application of a high resolu-
tion floodingmodel and the advantages of using LiDAR as input for such
models. It also analyses the role of existing flood and erosion manage-
ment in the degree of exposure and presents a comparison of the results
of flooding considering a) different time slices (current and future
epochs) and b) failure scenarios. The second study site, Varna in
Bulgaria, provides detailed coverage of storm surge modelling and the
selection of scenarios which are represented as Intensity–Duration–
Frequency (IDF) plots. It presents a comparison of the application of 3
morphodynamic models and qualitative flooding and erosion maps for
a variety of scenarios. The Spanish contribution places more attention
on the definition of sources and hazards and their statistical characteri-
sation, applied to a specific local scale area, i.e. Santander in northern
Spain. They focus on the first steps of the methodology, downscaling
the sources into the area around Santander while defining and
characterising flooding and erosion hazard pdfs (f(z)). Finally, the
study site from South Devon in the UK applies statistical analysis to
existing hydrodynamic data in order to generate erosion and flood
maps, for present and future scenarios, through GIS technologies.

2. Italian case study: Present and future flooding in Bellocchio

2.1. Site description

The Po River delta and the adjoining coast, which developed out of
the Adriatic Sea, are surrounded by the Venice lagoon in the north and
the sandy coastal zone of the Romagna (Ravenna) with the Po plain to
the rear, at the South up to the promontory of Gabicce, where the Apen-
ninesMountainsmeet the Adriatic Sea. It covers an area of 73,000 ha, of
which 60,000 is reclaimed land and the remainder are brackish lagoons,
with dams or open foreshores and emerging sandy banks.

The impact of this site for the Italian economy can be summarised
with a few figures, valid for 2006, relative to tourism activities: 41 M
person/days in the period May–September; 3384 hotels; 154,000
employees; and a gross income per year of €9.8 billion.

A general erosive tendency is mainly caused by a reduction in sedi-
ment supply from the rivers and by the increased anthropogenic subsi-
dence. Subsidence, eustatism and erosion of dunes pose a serious threat
for coastal flooding. Most intense storm events come from Bora (NE)
and Scirocco (SE); with the one year wave height being 3.5 m and the
1 in 100 year wave height being 6 m. The wind is stronger and colder
from the shorter fetch sector of Bora where it frequently reaches 35
knots, whereas from the long fetch sector of Scirocco it seldom exceeds
30 knots and is typically warm. The tidal excursion is low; the average
spring tide range is ±0.4 m and extreme year values are around ±
0.85 m.

The site of Bellocchio extends from the outflow of the Reno River in
the South, to the Porto Garibaldi canal harbour in the north (Fig. 1). It
includes highly urbanised touristic resorts, famous for the wide and
sandy beaches (Lido degli Estensi and Lido di Spina), as well as natural
areas of the Po Delta Park (Vene di Bellocchio), famous for bird-
watching and other wildlife resources. The landward boundary of the
site follows the route of the Romea road and the eastern limit of the
Comacchio Valleys, which are particularly important for fishing and
aquaculture activities.

The site can be ideally divided into three morphological areas
(Fig. 2):

- the southern area, from the Reno River mouth to the Gobbino
channel; approximately 2 km long, this area is still accumulating
some material. Although the coastline is stable, the seabed gained
260,000 m3 of sediment from 2000 to 2006. Sediments come from
the erosion of the sandy spit, since the Reno river does not provide
a considerable amount of sediment at present (due to construction
of docks);

- the central area, from the Gobbino channel to the tourist resort of
Lido di Spina; the greatest erosion rate of the whole Adriatic littoral
was registered along this stretch (approximately 11 m/year);
around 750,000 m2 of sediment and 200 m of beach were lost be-
tween 1982 and 2006. The shoreline retreat is now threatening ad-
jacent low-lying areas, with great naturalistic and environmental
value. Erosion and breaching of reconstructed dunes have also oc-
curred, shifting their position further back.

- the northern area, from Lido di Spina to Porto Garibaldi; it is cha-
racterised by deposition of sediments transported northwards from
the Reno outflow and intercepted by the jetty of Porto Garibaldi,
increasing the local beach width (up to 300 m). It is estimated that
4.1 Mm3 has accumulated in this area from the shoreline to the
closure depth.

The whole area has suffered from anthropogenic subsidence since
the 1970s. Between 1999 and 2005, the subsidence rate was in the
range of 4–7.5 mm/year, in addition to the natural land lowering of
0.3 mm/year. Maximum subsidence values occur at Porto Garibaldi,
where a total land lowering of 0.18 m has been recorded (Preti et al.,
2009).

Existing flooding and erosion management strategies at the study
site can be divided into three groups: beach re-nourishment activities,
using sand accumulated at Lido degli Estensi to nourish adjacent
beaches; construction of defences, such as dikes, groynes and stone re-
vetments; and drainage/irrigation systems, which consist of channels,
valves and pumping stations that drain water out from the floodable
area and into the sea. At present, there are twomain issues that are con-
sidered by coastal managers for the safety of this coastal area: the



Fig. 1. Location of the site of Bellocchio in the Emilia Romagna region, Adriatic Sea, Italy.
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eventual breaching of the sea bank between the Ancona di Bellocchio
and the Spina lake, and; the elevation of the banks (now +1.4 m
MSL) of the marina and the canal harbour of Porto Garibaldi.

Fig. 3 presents a large-scale SPRC scheme relative to Bellocchio, with
the purpose of identifying the main conceptual units within the site. It
shows the main sources, i.e. river flooding, water level in the channels,
and the combination waves, tide and surge at the shoreline. Drivers
such as subsidence are implicit in the scheme. The main pathways
(which may also be considered as receptors of lower intrinsic value),
the receptors (that may also be pathways for other receptors), and the
major possible consequences in the different sites are also shown.

The small-scale analysis evaluates the actual proximity of the recep-
tor to the source and is studied with a detailed small-scale analysis per-
formed at pixel level, based on altimetric LiDAR surveys and land use
maps.

LiDAR data available for this area has very fine resolution (1 m),
allowing a detailed analysis of its features, and thus the identification
of the most critical pathways for coastal flooding. This is particularly
useful in low lying areas, such as in Bellocchio, and when one wishes
to model flooding in urban areas with narrow streets where a very
detailed mesh is needed.
2.2. Data

2.2.1. Climate conditions
Themeteorological datawere derived from the regional downscaling

of the SGA-CLM (COSMO-CLM) data sets. A control period (1960–1990)
and the three periods of the IPCC A1B scenario (2010–2039, 2040–2069,
2070–2100) were considered. Details about the methodology can be
found in Umgiesser et al. (2011) andWeisse et al. (2014–in this issue).

The yearly maximumwave and storm surge conditions for the peri-
od 1960–1990, characterised by significant wave height, peak off-shore
wave steepness, wave direction and water elevation (sum of storm
surge and tide), were processed to derive the climate statistics describ-
ing the yearly probability of occurrence of each storm at present. The
joint statistics obtained by assuming respectively the wave height Hs

or the surge level ηs as first variable are reported in Table 1. The data
for other time slices were elaborated in a similar way. The synthesis of
the extreme climate conditions at present and in the short, medium
and long term scenarios are reported in Table 2. The analysis of the
storm development showed that the typical duration of the storm
peak is 12 h, the rise-time from Hs = 0.5 to 3.5 m is of the order of
12 h, while the minimum fall-time from Hs = 3.5 to 0.5 m is 28 h.

2.2.2. Topo-bathymetric surveys
Available topographic data in the area include periodic cross-shore

single-beam bathymetric surveys and topo-bathymetric LiDAR surveys.
In regard to the high resolution of the LiDAR, specific attention has to be
paid to the interpretation of the acquired data for modelling purposes.
For instance an element like a tree should be distinguished from a build-
ing by means of appropriate pre-processing and then represented as a
local increase of roughness rather than included in the bathymetry as
a local change of the bottom elevation.

2.3. Methodology: Flood modelling

2.3.1. A procedure for the representation of wave run-up and transmission
In order to define in a simple and quantitative way the flooding

process, the proposed failure mechanism is the sea ingression by
overtopping of a dune, a beach, a road, or any other physical barrier
placed along the coastline. The overtopping mechanism is described by

ηs þ Sr þ hþ Ru2%
� �

−Rc0≥0 ð1Þ

where ηs is the storm surge level, Sr is the sea level rise induced by cli-
mate change effects; ηω is thewave set-up; Ru2% is the wave run-up cor-
responding to the characteristic value of 2% exceeding probability; and
Rc0 is the crest height of the sea bank (equal to the beach height plus
the dune height, if applicable). Eq. (1) is based on the following simpli-
fied assumptions: non erodible beach profile; absence of defence
breaching against wave and tidal loads, and; missing representation of
subsidence.

Further, the failure function does not account for the magnitude of
inland flooding (e.g., the effect of few overtopping waves is not distin-
guished from the effect of a complete flood), thus overestimating the
damage consequences. In practice, since the limit state causing failure
in Eq. (1) is represented by Ru2%, it can be considered that failure is
caused by some degree of flooding which is perceived by the local
inhabitants.

Waves are transformed for a given tidal range from offshore to the
shore, including wave reduction due to structures where applicable,
by means of an analytical Matlab® procedure. Wave transmission
across detached barriers, if present, is accounted for by means of simple



Fig. 2. Left, aerial view of the site. Right, from top to bottom, views of Lido degli Estensi with Porto Garibaldi canal harbour and themarina; erosion close to the Ancona di Bellocchio area;
Vene di Bellocchio; vegetated sand and soil dike protecting the Valleys close to Gobbino.
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formulae (van der Meer et al., 2005), whereas it is assumed that no
wave reduction occurs across gaps. Total transmission in the protected
area is then obtained bybalancing energies. Hence,wave run-up is com-
puted by means of the equation proposed by Stockdon et al. (2006):

Ru2% ¼ 1:1 0:35 tanβ HsL0ð Þ1=2 þ 0:5 H0L0 0:563 tanβ2 þ 0:004
� �h i1=2� �

ð2Þ

where Hs is the off-shore significant wave height and L0 is the off-shore
peakwave length,β is the beach slope defined as the average slope over
a region of two times the standard deviation of a continuouswater-level
record (β is about 0.01). The formula already accounts for wave set-up
ηω on natural beaches.

2.3.2. Modelling with MIKE21
The flood simulation was performed with MIKE21 HD FM (DHI,

2007), using data from the LiDAR surveys as input for the bathymetry
(see Fig. 4).

Waves are transferred for a given tidal range from offshore to the
shore by means of the same procedure described in the previous
Section 2.3.1. Then, a random phase Gaussian process is generated hav-
ing a 2% characteristic value consistent with the value of Ru2% estimated
from Eq. (2). The “off-shore” boundary is thus moved to the shoreline

image of Fig.�2


Fig. 3. SPRC analysis for Bellocchio.
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and the “shoreline” boundary condition considers a varying level in
time W(t) that is actually given by the sum of storm surge, wave set-
up and wave run-up on the beach —both included in Eq. (2).

The flooding wave propagation is then simulated as a dam-break at
the shoreline. The “dam-break” solution is preferred to a flux condition
since there is no formula available in the literature for representing dis-
charge at sea banks (but only discharge at emerged structures/dykes).
Wave celerity is thus indirectly represented by adding wave run-up
(potential wave energy at the shoreline) as a component of the water
levelW(t) imposed at the shoreline. The wave propagation methodolo-
gy is described in detail in Martinelli et al. (2010).

Lateral and inland boundaries are set to be land boundaries. The
computational domain is enlarged to avoid spurious reflection effects.
To improve accuracy of the results, the part of the shoreline boundary
which is closest to the lateral boundaries is also set as land boundaries
(around 500 m long-shore to the north and to the south of the domain).
At the inland boundary the river/channel discharges are given along the
river/channel section (average annual conditions). The conditions at the
river/channel outflows are unknown. A preliminary MIKE21 Coupled
FM simulation on a coarse grid is therefore required to assess water
levels at the outlet in time. Based on the results obtained from the sim-
ulations for the present scenarios, it can be assumed that at the channel
and river outlet the storm surge level is reached within a time compat-
ible with the history level imposed at the shoreline boundary.
Table 1
Fitting of: A) yearly incident significant wave height (Hs), and conditioned values of off-
shore peak wave steepness (sop), wave direction (Dir) and storm surge level ηs (including
tide); B) yearly incident significant storm surge level ηs, and conditioned values of Hs, sop,
Dir.

A Hs (m) sop Dir (°) ηs (m)

Type Weibull Normal Normal Normal

Dir b 90°N
Mean 4.140 0.045 83 −0.3 + 0.25*Hs

Std 0.760 0.005 10 0,193

Dir N 90°N
Mean 3.800 0.041 113 0.32 + 0.19*Hs

Standard deviation 0.596 0.004 5 0.129

B ηs (m) Hs (m) sop Dir (°)

Type Normal Normal Normal Normal

Dir N 90°N
Mean 1.255 2.781 0.028 118
Standard deviation 0.124 0.766 0.009 11
Due to the high complexity of the areas and to the required limita-
tion of the computational effort the following steps are considered for
the flood simulation: buildings were excluded from the computational
domain; the triangle cell sizes variation from3 m to50 mwere used de-
pending on the areas of interest; variable Manning coefficient based on
the corresponding land use map available from the Regional Authority:
30 m1/3/s for emerged beach, 40 m1/3/s for urban area and streets,
30 m1/3/s for river banks and vegetated river sections, 20 m1/3/s for
grass, fields, woods; Smagorinsky formulation for eddy viscosity, with
constant eddy coefficient, and; constant discharges (typical average
discharges) at the river/channel inlets.
2.4. Results

The flood simulations considered are: three climate scenarios (short
2020s, mid 2050s and long 2080s term) for sea level rise, storm and
surge (see Table 2); two storm surges combined with wave conditions
reproducing a frequent and a severe storm, characterised by 10 and
50 years return periods respectively (see Table 2); typical storm dura-
tion of 12 h (peak storm conditions) plus 2 h of rising phase and 2 h
of descending phase; present (2010) estimates of average annual river
and channel discharges based on historical data; no subsidence, and;
the most probable failure of existing defences, based on the analysis of
the system and on stakeholders opinion: the formation of a breach in
the sea bank (see Fig. 5). The sea bank already shows, at present, a
Table 2
Extreme conditions (surge is the first variable of the joint statistics) in Bellocchio. Storm
surge level ηs, associated to significant wave height Hs, seal level rise Sr. Wave direction
N90°N.

Scenario Sr (m) Return period (years)

2 5 10 20 25 30 50 100

2010
Present

0 Sop (%) 1.53 2.27 2.65 2.97 3.06 3.13 3.33 3.56
ηs (m) 1.26 1.37 1.43 1.48 1.49 1.50 1.53 1.57
Hs (m) 2.78 3.67 4.13 4.51 4.62 4.71 4.93 5.20

2020
Short term

0.07 Sop (%) 1.49 2.02 2.30 2.53 2.60 2.65 2.79 2.96
ηs (m) 1.22 1.32 1.37 1.41 1.42 1.43 1.45 1.48
Hs (m) 2.80 3.51 3.86 4.14 4.22 4.28 4.44 4.64

2050
Mid term

0.13 Sop (%) 1.59 2.16 2.41 2.77 2.98 2.90 2.99 3.12
ηs (m) 1.24 1.35 1.40 1.45 1.46 1.47 1.50 1.53
Hs (m) 2.78 3.56 3.90 4.20 4.26 4.39 4.51 4.82

2080
Long term

0.22 Sop (%) 1.55 2.26 2.64 2.95 3.04 3.11 3.30 3.53
ηs (m) 1.28 1.42 1.50 1.56 1.58 1.59 1.63 1.67
Hs (m) 2.72 3.56 3.99 4.34 4.44 4.52 4.73 4.98
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Fig. 4. Bathymetry map; colours from grey to violet indicate surface elevation ≤1.0 m
MSL.
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breach, 20 m long, seen in the bottom elevation map. The breach does
not evolve in time during the simulation.

Figs. 6 and 7 show the maps of maximum surface elevations and
maximum velocities derived from MIKE21, accounting for sea level
rise and river discharges but disregarding subsidence, and in case of
breaching.

The following three areas are flooded in all simulated conditions
immediately after the start of the storm, with quite large depths
(surface elevation N 2.2 m) and velocities (N1 m/s):

- the Ancona di Bellocchio. The frequent and intense flooding of the
Ancona di Bellocchio suggests that this area of high ecological
value inside the Po Delta Park may be irreversibly damaged. Accord-
ing to simulations, flooding occurs in all conditions, i.e. also for a
2 year return period, which is also in agreement with observations.
It should be clarified whether the strategy is to defend or to leave
this area to be submerged, also in view of further reinforcement of
the sea banks. Even in the long term scenarios, water does not prop-
agate further inland thanks to the existing banks so that mainte-
nance of these may be sufficient;

- the beaches of Lido degli Estensi and of Lido di Spina. The values of
flooding depths and velocities suggest that beach reshaping may
play a relevant role in the eventual flood of the urban area behind
the bathing facilities; the maintenance of beach width therefore
plays an essential role in the defence of the urban area;

- the area close to the Reno river outlet. In the long term scenarios the
river–sea interaction is evident, with overflow occurring along the
northern river bank. In the short term scenarios (and present), the
military area to the south of the outlet, already suffering from great
erosion, is exposed to flood.
Both urban areas of Lido degli Estensi and Lido di Spina are naturally
protected due to the construction of this area on the ancient dunes
(i.e. higher bottom elevation). The inland parts of these areas are both
flooded in case of long term (2080) scenarios; Lido degli Estensi is
flooded actually also in the mid-term (2050) in presence of intense
storms (Tr ≥ 50 years).

Providing that beaches and sea banks aremaintained, theflooding of
theurban areas is generated by the overflow from the canal harbour and
from the marina (right hand-side). Adequate attention is therefore re-
quired to the channel regulation and to the banks. The canal harbour
and the marina banks are under-designed: only in the short term sce-
nario (2020) and without accounting for subsidence they do not show
any overflow. It is therefore suggested to make the sea banks higher,
at least up to 2.5 m MSL Lido degli Estensi results much more exposed
at risk than Lido di Spina.

Overflow at the sea bank between the Ancona di Bellocchio and the
Lake of Spina occurs even in case the breach is not artificially made in
theDTM. Effects are obviously lessmarked in this case.When the breach
in the sea bank occurs, the water overflows the sea bank, fills the lake
and propagates towards the urban area of Lido di Spina. The area closer
to the beach in the southern part of Lido di Spina is reached by the flood,
but the elevation of the urban area – together maybe with the limited
duration of the simulated storm event – provides safe conditions for in-
habitants. Rural areas are flooded in long term (2080) scenarios by the
overflowing of the channel banks due to sea–river interaction.

It is worth noting that themodellingmethodology does not take into
account beach reshaping during the storm. The beach of Lido degli
Estensi is particularly wide, becoming totally submerged during the
storm; the beach of Lido di Spina is narrower, almost disappearing in
the southern part close to the wooden groynes. It is therefore impera-
tive to couple the monitoring and maintenance plan of the sea bank
with appropriate beach maintenance.

3. Bulgarian case study: Extreme flooding and erosion in varna

3.1. Site description

The Varna study site is located in the Western Black Sea, between
capes Ekrene and Galata (Fig. 8). It covers four beaches in the Western
Black Sea region — Golden sands, Kabakum, Varna Central and
Karantinata, all of which are subject to frequent flooding and chronic
erosion.

The Bulgarian Black Sea coast has eastern exposure and storms
which typically approach from the NE, E and SE can cause serious dam-
age to coastal regions (Valchev et al., 2007). Historical records of ex-
treme hydro-climatic events show that for the Western Black Sea shelf
storm waves and sea level fluctuations are the most dangerous sources
of flood hazard (Andreeva et al., 2011; Belberov et al., 1982; Stakev,
1980; Trifonova et al., 2011).

Fig. 9 presents a large-scale SPRC scheme relative to Varna, with the
purpose of identifying themain conceptual units within the site. The lo-
cation of the Black sea and its restricted connection to the oceans define
it as a non-tidal basinwith tidalmagnitudes ranging from3 to 5 cm. The
main sources of coastal flood and erosion in the Black sea are extreme
rainfall (river floods) and storms (waves and storm surge). In spite of
the fact that river input is very important for the water balance of the
whole Black Sea basin and it defines seasonal sea level fluctuations,
which for the Bulgarian coast are about 15 cm (Trifonova and
Demireva, 2003), there are no major rivers in the close vicinity of the
Varna study site. Consequently, for present climate conditions, only
sea storms are considered as a source of flood and erosion risk at this
particular study site. Extreme sea level rise and flooding of this coastal
area are thus mostly due to the combination of storm surge and wave
run-up.

From theperspective of predicted climate change scenarios, sea level
rise is also amajor potential hazard for the Varna coast. However, storm
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Fig. 6. Maximum flood depths (to the left) and velocities (to the right). Short term scenario (2020), Tr = 100 years. No breaching.

Fig. 5. Zoomed bathymetry close to the area where the breach is made (inside the dashed square).
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Fig. 7.Maximum flood depths (from left to right): short term scenario (2020) with breaching; mid (2050) and long term scenarios (2080) without breaching.
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surge and sea level rise act at different time scales. For present climate
conditions, deviation from themean sea level caused by eastern storms
(surge combined with wave run-up), for a return period 100 of years, is
3.23 m, while for future climate conditions, which include the gradual
sea level rise due to climate change and changes in wave climate, an
eastern stormwith a return period of 100 yearswill cause a sea level de-
viation of 4.45 m. Therefore, for the present climate conditions themain
sources of risk are those induced by storms, whereas for future climate
conditions the impact of storm events on the coastal system is consid-
ered against a background of gradual sea level rise.
Fig. 8. Location of Varna coastal area, beaches subje
3.2. Data

In order to estimate the flood and erosion hazard in the Varna re-
gion, for both present and future climate conditions, various datasets
were used, such as atmospheric reanalysis data, results of the CLM re-
gional climate model, and detailed topography and bathymetry data.

Wind reanalysis data were used for the calculation of the wind forc-
ing for thewavemodels. For present coastal dynamics themodelsWAM
(Komen et al., 1994) and SWAN (Booij et al., 1999) were forced with
global atmospheric pressure and wind reanalysis data from the
cted to flood, and selected cross-shore profiles.
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Table 3
Estimates of annual maximum wave heights, wave periods and annual maximum storm
surge.

Return period
(years)

Present/
future

Eastern direction North-eastern
direction

South-eastern
direction

Hs

(m)
T
(s)

ηs
(m)

Hs

(m)
T
(s)

ηs
(m)

Hs

(m)
T
(s)

ηs
(m)

5 Present 5.22 6.86 0.28 3.79 5.31 0.26 3.92 6.05 0.29
20 5.62 7.47 0.4 4.48 5.8 0.32 4.9 6.8 0.39
50 5.74 7.84 0.53 4.83 6.01 0.37 5.38 7.21 0.5
100 5.82 8.13 0.62 5.01 6.12 0.43 5.79 7.53 0.58
5 A1B 3.96 6.4 0.7 2.48 4.45 0.7 2.95 5.3 0.7
20 4.88 7.28 0.88 2.97 4.89 0.88 3.75 6.21 0.87
50 5.47 7.84 0.99 3.28 5.16 0.99 4.26 6.7 0.98
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European Centre for Medium-range Weather Forecast (Uppala et al.,
2005), for a period of 61 years (1948–2008). For future coastal dynam-
ics wave conditions were estimated using CLM regional climate model
data for two IPCC scenarios: A1B and B1. Annual maxima of sea level
data were extracted from time series of sea level available for Varna
for the period 1928–2007.

To collect detailed topography and bathymetry for the implementa-
tion of the hydro- andmorphodynamic models, an extensive field cam-
paignwas carried out in 2010. Based on the available data sets for near-
shore bathymetry and the new bathymetry and topography, 10 typical
cross-shore profiles were constructed. Three of them are at Golden
sands beach, two at Kabakum beach, three at Varna beach and two at
Karantinata beach. The location of the profiles is shown in Fig. 8.
100 5.9 8.25 1.08 3.51 5.37 1.08 4.64 7.07 1.05
5 B1 4.12 6.52 0.71 2.53 4.45 0.7 3.12 5.44 0.71
20 5.09 7.48 0.87 3.04 4.96 0.87 3.92 6.21 0.87
50 5.71 8.09 0.98 3.37 5.25 0.98 4.43 6.7 0.98
100 6.18 8.54 1.05 3.61 5.47 1.05 4.81 7.07 1.05
3.3. Methodology: Scenario construction

It is assumed that maximum flooding and erosion result from ex-
treme storm events. Flood and erosion conditions are estimated
through numerical modelling. Two approaches have been implemented
for the estimation of flood hazard. The first one is based on the maxi-
mum flood extent expected for a particular storm magnitude, while
the other estimates theflood duration.Maximumerosion is determined
by comparison of the initial and final (modelled) beach profiles.

Wave boundary conditions for both present and future climate sce-
narios were obtained by coupling the WAM wave model, adapted for
fetch-limited conditions and run for the whole Black Sea basin, with
the model SWAN, which is nested into WAM in order to propagate the
waves in the western shelf zone (Valchev et al., 2007).

For the simulation of flooding and erosion, the prototype storm con-
cept was employed to construct synthetic time series of wave height,
period, direction and sea level during storms for specific return periods.
Prototype storms for the present climate were constructed using wave
reanalysis data, while for future climate CLM results for IPCC scenarios
A1B and B1 were used. Firstly, the time series were subjected to a num-
ber of thresholds in order to identify individual storms (Trifonova et al.,
2011; Valchev and Trifonova, 2009) and from these, a series of extreme
events were selected (Valchev et al., 2012). The prototype storm has 3
phases – growth, full development and decay – by virtue of the fact
that curves of significant wave height are described by a non-isosceles
trapezium. The storm's growth stage is fixed to 30% of the total dura-
tion; the maximum development phase takes 20%; the decay is set to
50%. The prototype curve for surge level evolution is described by 5
phases, as the duration of maximum level is set to 4% of the total
storm duration and coincides with maximum wave height.

Three storm directions (NE, E, and SE) are considered for four return
periods (5, 20, 50, and 100 years) to form twelve storm prototypes for
present climate conditions and twenty-four — for future climate. Key
parameters considered for prototype shape construction are wave
height, wave period, wave direction and sea level for storms with the
considered return periods. Time series of annual maxima for both pres-
ent and future climate conditions were processed using extreme value
analysis and estimates of sea level deviations and wave parameters for
certain return periods were obtained (Galiatsatou et al., 2012). Results
of the analysis of extremes for different return periods are used as the
peak values in the construction of prototype storms corresponding to
the associated return periods.

A 2D hydrodynamic mathematical model (Krestenitis et al., 2010)
was implemented in the Black Sea region for the prediction of the sea
level rise (Sr) for future climate conditions taking into account atmo-
spheric (wind, atmospheric pressure) and wave forcing (radiation
stresses). Model results covering the period 2010–2100, for both cli-
mate scenarios A1B and B1,were produced. Table 3 presents the highest
estimates of annualmaximumwave height, correspondingwave period
and annual maximum storm surge for three selected directions (NE, E,
and SE).
Erosion during extreme storm events for the present climate
was calculated using three morphodynamic models — IO-BASMM
(Trifonova, 2007), SBeach (Larson and Kraus, 1989), and XBeach
(Roelvink et al., 2009), while for future climate conditions, IO-
BASMM was employed.

Flood conditions for both present and future climates were calculat-
ed using IO-BASMM. Each of themodels was run along 10 selected pro-
files (see Fig. 8), forced by 12 prototype storms for present and 24
prototype storms for future climate conditions. As a result, time series
of beach flooding and beach erosion were obtained for each storm pro-
totype and for each beach profile. Erosion maps were compiled for the
four selected beaches and maximum erosion of beach scarp was pre-
sented for selected beach sectors. Flood maps showing maximum
flood extents were also produced.

Although flood and erosion due to sea storms usually occur at the
same time, their impact depends on different factors. The analysis of his-
torical storms shows that the damage caused by erosion is greaterwhen
more sand is lost from the beach,while damage due to flooding tends to
increase with exposure time, i.e. the damage extent depends on storm
duration as much as on the size of the flooded area. Therefore, in this
study flood risk is estimated in relation to the time-span during which
a certain location at the sub-aerial beach profile would remain under
water during a storm of a given return period. Thus, flood scenarios
are presented as a relationship between the cross-shore beach elevation
and the flood duration for this specific elevation. To consider the effects
of sea level rise in the risk of flooding and erosion in the Varna coastal
region, the changes in sea level due to climate change were accounted
for short- (2020), mid- (2050) and long-term (2080) horizons. Sea
level time series for each prototype storm were adjusted with respect
to the prediction for mean sea level rise. As a result storm prototypes
for short-tem, mid-term, and long-term horizons were modified and
subsequently used as hydrodynamic boundary conditions for the
hydrodynamic module of IO-BASMM. For each scenario flood predic-
tions are presented as a relation between beach elevation and flood du-
ration for this specific elevation — Intensity–Duration–Frequency (IDF)
curves relating flooding extent (elevation) and duration for 4 return
periods — 5, 20, 50, 100 years.

All numerical experiments for present and future conditions were
done using synthetic time series of key storm parameters – “storm
prototypes”. The methodology was tested against a series of historical
storms reported in the literature (Andreeva et al., 2011). Time series
of stormparameters (wave height, period anddirection)were extracted
from reanalysis (Valchev et al., 2012), and storm surge levels were
calculated from wind fields with the model MATO (Posada et al.,
2008). Classification of storms is performed using the database of
storms, taking into account themost probable combination of directions



Table 5
Significant wave height, surge level deviation and wind speed at the stage of maximum
storm development for historical storms of February 1979 and March 2010 (after
Trifonova et al., 2010).

Event Duration (days) Hs (m) ηs (m) V (m/s) Maximum stage
Hs N 3 m duration

February 1979 7 (16–22.02.1979) 4.58 1.4a 24 2.5 days
March 2010 5 (8–12.03.2010) 4.20 0.7 20 1 day

a Measured at Irakli station 50 km southward of Varna.
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and intensities. As a result, the following scenarios for coastal area
flooding were modelled: wind velocities (25, 50, 75, 100, 125 and
150 km/h) and wind directions (NE, ENE, E, ESE, SE and SSE). A total
number of 36 cases were compiled, and based on the numerical results,
transfer functions of the maximum storm surge as a function of wind
velocity and direction were built, Eq. (3),

ηs ¼
αV þ βV2

1000
ð3Þ

α ¼ aþ bθ
100

þ cθ2

10000
ð4Þ

β ¼ dþ eθ
100

þ f θ2

10000
ð5Þ

where ηs is themaximumstorm surge,V is thewind velocity in Km/h, θ is
the wind direction and α and β are parameters evaluated through
Eqs. (4) and (5), respectively. The values of the parameters a, b, c, d, e
and f depend on the locations, some examples are shown in Table 4.
The location of points for which the transfer functions were built corre-
sponds to the deepest part of the 10 profiles modelled (see Fig. 8).

Two historical storms (February 1979 and March 2010) that took
place in the western Black Sea were reconstructed using reanalysis
data. The storm of February, 1979 was the most severe storm of the
past century, causing considerable damage along entire Bulgarian
Black Sea coast (Andreeva et al., 2011; Belberov et al., 1982; Stakev,
1980; Trifonova et al., 2010). During this event, the sea level at the
Varna tide gauge was not measured because the station was flooded
and out of operation. The hydrometeorological parameters of both
events are presented in Table 5.

Storm surge patterns for selected beaches were reconstructed using
the MATO surge model. The beach flooding was modelled using IO-
BASMM.

3.4. Results

Flood maps represent the width of the flooded section of the
beach as a % of total beach width, for an event with a specific return
period. For each studied beach stretch twelve flood maps were
constructed for present climate conditions and 24 maps for future
climate conditions. The flooding magnitude is ranked in a four-
colour scale, described in the legend of the relevant figures. An
example calculated for present and future climate conditions for
Varna beach is presented in Fig. 10.

Flood extent due to eastern storms considerably outmatches that
caused by NE prototype storms for all four beaches – Golden sands,
Kabakum, Varna, and Karantinata – and for both present and future cli-
mate. It is known that in the open sea NEwinds aremore intensive than
eastern ones (Valchev et al., 2012), but due to the coastal orography
they contribute to the generation of long-shore drift to a greater extent
than to the surge level. The analysis of the results reveals that for a re-
turn period, Tr, of 5 and 20 years the flood extent due to eastern storms
prevails over that caused by SE events. For Tr of 50 years the beach
flooding caused by E and SE storms is almost commensurate, while for
Tr of 100 years the flood extent produced by SE prototype storms is
much greater than that caused by storms from the East.
Table 4
Parameters for Eqs. (4) and (5), for three different locations.

Location a b c

Golden sands resort 1.618209999 5.085748732 −
Kabakum −34.8239052 48.5119351 −1
Varna −59.2623311 80.6677969 −2
The southern portion of Golden Sands is the beach which is most
threatened by flooding for all storms. Maximum flood extent is expect-
ed for eastern storms. Differences in flood extent between northern and
southern portions of Kabakum beach are negligible. Maximum flooding
of Karantinata beach is expected in its southern portion during E storms
(more than 90% of the beach width would be flooded, even for Tr = 5
year). In spite of the fact that the width of the northern part of Varna
beach is less than 30 m, and the southern one exceeds 100 m, the latter
will be flooded more than 80% for Tr = 5 year of the eastern storms.

Erosionmaps represent the width of the eroded section of the beach
in % of the total beachwidth, for eventswith a specific return period. For
each studied beach 36 erosion maps were constructed for present cli-
mate conditions and 24 maps for future climate conditions. All models
forced with present climate conditions show maximum erosion for
prototype storms from the East. As expected, the erosion pattern fol-
lows the one for flooding, namely that for Tr = 5 and 20 years the ero-
sion due to eastern storms prevails over that caused by SE events. For
Tr = 50 years the beach erosion caused by E and SE storms is almost
commensurate. Example erosion maps for Varna beach, calculated
with tree models, are presented in Fig. 11.

Results from the IO-BASMM model show that the southern portion
of Golden Sands beach is more threatened by erosion caused by all
storms. Maximum erosion is expected for eastern storms with 100-
year return period — 10 m, which is equal to 38% of the beach width.
Differences in erosion between the northern and southern portions of
Kabakum beach are negligible. Maximum erosion of 9 m (14% of
beachwidth) is predicted for eastern stormswith a 100-year return pe-
riod. Maximum erosion of Varna beach is expected in its northern por-
tion where during eastern storms it reaches 7 m, which is about 29%
of the beach width. At Karantinata beach during eastern storms maxi-
mum erosion reaches 7 m in the northern portion of the beach, which
is 20% of beach width.

The results fromXbeach indicate that the northern portions of Gold-
en Sands beach are most threatened by erosion produced by all storms,
while at Kabakum beach—maximum erosion for all storms is observed
at the northern part of the beach. Maximum erosion was calculated for
the northern part of Varna central beach and the southern part of
Karantinata. The results from SBeach indicate the same tendency, but
with a highermagnitude—up to 38% of beachwidth is eroded atGolden
Sands, 30% at Kabakum and more than 40% at Varna central and
Karantinata.

From the perspective of the average beach erosion, all models
predict the greatest erosion at Varna beach due to eastern storms
(Table 6). The magnitudes of the average beach erosion correspond to
wave forcing for relevant storm prototypes (Table 3), however the
particular values of the maximum erosion differ for different wave
approaches, and different locations. IO-BASMM predicted maximum
erosion at the northern part of the beach for the eastern storms only
d e f

2.613089948 −1.5424701 2.7128251 −0.8263692
4.7495889 −1.6685965 2.7900562 −0.8276108
4.4444979 −1.8938010 3.2049045 −0.9422916



Fig. 9. SPRC analysis for Varna.

Fig. 10. Flood maps for E (panels A, D), NE (panels B, E) and SE (panels C, F) prototype storms for Varna beach for present (upper panels) and future scenario B1 (lower panels) climate
conditions.
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Fig. 11.Maps of erosion for E (panels A, D, G), NE (panels B, E, H) and SE (panels C, F, I) prototype storms for Varna beach. Results are frommodelling by IO-BASMM (A–C), Xbeach (D–F),
SBeach (G–I).
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Table 6
Average and maximum beach erosion at Varna beach for eastern, north-eastern and
south-eastern storms.

Model Eastern North-eastern South-eastern

Average Max Profile Average Max Profile Average Max Profile

m m m m m m

IO-BAS
MM

5.9 6.9 T241 3.0 4.4 T245 5.3 7.2 T248

Xbeach 15.5 22.4 T248 8.1 12.0 T248 13.0 18.0 T248
Sbeach 7.8 9.2 T245 4.9 6.7 T245 7.6 10.4 T245
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(6.9 m), while during NE and SE storms maximum erosion is foreseen
at central and southern parts, respectively. The maximum erosion
calculated by the Xbeach model is observed at the southern part of
the beach (22.4 m), as the erosion caused by eastern storms surpasses
that caused by north-eastern (12.0 m) and south-eastern (18.0 m).
A characteristic feature of the results from SBeach is that the maximum
erosion triggered by south-eastern storms (10.4 m) exceeds the
magnitudes of erosion due to the eastern storms (9.2 m). For similar
conditions Xbeach predicts greater erosion than SBeach and IO-BASMM.

General patterns of erosion for future climate scenarios remain sim-
ilar to those for present climate. Northern and central parts of the beach
are more vulnerable than the southern part. Minor differences in ero-
sion maps reflect the fact that the wave magnitude for climate scenario
B1 is increased in comparison to the A1B scenario.

Two historical storms: February, 1979 and March, 2010, were
modelled to define flood patterns at four beaches during these storms.
Time series of beach flooding for Golden Sands, Kabakum, Varna, and
Karantinata during the storm of February 1979 are presented in
Fig. 12. For comparison, time series of beach flooding for the same loca-
tions during the storm of March 2010 are also shown. In spite of the
comparable maximum values of Hs and V during the storms, the signif-
icant difference in ηs (Table 5) is due to the considerable difference in
duration of the stage of maximum storm development. During the
storm of March 2010 Varna beach was flooded more than 40% of its
width only for two hours, while during the storm of February 1979 it
was flooded for 42 h.

Based on the analysis of all maps of erosion it can be concluded that
maximum erosion due to eastern storms outmatches considerably that
Fig. 12. Flooding of 4 beaches—Golden sands, Kabakum, Varna, and Karanti
caused by the NE prototype storms for all four beaches. The approach,
using flood and erosion maps is very useful when the manifestation of
extreme phenomena is the focus of the analysis. However, the maxi-
mum run-up position is not an indicator of irrecoverable damage. In
some conditions damage is a function of the flood duration. To investi-
gate the nature/patterns of the connection between flood depth and
duration, two hundred and twenty-four IDF curves were constructed
based on model results: for two climate scenarios, four horizons
(current state, short-tem, mid-term, and long-term), three wave direc-
tions, and for ten profiles. In Fig. 13 an example of such a graph
for climate scenarios A1B and B1, mid-term horizon for Profile T248
(southern part of Varna Central beach) is presented.

Differences in flood intensity between A1B and B1 climate scenarios
are insignificant. As a whole, flood scenarios related to B1 are more se-
vere than those of A1B, which is a consequence of rougher wave forcing.
For instance, during an eastern stormwith Tr = 100 years (A1B scenar-
io, mid-term horizon) all objects located below 3 m MSL would be
flooded for at least 30 h, while for the B1 scenario, they would be
flooded for 36 h (Fig. 13).
4. Spanish case study: Long-term trends of extreme flooding and
erosion in santander

4.1. Site description

The study of this site focuses on the definition of sources and hazards
and their statistical characterisation in specific locations along the coast
of Santander Bay, Northern Spain. This area is one of the largest inlets
on the Cantabrian Coast (2270 ha) and is characterised by several
morphodynamic elements (Fig. 14): Sardinero, Loredo and Somo
beaches, outside the bay, Magdalena-Peligros and Puntal beaches, in
the spit, and the bay. Since the 18th century, and due to the develop-
ment of the city of Santander, the bay has suffered many changes
which have determined the evolution of the morphodynamic system.
The land required for the expansion of the city was obtained from the
bay by reclaiming its western part resulting in a subsequent decrease
of the tidal prism. Besides, intensive dredging activity,mainly on the off-
shore shoal and in the spit end, has been carried out in order tomaintain
a navigable channel.
nata during the storm of February 1979 (left) and March 2010 (right).
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Fig. 13. Intensity–Duration–Frequency curves for eastern storm and for Varna Central beach.
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The complexity and historical evolution of Santander spit requires
care in the definition of sources for each element of the coastline.
Fig. 15 presents a SPRC scheme relative to Santander, with the purpose
of identifying the main conceptual units within the site.

4.2. Data

The main sources considered in this analysis are themarine dynam-
ics, including waves and sea level. For this, several data sets, numerical
modelling and statistical techniques are used and explained below.

4.2.1. Wind data
In this work, we have used the 10 m wind fields from the global re-

analysis NCEP/NCAR (with spatial resolution 1.9° and temporal resolu-
tion 6 h, Kalnay et al., 1996) as inputs to define the wave conditions in
the Atlantic and Cantabrian Sea.

4.2.2. Wave data
The global wave hindcast GOW (Reguero et al., 2012) was used to

carry out this study. The wave model used was Wavewatch III
(Tolman, 1999), forced by 6-hourly wind fields from the atmosphere
model NCEP/NCAR. The reanalysis GOW spans from 1948 onwards
with hourly resolution. A limitation of the model is that it is not able
to simulate propagation effects in shallow waters as effectively as
othermodels. Consequently, results from simulations of theWavewatch
Fig. 14. Location and considered ele
III have been used as initial conditions in the simulations of the propaga-
tion model SWAN (Booij et al., 1999), increasing the spatial resolution.

The reanalysis data from GOW have been calibrated using altimeter
data from six different satellite missions for the period between 1992
and 2010: TOPEX, Jason-1, Jason-2, Envisat, GFO and ERS-2 (http://
www.aviso.oceanobs.com/). The calibration procedures summarised
in Woolf et al. (2002), and later updated by Hemer et al. (2010), have
been applied to the altimeter significant wave height (Hs).

After propagating the wave climate into shallow waters the results
were validated using buoy data. The shallow water buoys Virgen del
Mar and Santoña, from the Cantabrian network Red Vigia (Consejería
de Medio Ambiente, Gobierno de Cantabria), and the Bilbao buoy from
the shallow water network (REDCOS) from Puertos del Estado (OPPE,
Ministry of Public Works, Spain) have been used.
4.2.3. Sea level data
We used hourly time series from two different tide gauges, namely

from the Spanish Institution of Oceanography (1940–2005) (IEO) and
from Puertos del Estado (1995-present) that provide astronomical and
the residual tides. In order tofill the gaps of the instrumental time series
of non-tidal residuals, storm surge reanalysis data from the model GOS,
developed by IH Cantabria, were used (Abascal et al., 2010). The reanal-
ysis model GOS (Global Ocean Surge) is forced by a 60 year dynamic
atmosphere downscaling (SEAWIND, IH Cantabria) with 30 km spatial
resolution.
ments in the Bay of Santander.

http://www.aviso.oceanobs.com/
http://www.aviso.oceanobs.com/
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4.3. Methodology: Downscaling marine dynamics

The study of different processes in the coastal area requires theprop-
agation of marine dynamics into shallowwaters (Camus et al., 2011). In
this study, we follow the approach summarised in Fig. 16, based on
seven steps. To have long-term temporal and spatial wave data cover-
age to properly characterise wave climate requires the use of reanalysis
data (1), in this case the data base GOW. Numerical data requires cali-
bration in order to correct the numerical model limitations (2). We
used the directional calibration methodology explained in Mínguez
et al. (2011). Moreover, numerical models of wave generation from at-
mospheric forcing do not simulate propagation effects in shallow wa-
ters, therefore, reanalysis data in deep water must be transferred into
shallow waters using statistical or dynamical downscaling. In order to
minimise the propagation task (over 500,000 hourly sea states in a
61-year wave reanalysis) we used mathematical algorithms which are
able to select a reduced number of representative sea states of the
wave climate in deep waters (3) (Camus et al., 2011). Once the sea
states were selected, we propagated them using the SWAN numerical
model to determine wave characteristics at the objective points along
the coast (4). Using the results of the propagated sea states and interpo-
lation techniqueswe reconstructed time series of the requiredwave pa-
rameters for the assessment of flood and erosion events (5). Finally,
using wave data from coastal buoys, we validated the results of wave
parameters obtained combining the statistical and dynamical down-
scaling (6). After that, marine dynamics were transferred into shallow
waters, and the analysis of coastalmarine climate and other coastal pro-
cesses could be carried out (7).

4.3.1. Definition of the hazard: Flooding and erosion
In the context of this case study, the hazards that affect the impact

units Ii through the pathways are the flooding and episodic or non-
permanent erosion in our study area. Therefore, the goal is to statistical-
ly characterise the distributions fz(z), both in intensity and frequency,
where z is the random variable that defines the intensity of the hazard.
To that purpose, we established 10 homogeneous units based on similar
characteristics of mean Hs12, mean energy flux and mean direction
(Fig. 17). The clustering of these areas was achieved using the Self-
Organizing Maps (SOM) technique (Kohonen, 2000). This classification
technique detects common patterns in the data and projects them onto
a dimensional lattice, which adapts to the data using nearest neighbour
Fig. 15. SPRC analysi
optimisation.We selected six points in themain beaches of the domain:
two points in Sardinero beaches, three points in Loredo, Somo and
Puntal beaches and another one inside the Bay, in Peligros beach (see
Fig. 17).

4.3.1.1. Flooding. The flooding hazard is characterised through the
flooding level which is defined as the result of the addition of four fac-
tors: mean sea level (MSL), astronomical tide (AT), storm surge (ηs)
and run-up (Ru2%):

FL ¼ MSLþ AT þ ηs þ Ru2% : ð6Þ

Monthlymean sea level is calculated using the long-term tidal gauge
free surface record (1948–2009) from IEO. The astronomical tide is ob-
tained from the Santander tide gauge (REDMAR, Puertos del Estado).
The storm surge is a random variable which consists of variations in
the sea level due to wind and pressure variations. The time series of
storm surge in this study comes from merging the Santander tide
gauge from IEO and the numerical model GOS. Finally, the run-up is
the elevation of the water surface due to the action of waves (with ref-
erence to the remaining sea level). After the wave breaking, the energy
that has not been dissipated during the breaking process elevates the
water surface along the berm of the beach. In this studywe used the for-
mulation from Nielsen and Hanslow (1991). Results reveal that in the
case of dissipative beaches there is no dependence between run-up
and beach slope (tanβ b 1/10), while in the case of reflected beaches
there is a dependence with the slope, and therefore, with the Iribarren
number:

z ¼ 0:47 HsL∞ð Þ0:5 tanβ tanβN0:1
z ¼ 0:04 HsL∞ð Þ0:5 tanβb0:1

ð7Þ

Ru2% ¼ 1:98z ð8Þ

where Ru2% is the run-up exceeded 2% of the time every sea state (1
every 50 waves). We have calculated the hourly time series of flooding
level in each objective point.

4.3.1.2. Extreme erosion events. In this study we use the empirical ap-
proach developed by Miller and Livermont (2008) which defines the
Peak Erosion Intensity (PEI) Index as a function of the local wave height
s for Santander.

image of Fig.�15


Fig. 16. Methodology for downscaling wave climate to coastal areas.
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(Hb) and the total sea level (S). The PEI index, or equivalently the equi-
librium shoreline change is defined as:

PEI tið Þ ¼ W� tið Þ 0:068Hb tið Þ þ S tið Þ
Bþ 1:28Hb tið Þ

� 	
ð9Þ

where W*(ti) is taken as the distance to the depth limited breakpoint,
h*(ti) = hb(ti) = 0.8Hb(ti). S(ti) is the water level variation across the
Fig. 17. Classification of Santander Spit by similar zones of wave characteristics. Each group defi
only exceed 12 h a year, energy and mean direction.
surf zone. The berm height B is assumed to be constant over time.
Note that water levels are relative to MSL and include both the astro-
nomical and surge component. Following this formulation, the PEI hour-
ly time series are obtained at the different objective points.

4.3.2. Statistical modelling of the hazard
The simplest model in extreme value theory is the Annual Maxima

method (Coles, 2001), which uses only annual maxima values. This is
ned by a colour has certain conditions of significant wave height, significant wave height
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modelled using the generalised extreme value distribution (GEV)
cumulative distribution function (CDF) given by:

F x; μ;ψ; ξð Þ ¼
exp − 1þ ξ

x−μ
ψ


 �−1=ξ
" #

ξ≠0

exp − exp − x−μ
ψ


 �� 	
ξ ¼ 0

8>>><
>>>:

ð10Þ

where 1 + ξ(x − μ)/ψ N 0, μ is a location parameter,ψ is a scale param-
eter and ξ is the shape parameter which determines the nature of the
tail of the distribution. An important problem in extreme value analysis
is the scarcity of data formodel estimation. Tomitigate this problem,we
use the peak over threshold (POT) method for independent and identi-
cally distributed random variables. The basic idea is to pick up a high
threshold u and to study all the exceedances over u, assuming that the
number of exceedances in any given year follows a Poisson distribution
with mean v and which the excess values y = x − u, modelled using
the generalised Pareto distribution (Pickands, 1975) given by:

G y;σ ; ξð Þ ¼ 1− 1þ ξy=σð Þ−1=ξ ξ≠0
1− exp −y=σð Þ ξ ¼ 0

�
ð11Þ

where σ N 0 is a scale parameter and ξ is the same shape parameter as
in the GEV distribution. The combination of both models for frequency
and intensity can be expressed in terms of the GEV parameters for
annual maxima provided that σ = ψ + ξ(u − μ) and v = (1 +
ξ(u − μ)/ψ)−1/ξ. Moreover, the hypothesis of homogeneity in the ran-
dom variable y can be relaxed tomodel non-stationarity, as seasonal ef-
fects or long-term trends. Therefore, an extension of the GPD-Poisson
model is obtained by allowing its parameters to be time-dependent,
so that v(t) N 0, σ(t) N 0 and −∞ b ξ(t) b ∞ may vary throughout the
year. Accordingly, theGEVdistribution has time-dependent parameters,
for example, which may contain sine waves representing seasonal
effects (see Méndez et al., 2006). Likelihood-based methods allow
modelling different factors to explain the variability of the data and
the non-stationarity of the GEV and GPD-Poisson parameters. Among
these factors, we shall consider the annual variability (seasonality),
the likely long-term trend, and other cycles such as the nodal cycle for
astronomical tide. We express the model in terms of the GEV parame-
ters using the time-dependent version of Eq. (9) to relate the GPD-
Poisson parameters to the equivalent GEV parameters. A number of
possible regression models can be expressed in terms of the time-
dependent location, scale, and shape parameter of the GEV distribution.
In the following paragraphs, we will show the regressionmodel includ-
ing seasonality (in location and scale parameters) and the long-term
trend as an additional term in the location parameter.

μ tð Þ ¼ β0 þ β1 cos 2πtð Þ þ β2 sin 2πtð Þ þ β3 cos 4πtð Þ þ β4 sin 4πtð Þ
þ βLT � t ð12Þ

ψ tð Þ ¼ α0 þ α1 cos 2πtð Þ þ α2 sin 2πtð Þ þ α3 cos 4πtð Þ þ α4 sin 4πtð Þ ð13Þ

ξ tð Þ ¼ ξ0 ð14Þ

where β0, α0 and ξ0 are mean values and, βLT represents the annual
mean trend, and t is given in years.

4.4. Results

We analysed flooding and erosion hazards in Santander spit,
obtaining the present climate statistical distribution and its long-term
trend in the last 62 years.
4.4.1. Flooding
The time series of the flooding level (FL) in the six objective points

were obtained. The intensity of the flooding levels depends on the expo-
sure of the beach, and therefore, on the energy received. Themost ener-
getic beaches are Loredo and Somo,which face north and receive almost
directly the most energetic swells from the NW diffracted in Cabo
Mayor Cape. In the case of Loredo beach, some sea states reach 10 m
of flooding level. Puntal and Peligros, which are sheltered by La Magda-
lena peninsula and are located at the entrance of the bay, registered the
lowest flooding levels. In order to characterise the extreme flooding cli-
mate the statistical model Pareto–Poisson described above was applied.
This statistical model is based on the maxima selection peak over
threshold (POT) method. Based on previous studies in the area,
the threshold u was the flood level corresponding to the 98 percentile
(i.e. uLoredo = 6.89 m). An interdependency of three days between
stormswas used. The application of the stationarymodel provides the ex-
treme flooding climate in each point for different return levels. After that,
the non-stationary model was carried out. The seasonality was modelled
including harmonic functions in the location and scale parameter and the
long-term trend by adding a linear term in the location parameter. The
long-term trend is only included when significant at a 0.1 confidence
level. It is significant at all locations with values around 0.2 cm/year.
Fig. 18 shows the time series of flooding level in Loredo beach and the cu-
mulative distribution function inpresent time (2010) and in 2050, obtain-
ed by extrapolating the long-term trend (βLT =0.3 cm/year).

Concerning the cumulative distribution function, it can be seen that
the statistical characterisation of flooding level changes in the future,
due to the positive long-term trends. Assuming that βLT is constant in
the period 2010–2050, it can also be seen that the probability of occur-
rence of flooding levels increases in 2050 (see example of Fig. 18). For
example, the probability of an exceedance of 7.2 m of the annual max-
ima flooding level in 2010 is 0.6 while this probability in 2050 reaches
0.8. In terms of return period, the event occurring once in a 100 years
reaches 9 m in 2010, while in 2050 this flooding level corresponds to
8.14 m (approximately 0.8 m lower). Similar results are found for the
rest of the beaches since significant positive trends are found.

4.4.2. Erosion
The erosion study was carried out on the six points selected along

the beaches. We obtained the Peak Erosion Intensity (PEI) index hourly
time series at each point. Agreement resultswith the flooding level time
series are found. Loredo is the beachwith higher erosion episodes as it is
exposed to themost energetic sea states, reaching 50 mof berm erosion
in 1965. Similar analysis to flooding levels was performed to character-
ise extreme erosion climate. First, the stationary extrememodel Pareto-
Poissonwasfitted. The threshold, u, selected to identify PEI exceedances
was the PEI98%: uSardinero2 = 12.67 m, uSardinero1 = 11.95 m, uLoredo =
18.80 m, uSomo = 14.90 m, uPuntal = 10.11 m and uPeligros = 7.24 m.
Again, an interdependency of three days between storms has been
used. In the case of flooding, the shape parameter takes negative values
(Weibull distribution), with a bounded tail, while in the case of erosion,
the shape parameter values are also negative but very close to 0, signi-
fying a Gumbel distribution and light tail (see example of Fig. 19). For
example, the quantile of PEI associated to 50-year return period corre-
sponds to 45 m in Loredo.

Once the stationary extreme erosion climate is characterised we
have fitted the non-stationary Pareto-Poisson model in order to assess
variability throughout the year and in the long term. Only a significant
long-term trend is detected in Peligros beach. Using the Pareto distribu-
tion, we modelled the intensity of the exceedances of PEI index and
using the Poisson model we analysed the frequency of erosion events
(Fig. 20). Note that in the most exposed beaches, the annual cycle is
clear and predominant. Regarding the frequency, themaximumerosion
rate occurs in November–December, which means the importance of
the semi-annual cycle, particularly in the autumn months. The highest
erosion rate can be found in Sardinero beaches and Puntal.



Fig. 18. Flooding level time series for Loredo beach (left panel) and its cumulative distribution function currently (2010, continuous line) and in 2050 (dashed line).
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5. United Kingdom case study: Present and future flooding from
plymouth sounds to exe estuary

5.1. Site description

The UK study site is from Plymouth Sound to Exe Estuary, which is
located in southwest England, as shown in Fig. 21. The area encom-
passes a 100 km stretch of coastline bordered by the English Channel.
It is one of the most diverse coastal settings in Europe, incorporating a
range of habitats from exposed rocky and shingle coast to sheltered
mud of flooded valleys or “Rias” together with densely populated
urbanised and industrial zones of Plymouth Sound and Torbay. There-
fore, it is a unique and representative site to involve the complex coastal
and estuarine processes and the interaction between coastal defence
structures and coastal morphology.

Within the study site, the research is focused on the Teign Estuary
(Fig. 21c). A major modifier of the coastline is the railway line, which oc-
cupies considerable stretches of coastal frontage (from Exeter to Dawlish
to Teignmouth to Newton Abbot). Coastal defence work to protect the
railway line has modified coastal processes. Pressures also include physi-
cal disturbance, for example by trampling, dredging, fishing gear, land
reclamation and adjacent coastal development, construction of sea de-
fences and potential for changes in the hydrological regime.

The spring tidal range at the study site is 3.8 m, with a maximum
tidal current of 3.0 m/s, although the tidal current in the Lyme Bay is
Fig. 19. Extreme erosion in Loredo beach.
relatively weak, of 0.5 m/s in general. The waves in the area are pre-
dominately swell waves from the Atlantic in the southwesterly direc-
tion, with yearly mean significant wave height of 2.0 m (max 4.0 m)
and 2.7 m for a 50 year return period (max 5.3 m).

The River Teign arises onDartmoor at a height of 520 mAOD (above
Ordinance Datum at Newlyn) and flows in a southeasterly direction to-
wards the Teign Estuary and the sea. The catchment covers an area of
550 km2. The principal sub-catchments are the Rivers Lemon and
Bovey and the Aller Brook. The estuary is also influenced by the large
river flow. The River Teign flows through a diversity of landscapes and
habitats, ranging fromopenmoorland (Dartmoor) to ancientwoodland,
improved pasture land and broad valleys, before finally meeting its
floodplain and the estuary. The Teign Estuary is approximately 9 km
in length and less than 1 km wide at its widest Point and is defined as
a Ria by JNCC (1997). It is one of South Devon's most valuable assets.
The mouth of the Estuary is marked by a permanent spit “the Point”,
on the north bank at Teignmouth extending southwest, and the red
cliffs at Shaldon to the south.

Fig. 22 presents a large-scale SPRC scheme relative to Teign Estuary,
with the identification of themain units of sources, pathways, receptors
as well as the possible consequences within the individual study sites.
The main sources within this site are from the open sea, i.e. the English
Channelwithwaves, tides and storm surge, and the floodingwater from
River Teign in the upstream. The local wind generatedwaves andwater
level setup can be significant sources in the area. The main pathways
(whichmay also be considered as receptors of lower intrinsic value) in-
clude sea wall, groynes, revetment/beaches and marshes, where the
main receptors (that may also be pathways for other receptors) are
the mainline railway, towns and industrial, commercial and ecology-
significant areas. The possible consequences are also illustrated in the
figure.

The small-scale analysis evaluates the actual proximity of the recep-
tors from the sources, by studying the flood dynamics, erosion maps,
effectiveness of the coastal structures (submerged breakwaters and
groynes) and mitigation measures for ecological impacts.

5.2. Data

For the present climate conditions analysis, various data sources
have been used, detailed as follows:

• Tides and surge:

○ Data: the British Oceanographic Data Centre (BODC— www.bodc.
ac.uk)

○ Locations: Devonport and Weymouth, two closest tide gauge
stations to the study site

○ Time series of tidal and surge levels (15-min intervals) andmonthly
extremes (maxima and minima) and monthly mean water levels

○ Duration: 1991–2009

http://www.bodc.ac.uk
http://www.bodc.ac.uk
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Fig. 20. Upper panels: Annual evolution of location (solid line) and location + scale (dashed black line), and 98% exceedances over the threshold (dashed grey line). Lower panels:
Histogram of the time of occurrence of threshold excesses (bars) and time-dependent event rate within a year in an average year (solid line), according to the fitted model.

68 M. Villatoro et al. / Coastal Engineering 87 (2014) 50–76
• Waves:

○ No measured wave data available in the study site
○ Model results from POLCOMS, forced by the wind data from

ECMWF database
○ Locations: Devonport & Exe/Teign Estuaries
○ Duration: 1970–2000
Fig. 21. (A) Plymouth Sound to Exe Estuary, (B) Ex
• River discharge:

○ Data from National River Flow Archive, UK
○ Location: River Teign at Preston (station ID: 46002)
○ Duration: 1956–2007 (daily).

In general, the extremes were calculated by fitting the annual
maxima to a selection of candidate probability distribution functions.
e and Teign Estuaries, and (C) Teign Estuary.
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Fig. 22. SPRC analysis for Teign Estuary.

Table 7
Maximum water and surge levels (m AOD) for given return periods at Plymouth and
Weymouth.

Return period
(Years)

Plymouth (m AOD) Weymouth (m AOD)

Max water level Surge Max water level Surge

5 6.283 0.860 2.932 1.189
20 6.465 1.036 3.101 1.435
50 6.581 1.147 3.208 1.592
100 6.667 1.231 3.289 1.710
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The 1-year lag correlation was calculated to ensure statistical indepen-
dence within the time series. Given the time-limited extent of the data
sets, bootstrapping was used to re-sample the data and generate confi-
dence limits based on the re-sampled populations following the
methods described in Reeve (1996) and Li et al. (2008).

To extend the field measurement data, a nested POLCOMS/
ProWAM modelling system (Holt and James, 2001) was setup from
the northern Atlantic Ocean with its coarser grid, to the English
Channel with its finer grid, to compute waves and storm surge for
the present (1970–2000) and the future scenarios (2010–2100).
The model has been extensively tested and validated in the area
(Chen et al., 2010; Pan et al., 2009).

5.3. Methodology: Scenario construction

5.3.1. Mean sea level
Themeasuredmean sea levels at the tidal gauges closest to the study

site, Plymouth (Devonport) and Weymouth are analysed. The average
water level at Plymouth is 3.29 m above Chart Datum (CD) (0.07 m
AOD) and 1.27 m above CD atWeymouth (0.34 m AOD). The yearly av-
erages of the mean water levels indicate a tendency of a slight increase
at both Plymouth and Weymouth in the range of 10 cm over the past
20 years. The mean sea level increase is more steadily at Plymouth
than that at Weymouth. The results also show that the yearly maxima
and minima of the measured sea levels from 1990 to 2009 are both
around 1.0 m AOD at Plymouth (Devonport) and Weymouth. The re-
sults indicate that the high water levels fluctuate slightly over this peri-
od at both locations.

The measured surge levels, after the tidal components being re-
moved from the measured water levels, over the same period are also
analysed. At Plymouth, the storm surge was higher during 1992 and
1993, up to 1 m, and then decreased to 0.6 m for the following few
years. Since then, the surge level has a tendency to increase, from
0.6 m to 0.8 m in recent years. Yearly maximum surge levels at Wey-
mouth have been constant, at around 1 m. In 2008, the surge level
exceeded 1 m.

5.3.2. Return values of tides and surge
Measured tide and surge levels were analysed using Weibull,

Gumbel and bootstrapping methods. The maximum and minimum
extreme water levels for 2, 5, 10, 20, 50, 100, 200, 500, 1000 and
2000 year return periods at both Plymouth andWeymouth are predict-
ed using bothWeibull and Gumbel distributions, the results of which in
general agree. However, due to the lower/higher limits required in
using theWeibull distribution, the former results are believed to contain
a further uncertainty. Therefore, all predicted extremes using the
Gumbel distribution are used in the extreme analysis hereafter.

At Plymouth, the extreme water level is likely to increase approxi-
mately by 1 m for 1 in 2000 year events. At Weymouth, such an in-
crease is also found, in the range of 0.8 m. The extreme analysis has
also been applied to the storm surge level at Plymouth andWeymouth.
With the Gumbel distribution, the extreme surge level at Plymouth can
be as high as 1.6 m in 1 in 2000 year return period events, while at
Weymouth, the extreme surge level can reach more than 2 m. Table 7
gives the detailed extreme values for the maximum water and surge
levels at Plymouth and Weymouth, for various return periods.
5.3.3. Joint distribution of waves & surges
For the joint distribution analysis, wave and surge data were obtain-

ed from the POLCOMS/ProWAM model, which was set up with nested
grids centred at the study area. The present conditions were modelled
using wind and sea level pressure (SLP) data from the European Centre
for Medium-Range Weather Forecasts (ECMWF) for a 30 year period,
from 1970 to 2000. Since the predominant waves are from the south-
west, the maximum wave heights at Plymouth are generally higher
than those at Exmouth, which is more sheltered to the waves from
the southwest (Horrillo-Carballo et al., 2012). The highest wave height
at Plymouth is 11.34 m and 8.14 m at Exmouth. The average wave
heights over the 30 year period are 7.82 m and 5.81 m, at Plymouth
and Exmouth respectively.

image of Fig.�22


Fig. 23. Joint wave and surge distributions at Plymouth and Exmouth (contours in log scale).

70 M. Villatoro et al. / Coastal Engineering 87 (2014) 50–76
The hourly wave heights and surge levels from the POLCOMS/
ProWAMmodel have been divided into 0.25 m and 0.1 m intervals for
the joint distribution analysis. The joint distributions of waves and
surge at Plymouth and Exmouth are shown in Fig. 23. The results indi-
cate a clear correlation between waves and surge at both locations.
However, at the Exmouth location, the surge depends more strongly
on the wave conditions. Based on the tidal gauge measurements, the
most dangerous extreme sea level recorded at Plymouth occurred in
2004 and was 6.35 m (above CD — 3.13 m AOD), and the highest sea
level recorded at Weymouth is 3.04 m (above CD — 2.11 m AOD) and
occurred in 2008.
Fig. 24. Yearly mean water level at Plym
5.3.4. Future scenarios
Future scenarios were considered according to IPCC scenario A1B

(IPCC, 2007), and the wind and SLP data from Max Planck Institute for
Meteorology WDCC/CERA database (WDCC, 2009). Three time slices
from 2010 to 2100 were modelled. Fig. 24 shows yearly maxima of sig-
nificant wave heights at Plymouth and Exmouth, together with those
under the present conditions.

The mean significant wave heights at Plymouth and Exmouth for 3
future time slices, together with those for the present conditions are
shown in Fig. 25. At both locations, the mean significant wave heights
under A1B scenarios for future time slices exhibit a cyclic pattern. The
outh (Devonport) and Weymouth.
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Fig. 25. Mean significant wave heights at Plymouth and Exmouth for three future time
slices and present conditions.

Table 8
Predicted (Gumbel) extreme significant wave height (m) at Plymouth for 4 time slices.

Return period
(years)

Present
(1970–2000)

Short-term
(2010–2040)

Mid-term
(2040–2070)

Long-term
(2070–2100)

5 9.085 9.358 8.827 9.277
20 10.936 11.232 10.615 11.046
50 12.111 12.422 11.750 12.169
100 12.991 13.314 12.601 13.011
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wave heights for the periods of 2010–2040 and 2070–2100 are higher
than that at present conditions, but the wave height during 2040–
2070 is lower than the present wave height.

The joint wave and surge distributions for the 3 future scenarios are
shown in Fig. 26, for Exmouth. The distribution shapes are very similar,
indicating insignificant changes for the A1B greenhouse gas emission
scenario.

Predicted extreme significant wave heights at Plymouth for time
slices: 1970–2000 (present); 2010–2040 (short-term); 2040–2070
(mid-term); and 2070–2100 (long-term climate scenarios) are shown
in Table 8.
5.4. Results

5.4.1. Flooding maps for future climate
The flooding predictions are focused on the Teign Estuary. The

flooding maps for future scenarios considered the projected sea level
rise recommended in the Planning Policy Statement 25 — PPS25
(DCLG, 2010). Table 9 shows the extreme sea level for different climate
change scenarios combining the projected net sea level rise from the
year 2010 to 2100 based on the PPS25.

The flooding maps obtained using the data in Table 9 were incorpo-
rated into a Geographic Information System software (ArcGIS®), com-
bining information from LiDAR, topographical data obtained from the
Plymouth Coastal Observatory (http://www.channelcoast.org) and
from the DIGIMAP (EDINA, 2011). The flooding surface was generated
using the toolboxes and a flood simulation model (Kwan, 2011).

Particular attention was paid to three areas within this study site:
the Newton Abbot area in the upstream of the estuary, and two areas
towards the downstream of the estuary — Shaldon and Teignmouth
(see Fig. 27). Teignmouth is found to be subject to tidal flood risk for a
Fig. 26. Joint wave and surge distributions at Exmou
return period as low as 20 years, under the present sea level rise scenar-
io. However, the flooding situation is relatively mild in comparison to
Shaldon and Ringmore. Although Teignmouth is a small port town, its
importance lies in the fact that the main railway line runs through it.
The simulation results identified that the railway line is subject to
flood risk along the section running from the north of the Old Quay in
Teignmouth to the west of Shaldon Bridge. Although the estimated
flood depth is only around 0.5 m–1.0 m and would only happen in the
long-term scenarios, the disruption of the rail services by the breach
of the seawall will inevitably cause economic losses and inconvenience
to the passengers.

Results for future scenarios show that flooding only occurs for a
1000 year return period high water level or greater, in the mid-term
scenario. Fig. 27 clearly shows that floodingwill occur first in Ringmore.
For the long-term scenarios, flooding at Shaldon and Ringmore occurs
for long-term scenarios with 1/200 and 1/1000 year return periods.
Water levels in this area could be as high as 2 to 3 m, which will inevi-
tably cause serious economic losses in the area.
5.4.2. Coastal erosion analysis for future climate
Due to the south-west main railway line between Exmouth and

Teignmouth,which iswellmaintained, and other permanent coastal de-
fence structures, such as seawalls and groynes, the coastline position
has not been altered significantly for decades. However, it has been ob-
served that beach profiles at the various locations have significant alter-
nations under storm conditions.

Erosion and accretion in the Teignmouth area are expected to re-
main the same as for present conditions, in future scenarios. This is
mostly due to the wave direction conditions considered in the climate
scenarios (see Fig. 28), which are sustaining the same directions as in
present conditions. That is to say that the areas that are eroding or ac-
creting in the present conditionswill show a similar behaviour in the fu-
ture, as shown in the erosion/accretion maps produced (see Fig. 29).
Results show that most of the Teign estuary is well protected by the
coastal defences, mostly in the form of seawalls. However, the coastline
in the south side of the estuary is subject to erosion under the future sce-
narios. The coastline north of the Teign Estuary and the sand spit of the
Dawlish are also expected to suffer from erosion.
th for future scenarios (contours in log scale).

http://www.channelcoast.org
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Table 9
Extreme sea level (m AOD) for the future scenarios and different return periods in the
Teign Estuary.

Return
period
(Years)

Climate scenarios for sea level rise and storm surge

Present
(1970–2000)

Short-term
(2010–2040)

Mid-term
(2040–2070)

Long-term
(2070–2100)

20 2.955 3.008 3.248 3.593
100 3.157 3.210 3.450 3.795

72 M. Villatoro et al. / Coastal Engineering 87 (2014) 50–76
6. Discussion

The range of study of sites — Bellocchio, Varna, Santander and
Plymouth, although characterised by low open beaches, offer a variety
of characteristics in terms of the level of development and coastal pro-
tection existing in each area, aswell as to thehydro/meteorological forc-
ings acting on them. This, combinedwith the varying availability of data
(bathymetry, topography, wave, tides, storm surge), allowed for the
implementation of a series of models and analysis techniques that ex-
emplify the proposed methodology for the estimation of flood and
erosion hazards. This methodology consists of three main parts:

a) generation of the present and future climate scenarios;
b) hydrodynamic characterisation of the identified hazards;
c) flood and erosion hazard simulations/estimation.

Here we discuss the main advantages and disadvantages of each of
these approaches and their application, based on results obtained at
the 4 study sites analysed (see summary in Table 10).

The generation of present and future climate scenarios was per-
formed in a very similar way for all case studies, i.e. statistical analysis
of existing data bases (reanalysis data from local wave and storm
surge models, and river discharge data), and the consideration of the
Fig. 27. Flood simulation for sea level rise sce
IPCC A1B and B1 gas emission scenarios to adjust the sea states for ex-
pected future conditions. The main difference concerned the varying
hydrometeorological forcing, including waves and surge, being an im-
portant source of flood hazard in Varna's case, while at sites such as
Bellocchio and Plymouth tidal variations contribute significantly to
wave and storm forcing, thus playing amore important role. The obtain-
ed sea states (present and future) correspond to offshore conditions and
therefore, in all cases, wave transformation models had to be imple-
mented to obtain the hydrodynamic conditions at the shore. The
range of models used went from simplified equations such as those im-
plemented in Bellocchio, to more sophisticated, widely used third-
generation spectral wave models such as WAM (Komen et al., 1994)
and Wavewatch III (Tolman, 1999) for deepwater, in combination
with SWAN (Booij et al., 1999) for the nearshore transformation.
There are many papers that discuss the advantages and disadvantages
of these models (see Cavaleri, 2006 for a review), and the decision as
to which one to use, was down to practical considerations. WAM is
the predecessor of these three and although semi-proprietary versions
now exist, no strong central support has been given since the 1990's;
SWAN and Wavewatch III, on the other hand, are actively supported
and freely available. All these models provide an excellent level of accu-
racy in wave forecasting, however, they seem to have intrinsic limita-
tions that might only be overcome with the gradual introduction of
new methods towards an eventual deterministic depiction of the sea
surface (Cavaleri, 2006).

Themost significant difference as to the approach employed at each
case study corresponded to the estimation of the flood and erosion haz-
ard and the definition of its pathways. These varied from the use of
highly sophisticated 2D commercial hydrodynamic models, such as
MIKE21, to simulate flood depths and velocities as a dam break at
Bellocchio, to the estimation of the statistical distribution of the
flood and erosion hazards at Santander for their categorization into
nario Mid-term scenario (1/1000 year).
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Fig. 28. Exmouth wave roses for the different climate scenarios (present, short-term, mid-term and long-term).
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homogenous impact units. Additionally, themethodology implemented
at Bellocchio or Plymouth, given that high resolution topography
(LiDAR) was used in combination with a high resolution hydrodynamic
model, allowed for a quantitative evaluation of theflood hazard, in com-
parison to the results obtained for Santander, for example, which are
limited to a qualitative assessment. The difference, in terms of generat-
ing management strategies is that in the case of Bellocchio and Ply-
mouth it is possible to assess the effectiveness of the existing defence
structures and design a strategy accordingly, whereas in the case of
Santander or Varna, results only allow us to compare hazard potential
betweendifferent parts of the study site. Both approaches are, neverthe-
less, very useful and choosing one over the other must be done on the
basis of what type of information needs to be produced, as well as the
available time and computational resources. On one hand there are
coastal models, such as MIKE21 (DHI, 2007), Delft3D (Lesser et al.,
2004) and Telemac2D (Hervouet, 2000), which present their own set
of challenges in terms of their ability to solve acting processes, such as
wave breaking, wave current interaction, boundary effects and bottom
friction. A qualitative assessment, in turn, has the advantage of being
more efficient in terms of time and computing effort, and can therefore
be used for short term hazard assessment when storm forecasts are
available. Also, qualitative and simplified methods may allow the com-
parison ofmany different scenarios at limited costs, and be embedded in
decision support tools (Zanuttigh et al., 2014–in this issue). This is of
great value in enabling local populations and civil protection agencies
to identify and act to minimise risks.
7. Conclusions

The application of a methodology to assess flooding and erosion risk
in coastal areas is presented. The approach is focused on the first two
steps of the Source–Pathway–Receptor–Consequences (SPRC) model
and, among other things, allows:

• derivation of water levels/flood maps for events more extreme than
have been recorded so far

• derivation of results for specific return periods
• prediction of the impacts of climate change
• assessment of the ‘benefits’ of different flood defence interventions
• prediction of what would happen if defences fail.

The characterisation of the sources of riskwas undertaken through sta-
tistical analysis of measured and hindcast data, as well as hydrodynamic
modelling of the identified sources (including waves, tides, winds, storm
surge and river discharge). The description of the pathways of risk, on
the other hand, was performed through flood and erosion modelling,
using themodelled sources as input. From the analysis, it was determined
that the risk offlooding and erosion at the four studied sites is significant at
present and, although caused by different hazards, it is expected to in-
crease in the future as a result of climate change and, where relevant, sub-
sidence. It was also found that the greatest threat posed by future climate
changewill be the relative rise of sea level, as opposed to changes in storm-
iness patterns. Existing natural andman-made sea defenceswere found to
be crucial in the delimitation of the extent of flooding and erosion,
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Fig. 29. Erosion and accretion maps for present and future conditions.
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rendering their consideration as important as the nature andmagnitude of
the identified sources of risk.

Given the great variability in both the type of sources of risk identi-
fied and the morphological characteristics of the studied sites, the im-
plemented approach was simplified through the categorisation of
levels of risk for both sources and morphological features, into homog-
enous impact units. This highlights the applicability of the approach to a
wide range of locations and scales, regardless of their characteristics.
Furthermore, the use of models and techniques with varying degrees
of complexity and detail, for the study of both the sources and the path-
ways, makes the proposed methodology one that can be adapted
Table 10
Comparison of data bases and methodologies used in each case study.

Study site Characteristics Generation of forcing scenarios C
(

Bellocchio,
Italy

Low open beaches • Statistical analysis of
SGA-CLM
wave and storm
surge data set

• IPCC A1B scenario

•

Varna,
Bulgaria

Low open beaches
(tide-less)

• Atmospheric reanalysis
data and CLM regional
climate model

• IPCC A1B and B1 scenarios

•

•

•

Santander,
Spain

Spit, pocket beaches and
embayed beaches

Statistical analysis of hindcast
data from the GOW numerical
data base

•

•

Plymouth,
UK

Open beaches
(estuary influenced)

• Statistical analysis of wave and storm surge
data from model POLCOHS/ProWAM

• IPCC A1B scenario

•

depending on the availability of data, as well as time and computing re-
sources. This is particularly important, if this methodology is to be ap-
plied for management purposes in developing countries, or if it is
intended to be used as a proxy for risk by the population and civil pro-
tection agencies, when warnings for particular hazards have been is-
sued. On the other hand, it has been shown that when powerful
models and high resolution topographical data are used the level of de-
tail achieved by some flood and erosion predictions can provide a solid
base for the development of specific risk management strategies, such
as the design andmaintenance of sea defences and other coastal protec-
tion schemes.
haracterisation of the hazards
sources of risk)

Flood and erosion modelling
(pathways of risk)

Matlab® code for offshore to
nearshore wave transformation

• Failure mechanism
• Flood modelling with MIKE21
(dam break approach)

• Generation of detailed quantitative
flood maps using LiDAR topography

Models WAM and
SWAN for offshore and
nearshore wave transformations

Model MATO for storm surge
modelling
Prototype storms

• Erosion modelling with IO-BASMM, SBeach
and XBeach (along typical profiles)

• Flood modelling with IO-BASMM
• Generation of qualitative flood
and erosion maps

Transformation of offshore sea states
using models Wavewatch III and
SWAN
Storm surge reanalysis data
frommodel GOS

• Flood hazard estimation through FL =
MSL + AT + ηs + Ru2%

• Erosion hazard determination with
Miller and Livermont (2008) approach

• Statistical analysis of the hazard fz(z)
(GEV distribution)

Process model for wave transforma-
tion with nearshore defences

• Flood simulation model (Kwan, 2011)
• Generation of flood maps using
LiDAR topography
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