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1. Foreword
ECLISEA is a project that aims to advance coastal and marine climate science and
associated services through developing innovative research of sea surface dynamics.
To achieve the objectives, ECLISEA is structured in 6 Work-packages (WPs) and this
report is associated to the deliverable 4.C of the ECLISEA project. This work-package
focuses on the analysis of the Climate Change impact on the most important socioeconomic sectors in coastal areas, which are navigation, insurance, energy and
tourism. This deliverable aims to develop a database with the sectorial coastal
climate indicators along the European coastline and seas for the abovementioned
socio-economic sectors. These indicators will be included in the viewer developed in
the WP5 (https://ecliseadev.ihcantabria.com/).
The surface dynamics drivers causing the major impacts in coastal areas for the
considered sectors are waves, sea level (including the storm surge, the astronomical
tide and the mean sea level rise) and wind. The information about these drivers is
taken from the datasets presented in the deliverable D3.E and is used to calculate
specific indicators at present and future climate conditions under two different
climate scenarios. These indicators have been selected by considering the
stakeholders needs and based on a literature review.
Thereby, a total of 15 climate impact indicators are defined and their projected
changes are evaluated along the European coastline, by comparing historical and
future climate conditions. This may help the key climate-sensitive sectors to plan for
the future and to develop effective adaptation strategies.
The report is structured as follow: a description of the input data and methods are
described in Section 2. The most important impacts affecting the socio-economic
sectors and the definition of the considered climate impact indicators are presented
in Section 3. Finally, section 4 presents the obtained results in terms of the projected
future changes in these indicators.

2. Data and Methods
2.1 Data
Surface dynamics data
The Climate Change indicators for the different coastal and marine sectors depend
on the most relevant surface dynamics variables causing impacts. These variables
include the waves, the storm surge, the mean sea level, the astronomical tide and the
wind speed. Information about these variables at the present and future climate
conditions are derived from the Regional (RCM) and Global (GCM) Climate Models
belonging to the Coupled Model Intercomparison Project Phase 5 (CMIP5). Two
different climate scenarios have been also considered, which represent a medium
stabilization (RCP4.5) and a high baseline emission (RCP8.5) scenarios. The climate
models feed waves and circulation numerical models to obtain waves and sea level
variables at regional scale with high spatial resolution (known as dynamical
downscaling). A description of the data sources and characteristics used in this report
is provided below and is summarized in Table 1. More detailed information about
these datasets can be found in WP3.
Table 1. Characteristics of the employed surface dynamics datasets.
Geographical coverage

Surface
dynamics
Variable

Dataset
name

Domain

Latitude
interval

Longitude
interval

Waves

UC-IHC

Europe

[23,61]

UC-IHC

Southern
Europe

Storm
surge

Mean sea
level rise

Copernic
us (Muis
et al.,
2020)
IPCC
(2013)

Spatial
resolution

Time
periods

Time
resolution

Future
scenarios

[-35,17.5]

From 0.08º to
0.5º

1986-2005
2081-2100

hourly

Rcp 4.5
Rcp 8.5

[25,46.75]

[-19.9,37.33]

0.08ºx0.06º

1986-2005
2081-2100

hourly

Rcp 4.5
Rcp 8.5

Europe

[9, 88]

[-98, 45]

0.1ºx0.1º

1986-2005
2070-2100

10 minutes

Rcp 4.5

Global

[-180,180]

[-180,180]

1ºx1º

2007-2100

annual

Rcp 4.5
Rcp 8.5

Astronomic
al tide

TPX09

Global

[-180,180]

[-180,180]

0.16ºx0.16º

1986-2100

hourly

-

Wind
speed

EUROCORDEX

Europe

[29, 64]

[-11, 42]

0.11ºx0.11º

1986-2005
2081-2100

6-hourly

Rcp 8.5

2.1.1.1 Waves: this study uses the waves climate change projections developed by
IHCantabria (UC-IHC) in Europe. This dataset comprises 6 GCMs and 5 RCMs members
covering the Atlantic and the Mediterranean domains, respectively. Waves information
for the historical period 1986-2005 and for the future period 2081-2100 under two
climate scenarios (RCP4.5 and RCP8.5) are available. The spatial resolution varies from
0.08ºx0.08º (along the Spanish Mediterranean coast) to 0.5ºx0.5º in the north of
Europe, whereas the temporal resolution is 1-hour.

2.1.1.2 Storm surge: this study uses two different storm surge climate change
projections datasets. On one hand, the dataset developed by IHCantabria (UC-IHC) for
Southern Europe, which comprises 6 GCMs and 5 RCMs members covering the Atlantic
and the Mediterranean domains, respectively. Storm surge information for the
historical period 1986-2005 and for the future period 2081-2100 under two climate
scenarios (RCP4.5 and RCP8.5) are available. It has an hourly temporal resolution,
whereas the spatial resolution is 0.08ºx 0.06º. On the other hand, the dynamical
projections of storm surge developed by Muis et al. (2020) for Europe are also
considered, which have been generated using the Deltares Global Tide and Surge
Model (GTSM) version 3.0. This data are available at Copernicus Climate Change
Service (https://climate.copernicus.eu/european-storm-surges). The dataset comprises
the storm surge projection of one EURO-CORDEX RCM (the HIRHAM5 model), covering
the future period from 2070-2100 under the climate scenario RCP4.5. The spatial and
temporal resolution of this dataset is 0.1º along the European coast and 10-minutes,
respectively.
2.1.1.3 Sea level rise: the mean sea level rise projections used in the IPCC (2013) are
also employed in this study. It comprises data from 21 different GCMs, covering the
time period from 2007 to 2100 under two climate scenarios (RCP4.5 and RCP8.5). This
dataset has a global coverage (spatial resolution of 1ºx1º) with an annual temporal
resolution.
2.1.1.4 Astronomical tide: the hourly time series of astronomical tide is
reconstructed for the 21th century based on 13 harmonic constituents from the TPX09
model (Egbert and Erofeeva, 2002). The spatial resolution of this model is 0.16º.
2.1.1.5 Wind speed: we use the wind Climate Change projections from 6 EUROCORDEX RCMs for the scenario RCP8.5. These RCMs cover Europe with a spatial
resolution of 0.11ºx0.11º. They have 6-hourly temporal resolution. We focus on the
historical period 1986- 2005 and the future period 2081-2100.
Study points
The Climate Change impact indicators are evaluated along the European coastline.
With this purpose, a total of 972 points with a spatial resolution of 0.5º have been
defined, which cover from Canary Islands to the Norwegian coast, including the
Mediterranean and the Baltic Seas (Figure 2). The depth at these points vary from 5 m
to >4000 m. At these study points, information about the surface dynamics at present
and future climate conditions is obtained and used to calculate the impact indicators.
In addition, some of the impact indicators require information about the nearshore
slope, which is taken from Athanasiou et al. (2019) database. These slope values have
been capped to 3.33·10-3 (Vousdoukas et al., 2020) (Figure 1).

Figure 1. Nearshore slope values at the study points obtained from Athanasiou et al. (2019).

2.2 Methods
Obtaining surface dynamics at the study points
The surface dynamics data required to calculate the Climate Change impact indicators
at the study points are taken from the nearest nodes of the different datasets.
Most of the indicators that account for the wave conditions, require this information
close to the coast instead of in deep-waters as provided by the climate models. As waves
approach the shore and the depth decreases, they are affected by the processes of
refraction and shoaling. In order to account for these processes, this study applies the
Snell’s Law to propagate the wave height and direction from deep-waters to a specific
shallower depth. The Snell’s Law is a simple and computationally efficient method for
wave refraction and shoaling assuming straight and parallel bathymetry (Airy, 1845). The
propagation depth should be shallow enough to produce the interaction of waves with
the bottom but not so much to avoid the wave breaking. For this reason and taken into
account the width of the continental shelf along the European coastline, the propagation
depth is established in 15 m for the Spanish Atlantic and Norwegian coasts, Ireland and
north of Great Britain, whereas for the rest of Europe, this depth is 10 m as shown in
Figure 2.

Figure 2. Propagation depth selected for the different coastal points along Europe.

It is important to mention that for the navigation and port-specific indicators, waves
are propagated to 10 m regardless the location, which is a reasonable port mouth depth
of a medium size harbour.
Estimation of future changes in climate indicators
The interest of this report relies on determining the future changes in the most
relevant impact indicators of the analyzed sectors. With this purpose, these indicators are
calculated for both, the historical (1986-2005) and the future (2081-2100) periods and for
both climate scenarios (RCP4.5 and RCP8.5) of all the available climate models (i.e.
members). Then, the anomaly with respect to the baseline climate of the same model
(GCM/RCM) is computed. Finally, the multi-model ensemble of these future changes is
derived by computing the arithmetic mean of the individual members anomalies.
Differences with respect to the recent past conditions (i.e., historical period) are
expressed in absolute and/or in relative (%) values. The significance of the change is
determined according to the following condition: the change is considered significant
when the multi-model ensemble mean exceeds the inter-model standard deviation
(Hemer et al., 2013).

3. The climate impact indicators
3.1 Selection of indicators according to stakeholders needs
This section describes the most important climate impacts affecting the considered
socio-economic sectors and the corresponding indicator used to assess that impact. The
selected indicators are commonly used for this kind of studies and therefore are widely
accepted by the scientific community. Figure 3 shows the indicators defined for each
sector and the corresponding assessed impact.

Figure 3. Impact indicators selected for each socio-economic sector. The corresponding coastal impact is also
specified.

Insurance sector:
The most important Climate Change impacts affecting the socio-economic sector of
insurance in coastal areas are the coastal flooding and erosion as well as the
infrastructure damages. To characterize these impacts, 7 different indicators have been
selected: the shoreline retreat due to mean sea level rise, to marine storms and to the
combination of both; and the extreme conditions in total water level (TWL), significant
wave height (Hs), storm surge (SS) and wind speed, which are characterized based on the
50 years return value. While the shoreline retreat indicators account for the erosion
impact, the extreme TWL and extreme SS produce coastal flooding. Finally, the extreme
Hs and wind speed are responsible for coastal infrastructure damages.
Tourism sector:
The tourism in coastal areas focuses on relaxing on the beaches and performing other
activities connected with the sea. For this reason, the loss of recreational area and the
human beings discomfort due to atmospheric conditions are the most relevant threads
identified for this sector. These impacts are considered in this study through the
evaluation of the shoreline retreat due to mean sea level rise and due to summer marine
storms and through the changes in mean wind speed.
Port and Navigation sector:
The knowledge of extremes wave climate and wind speed is of outstanding importance
for the navigation and the proper port operation. Changes in the incident wave conditions
affect the agitation inside the port, the overtopping breakwaters and the coastal flooding
at the berth frequencies. Meanwhile, the navigation is altered by the wave conditions at

the port mouth and by the wind speed. These 5 indicators are used to assess the Climate
Change impacts in port and navigation.
Energy sector:
The wind turbines operate under specific wind conditions, since weak winds or very
intense wind speeds limit their activity. Impacts associated with future variations in the
wind speed conditions are evaluated here through the changes in mean and extreme
wind speed, the mean wind power density and the mean operational wind time.

3.2 Definition of climate impact indicators
This section includes a detailed description of the 15 considered climate impact
indicators. In particular, the definition, the assumptions, the equations as well as the
input and output data for estimating the different indicators are presented. A summary of
these indicators and the magnitude of the projected future change (in terms of absolute
or relative values) are provided in Table 2.
Nº

Impact indicator

1

Shoreline retreat due to SLR

2

Shoreline retreat due to marine
storms
Shoreline retreat due to summer
marine storms

3

Impact
Erosion; loss of recreational
area

Sector

Result

Insurance,
Tourism

Absolute change (m)

Erosion

Insurance

Loss of recreational area

Tourism

Erosion

Insurance

Flooding

Insurance

Absolute change (%)
Absolute change (%)

4

Total shoreline retreat (SLR+storms)

5

Extreme Total Water Level

6

Extreme Significant Wave Height

Infrastructure damage

Insurance

Absolute (m) and Relative
change (%)
Relative change (%)

7

Extreme Storm Surge

Flooding

Insurance

Relative change (%)

8

Navigation

Absolute change (hours/year)

9

Unfavorable port mouth wave
conditions
Surface agitation inside the port

Absolute change (hours/year)

10

Coastal Flooding at the berth

Navigation,
Tourism
Navigation
Navigation

Absolute change (hours/year)

Tourism,
Energy,
Navigation
Energy

Relative change (%)

Energy

Relative change (%)

11

Wave overtopping for
vertical/sloping breakwater

12

Mean Wind Speed

13

Port operability failure;
Infrastructure damage
Human being discomfort;
wind turbines operability failure;
navigation failure.

Mean Wind Power Density
T

a14
b
l 15
e

Port operability failure

Mean Operation Wind Time
Extreme Wind Speed

Wind turbines operability
failure
Infrastructure damage; wind
turbines operability failure
2. Sectorial impact indicators.

Energy

Absolute change (m)

Absolute change (hours/year)

Relative change (%)

Relative change (%)














Changes in Shoreline Retreat induced by Sea-Level Rise
Definition: this indicator is based on the Bruun rule (Bruun, 1962; Bruun, 1988),
with the underlying assumptions of considering that sediment transport only
occurs perpendicularly to the shoreline. Thus, any tri-dimensional variability is
neglected and it is assumed that the coastal profile is an equilibrium profile with
uniform sediment size.
Equation:
∆𝑅𝑆𝐿𝐶
∆𝑆 =
tan(𝛽)
Where ∆𝑆 is the shoreline retreat due to mean sea level rise at a given year
horizon, ∆𝑅𝑆𝐿𝐶 is the relative mean sea level rise (in meters) and tan(𝛽) is the
nearshore slope.
Units: meters (positive values indicate shoreline retreat).
Inputs: the regional sea-level change (in m) and the slope of the active profile
(from the depth of closure to the top of the upper shoreface). The regional sealevel change data in Europe is derived from the IPCC (2013) database, whereas the
nearshore slope is obtained from Athanasiou et al. (2019).
Output: the shoreline retreat due to Sea-level Rise has been calculated for the
year 2100 under both analyzed scenarios (RCP4.5 and RCP8.5).
Changes in Shoreline Retreat induced by marine storms
Assumptions: this indicator is based on the Storm Erosion Index (SEI) proposed by
Miller and Livermont (2008). It uses the Peak Erosion Index (PEI) integrated over
the duration of the storm, assuming the equilibrium beach profile theory. Storms
are defined here as events where the PEI is higher than the 95th percentile.
Exceedances separated by less than 48 hrs are considered to be the same event.
The SEI are then normalized by the storm duration and the indicator represents
the mean value of these SEI.
Equations:
0.068 · 𝐻𝑏 (𝑡𝑖 ) + 𝑆(𝑡𝑖 )
𝑃𝐸𝐼 (𝑡𝑖 ) = 𝑊∗ (𝑡𝑖 ) [
]
𝐵 + 1.28 · 𝐻𝑏 (𝑡𝑖 )
𝑡𝑑

𝑆𝐸𝐼 = ∑ 𝑃𝐸𝐼(𝑡𝑖 )
𝑖=1




Where W* is the width of the active surfzone; Hb is the depth limited breaking
wave height; S is the storm water elevation with respect to mean sea level and B,
the local berm height.
Units: meters (positive values indicate shoreline retreat).
Inputs: The berm height is assumed constant and equal to 1. The hourly time
series of storm surge and waves come from the UC-IHC climate projections
dataset. Then, Hb is estimated using the propagation by the Snell’s law and the
depth-induced constant wave breaking criterion:
Hb
=ɣ
hb

Where hb is the wave breaking depth estimated according to Guo (2002) and ɣ is
equal to 0.55.
W* is given by:
3

ℎ𝑏 ⁄2
𝑊∗ = ( )
𝐴
where hb is the wave breaking depth and A is the so-called “profile scale
parameter” (Dean 1976; Dean 1985). A is calculated as follow:
2

tan(𝛽) 3
𝐴 = 𝑑𝑐 (
)
𝑑𝑐 + 𝐵
where tan(β) is the nearshore slope obtained from Athanasiou et al. (2019), B is
the berm height and dc is the depth of closure, estimated based on Hinton and
Nicholls (1998):
2
𝐻12
𝑑𝑐 = 2.28 · 𝐻12 − 68.5 · ( 2 )
𝑔𝑇
where Hs12 is the non-breaking significant wave height that is exceeded for 12 h
per year, T is the associated wave peak period and g is the acceleration due to
gravity.


Output: the mean shoreline retreat due to marine storms has been calculated for
the historical period 1986-2005 and for the future period 2081-2100 under both
analyzed scenarios (RCP4.5 and RCP8.5). Then, the magnitude of the future
changes has been determined.

Changes in Shoreline Retreat induced by summer marine storms
This indicator is calculated following the same approach as described in 3.2.2 but
considering uniquely the time series of waves and storm surge during the summer season
(i.e. the months of June, July and August).







Changes in total Shoreline Retreat (SLR + marine storms)
Definition: the total shoreline retreat (∆𝑆𝑇 ) combines the effect of the two major
drivers: the mean sea level rise and the marine storms. Since the available Climate
Models for both dynamics are different, this indicator is calculated by adding the
mean ensemble of the individual shoreline retreat changes (∆𝑆𝑆𝐿𝑅 and ∆𝑆𝑠𝑡𝑜𝑟𝑚𝑠 ,
respectively).
Equation:
∆𝑆𝑇 = ∆𝑆𝑆𝐿𝑅 + ∆𝑆𝑠𝑡𝑜𝑟𝑚𝑠
Units: meters (positive values indicate shoreline retreat).
Input data: the 20-years mean (from 2081 to 2100) shoreline retreat changes due to
sea level rise and due to marine storms respect to the historical period 1986-2005,
under both climate scenarios (RCP4.5 and RCP8.5).
Output data: the magnitude of the future changes in the total shoreline retreat (in
meters).








Changes in coastal extreme Total Water Level
Definition: the Total Water Level (TWL) is the combination of tides, surge and
wave run-up. The extreme values of this parameter is characterized here by the
TWL of 50 years return period, which is estimated by fitting a Gumbel distribution
based on the annual maxima (see this function in 3.2.6).
Equation:
𝑇𝑊𝐿 (𝑡𝑖 ) = 𝑆(𝑡𝑖 ) + 𝐴𝑇 + 𝑆𝐿𝑅(𝑡𝑖 ) + 𝑅2 (𝑡𝑖 )
Where S is the storm surge, AT is the astronomical tide, SLR is the sea level rise
and 𝑅2 is the wave runup (R2%).
Units: meters (m) and percentage (%).
Inputs: The hourly time series of storm surge and waves come from the UC-IHC
climate projections dataset. The Regional sea-level rise data are obtained from the
IPCC (2013) database. Finally, the astronomical tide in represented by the average
monthly highest astronomical tide derived from the global tide model TPXO9.
Based on the wave parameters, the wave runup is calculated according to
Stockdon et al. (2006):
𝑅2% = 1.1 ·

1
(0.35𝛽𝑓 (𝐻0 𝐿0 ) ⁄2

[𝐻0 𝐿0 (0.563𝛽𝑓2 + 0.004)]
+
2

1⁄
2

)

Where H0 is the significant wave height at 10 m or 15 m depth (see Figure 2)
propagated from deep waters using the Snell’s Law. The deep water peak wave
wavelength, L0, is derived from:
𝑔 · 𝑇𝑝2
𝐿0 =
2𝜋
Where Tp is the wave peak period and g, the acceleration due to gravity.
Finally, βf is the foreshore beach slope, which is determined here according to
Melet et al. (2020). The equation used to estimate this parameter is that proposed
by Sunamura (1984), since this formulation lets the beach slope evolve with
varying incoming wave conditions:
1⁄



2
√2𝜋𝐷50 𝐿𝑝
𝛽𝑓 = 0.12 · [
]
𝐻𝑠
Where Hs is the propagated significant wave height at 10 m or 15 m depth and Lp
is the deep water peak wave wavelength calculated based on the wave peak
period. D50 is the median diameter of the beach sand, which is assumed equal to
250 μm (for fine to medium-grained sand size) (Rueda et al., 2017). The resulting
time series of βf are then capped at 0.2 and scaled by normalization factor to
ensure that the time mean of the beach slope stays close to 0.04 (Melet et al.,
2020).
Output: the absolute and relative changes in the extreme (50-years return period)
TWL from 2081-2100 with respect to the 50-yr TWL from 1986-2005 under both
analyzed scenarios (RCP4.5 and RCP8.5).



















Changes in extreme Significant Wave Height
Definition: The extreme values of this parameter are characterized here by the
Significant Wave Height (Hs) of 50 years return period, which is estimated by
fitting a Gumbel distribution based on the annual maxima.
Equation:
1
𝑋𝑇 = 𝛽 − 𝛼 ln [− ln (1 − )]
𝑇𝑅
This equation corresponds to an extreme value type I distribution (i.e. Gumbel
distribution), where 𝛼 and 𝛽 are the scale and location parameters and Tr is the
return period (50 years in this case).
Units: percentage (%).
Inputs: we use the hourly time series of deep-water Hs derived from the UC-IHC
Climate Change projections dataset.
Output: the relative changes in the extreme (50-years return period) Hs from
2081-2100 with respect to the 50-yr Hs from 1986-2005 under both analyzed
scenarios (RCP4.5 and RCP8.5).
Changes in extreme Storm Surge
Definition: The extreme values of this parameter are characterized here by the
Storm Surge (SS) of 50 years return period, which is estimated by fitting a Gumbel
distribution based on the annual maxima.
Equation:
1
𝑋𝑇 = 𝛽 − 𝛼 ln [− ln (1 − )]
𝑇𝑅
This equation corresponds to an extreme value type I distribution (i.e. Gumbel
distribution), where 𝛼 and 𝛽 are the scale and location parameters and Tr is the
return period (50 years in this case).
Units: percentage (%).
Inputs:, we use the hourly time series of storm surge derived from the UC-IHC
climate projections dataset and the 10-minutes time series from Muis et al.
(2020).
Output: the relative change in the extreme (50-years return period) SS from 20812100 with respect to the 50-yr SS from 1986-2005 under both analyzed scenarios
(RCP4.5 and RCP8.5) for the two considered datasets.
Changes in port operability failure due to unfavorable port mouth conditions
Definition: This indicator corresponds to the number of hours per year for which
the significant wave height at the port mouth exceeds the threshold of 2.5 m.
Under these circumstances, the port cannot operate.
Units: hours per year.
Inputs: we use the hourly time series of significant wave height derived from the
UC-IHC Climate Change projections dataset. To estimate the significant wave
height at the port mouth, deep-waters waves are propagated to 10 m depth using















the Snell’s Law and the breaking criterion from Goda (1975) is applied to account
for wave breaking.
Output: based on the hourly time series of 10-m depth Hs, we determine the
number of values higher than 2.5 m and we divide by the number of years (i.e. 20)
to obtain the number of hours per year. Then, we calculate the changes in the
hours per year for which Hs > 2.5 m from 2081-2100 with respect to this number
from 1986-2005 under both analyzed scenarios (RCP4.5 and RCP8.5).
Changes in port operability failure due to surface agitation
Definition: This indicator is defined as the number of hours per year for which the
diffracted wave height inside the port exceeds the threshold of 0.4 m.
Units: hours per year.
Inputs: we use the hourly time series of significant wave height derived from the
UC-IHC Climate Change projections dataset. To estimate the significant wave
height at the port mouth, deep-waters waves are propagated to 10 m depth using
the Snell’s Law and the breaking criterion from Goda (1975) is applied to account
for wave breaking. Then, we estimate the wave height inside the port by
multiplying the wave height propagated to the port mouth by a diffraction
coefficient (Izaguirre et al., 2021):
𝐻𝐼𝑛𝑠𝑖𝑑𝑒𝑃𝑜𝑟𝑡 = 𝐷𝐶 · 𝐻𝑝𝑟𝑜𝑝
The assumed diffraction coefficient (DC) corresponds to a very good shelter
afforded (DC= 0.15).
Output: based on the hourly time series of the wave height inside the port, we
determine the number of values higher than 0.4 m and we divide by the number
of years (i.e. 20) to obtain the number of hours per year. Then, the changes in the
hours per year for which HInsidePort > 0.4 m from 2081-2100 with respect to this
number from 1986-2005 is calculated under both analyzed scenarios (RCP4.5 and
RCP8.5).
Changes in coastal flooding at the berth
Definition: This indicator corresponds to the number of hours per year with
coastal flooding at the berth.
Equation:
𝐶𝐹 = 𝑇𝑊𝐿 − (𝑀𝐻𝑇 + 𝐹)
where CF is the coastal flooding height, TWL is the Total Water Level, MHT is the
maximum high tide and F is the freeboard of the berth (Izaguirre et al., 2021). The
total water level is calculated as:
𝑇𝑊𝐿 (𝑡𝑖 ) = 0.5 · 𝐻𝑠(𝑡𝑖 ) + 𝑆(𝑡𝑖 ) + 𝐴𝑇(𝑡𝑖 ) + 𝑆𝐿𝑅(𝑡𝑖 )
where 0.5·Hs is the wave set-up, S is the storm surge, AT is the astronomical tide
and SLR is the sea level rise.
Units: hours per year.
Inputs: we use the hourly time series of significant wave height and storm surge
derived from the UC-IHC Climate Change projections dataset. To estimate the
significant wave height at the port mouth, deep-waters waves are propagated to



10 m depth using the Snell’s Law and the wave breaking criterion from Goda
(1975) is also applied. The sea-level rise data are obtained from the IPCC (2013)
database. The time series of astronomical tide are derived from the global tide
model TPXO9. Based on this 20-years time series, the maximum high tide is
calculated. Finally, we assume a freeboard in the berth of 1 m.
Output: Once we have calculated the hourly CF time series, we determine the
number of values higher than 0 m and we divide by the number of years (i.e. 20)
to obtain the number of hours per year. Then, we derive the changes in the hours
per year with CF from 2081-2100 with respect to this number from 1986-2005
under both analyzed scenarios (RCP4.5 and RCP8.5).
Changes in wave overtopping conditions for vertical/sloping

breakwaters
 Definition: for wave overtopping considering a vertical breakwater, we use an
indicator obtained from the empirical formulation of Franco et al. (1994), whereas
for wave overtopping with a sloping breakwater, we use the empirical formulation
of Waal and van der Meer (1992). Both formulations have been implemented by
Izaguirre et al. (2021) and refer to the number of hours per year with overtopping
discharge exceeding the threshold of 0.1 l/s/m.
 Equations:
- Vertical breakwater:
𝑅
𝑞
(−𝑏 𝑐 )
𝑄 =
= 0.2𝑒 𝐻𝑠
√𝑔𝐻𝑠3
- Sloping breakwater:
𝑄 =




𝑞
√𝑔𝐻𝑠3

= 8 · 10−5 · 𝑒

𝑅
(−𝑏 𝑐 )
𝐻𝑠

· 𝑒 (3.5·𝑏·𝜗𝑟 )

where Q is the dimensionless overtopping, q is the overtopping discharge
(m3/(ms)), Hs is the significant wave height (m), Rc is the freeboard, b is the
coefficient depending on the breakwater typology (b= 4.3 for vertical breakwaters
and b=3.1 for sloping breakwaters) and 𝜗𝑟 is the reduction coefficient depending
on the roughness (𝜗𝑟 =0.55). The freeboard is calculated as:
𝑅𝑐 = 𝑅 − 𝑆𝐿𝑅
where R is the breakwater freeboard and SLR is the sea level rise.
Units: hours per year.
Inputs: we use the hourly time series of significant wave height derived from the
UC-IHC Climate Change projections dataset. To estimate the significant wave
height at the port mouth, deep-waters waves are propagated to 10 m depth using
the Snell’s Law and the wave breaking criterion from Goda (1975) is also applied.
The sea-level rise data are obtained from the IPCC (2013) database. The
considered breakwater freeboard is 5 m.





















Output: Once we have calculated the hourly q time series, we determine the
number of values higher than 0.1 l/m/s and we divide by the number of years (i.e.
20) to obtain the number of hours per year. Then, we estimate the changes in the
hours per year with q threshold exceedance from 2081-2100 with respect to this
number from 1986-2005 under both analyzed scenarios (RCP4.5 and RCP8.5).
Changes in mean Wind speed
Definition: The wind resource is represented here by the mean wind speed.
Furthermore, this indicator is also used to analyze the level of discomfort of
tourists on the beach or the stop in navigation due to strong wind conditions.
Units: percentage (%).
Inputs: we use the 6-hourly time series of wind speed at 10 meters height
provided by the EURO-CORDEX RCMs dataset.
Output: we calculate the changes in the wind resource as the difference in the
mean wind speed from 2081-2100 with respect to 1986-2005 under the most
pessimistic climate scenario (i.e., RCP8.5).
Changes in mean Wind Power Density
Definition: The wind power density is a measure of the amount of the wind energy
available at any location. Here, we calculate wind power density at 100 m height,
which represents the average hub height of the currently operating windfarms
within North Sea.
Equation:
𝑊𝑃𝐷 = 12 · 𝜌 · 𝑊 3
Where WPD is the Wind Power Density in W/m2, 𝜌 is the corrected air density in
kg/m3 and W is the 100-m wind speed in m/s. The air density is corrected to take
into account the hub height (HH) influence in reducing the reference value
ρ0=1.225 (Hennessey, 1977):
𝜌 = 𝜌0 − 1.194 · 10−4 · 𝐻𝐻
Units: percentage (%).
Inputs: we use the 6-hourly time series of wind speed at 10 meters height
provided by the EURO-CORDEX RCMs dataset.
Output: we calculate the changes in the mean wind power density between the
future (2081-2100) and the recent past conditions (1986-2005) under the most
pessimistic climate scenario (i.e., RCP8.5).
Changes in mean operational Wind time
Definition: The operation wind time provides information about the time in which
a wind turbine operates. We assume the typical values of cut in and cut off wind
speed for currently operating turbines of 4 m/s and 25 m/s, respectively. The
operational wind time (OT) is expressed as percentage of time with operating
turbines.
Equation:

𝑂𝑇 =













𝑡𝑖𝑚𝑒𝑐𝑢𝑡 𝑖𝑛−𝑐𝑢𝑡 𝑜𝑓𝑓
𝑡𝑖𝑚𝑒𝑡𝑜𝑡𝑎𝑙

Units: percentage (%).
Inputs: we use the 6-hourly time series of wind speed at 100 meters height
provided by the EURO-CORDEX RCMs dataset.
Output: we calculate the changes in the mean operational wind time between the
future (2081-2100) and the recent past conditions (1986-2005) under the most
pessimistic climate scenario (i.e., RCP8.5).
Changes in Extreme Wind Speed
Definition: the extreme wind conditions are represented through the 50 years
return value of surface (10-m) wind speed. This extreme value plays an important
role in the dimensioning of the turbine support structure and may cause
significant coastal infrastructure damages.
Equation:
1
𝑋𝑇 = 𝛽 − 𝛼 ln [− ln (1 − )]
𝑇𝑅
This equation corresponds to an extreme value type I distribution (i.e. Gumbel
distribution), where 𝛼 and 𝛽 are the scale and location parameters and Tr is the
return period (50 years in this case).
Units: percentage (%).
Inputs: we use the annual maxima of the 6-hourly time series of 10-m wind speed
provided by the EURO-CORDEX RCMs. Based on these maxima, we fit a Gumbel
distribution to derive the 50-yr return value.
Output: we calculate the changes in the 50-yr wind speed in the future period
2081-2100 with respect to the 50-yr wind speed in 1986-2005 under the most
pessimistic climate scenario (i.e., RCP8.5).

4. Results
This section presents the most relevant results in terms of the expected future changes
in the impact indicators under both analyzed climate scenarios respect to their values at
the historical period 1986-2005.
Changes in Shoreline Retreat induced by Sea-Level Rise
The changes in the shoreline retreat due to mean sea level rise at the year 2100
oscillate from -138.1 to +154.85 m under the RCP4.5, and from -69.22 to +221.3
m, under the RCP8.5 (positive values indicates shoreline retreat). Negative values
are found at the Gulf of Bothnia, in the north of the Baltic Sea, where a future
decrease in the mean sea level is expected for both analyzed climate scenarios
(Figure 4). The highest increases are observed in the French and North Sea coasts.
These results agree with the patterns observed by Thiéblemont et al. (2020).

Figure 4. Magnitude of the changes (in meters) in the shoreline retreat due to mean sea level rise in 2100 under (left)
the RCP4.5 and (right) RCP8.5 scenarios.

Changes in Shoreline Retreat induced by marine storms
This indicator is evaluated along the coasts of Southern Europe, where both waves and
storm surge projections for the same Climate Models are available. In this region, the
shoreline retreat due to marine storms exhibits values from 0.03 m to 126.5 m for the
historical period 1986-2005, with the highest retreats detected in the north of Portugal
and southwest of France. These values are expected to diminish in the future period
2081-2100 under both climate scenarios for most of the analyzed area. The most
significant decreases (minimum of -7.46 m and -15.21 m for RCP4.5 and RCP8.5,
respectively) are observed in the Gulf of Cadiz, north of Portugal, southwest of France,
around the Montpellier coasts and north of the Ligurian Sea. A slight increase (maximum
of 0.35 and 0.52 m for RCP4.5 and RCP8.5, respectively) is observed in Canary and
Madeira islands (Figure 5).

Figure 5. (Left) Historical (1986-2005) shoreline retreat due to marine storms along the coasts of southern Europe.
Magnitude of the changes (in meters) for the future period 2081-2100, under (center) RCP4.5 and (right) RCP8.5 climate
scenarios. Stippling denotes areas where the magnitude of the multi-model ensemble mean exceeds the inter-model
standard deviation.

Changes in Shoreline Retreat induced by summer marine storms
As observed in the previous indicator, the maximum values of historical shoreline
retreat due to summer marine storms are found in the north of Portugal and southwest
of France, followed by the Montpellier coast and north of the Ligurian Sea (with
maximum values of 25.03 m). These areas also show the most significant decreases in
2081-2100 (-4.43 m and -6.89 m, for RCP4.5 and RCP8.5, respectively). However, in this
case, the observed future changes show specific features such as the increases in the
south of the Mediterranean Sea and Canary Islands (with a maximum increase of 1.61 m
and 1.58 m, for RCP4.5 and RCP8.5, respectively) (Figure 6).

Figure 6. (Left) Historical (1986-2005) shoreline retreat due to summer (JJA) marine storms along the coasts of
southern Europe. Magnitude of the changes (in meters) for the future period 2081-2100, under (center) RCP4.5 and
(right) RCP8.5 climate scenarios. Stippling denotes areas where the magnitude of the multi-model ensemble mean
exceeds the inter-model standard deviation.

Changes in total Shoreline Retreat (SLR + marine storms)
The patterns and magnitude of the historical total shoreline retreat coincide with
those induced by marine storms, since the SLR at this period is considered zero (values
oscillating between 0.03 m and 126.5 m). The future changes (from 2081 to 2100) in this
indicator present the highest rises along the Portuguese coast, southwest of France, Gulf
of Cadiz and in the Ligurian Sea, with the magnitudes oscillating between -2.47 m to
+42.87 m and from -8.72 m to +56.15 m for the RCP4.5 and RCP8.5, respectively. The
contribution of the SLR to the total shoreline retreat in 2081- 2100 period is 58% and 65%
for RCP4.5 and RCP8.5, whereas these values are 42% and 35% for the marine storms.

Figure 7. (Left) Historical (1986-2005) total shoreline retreat (SRL + marine storms) along the coasts of southern
Europe. Magnitude of the changes (in meters) for the future period 2081-2100, under (center) RCP4.5 and (right) RCP8.5
climate scenarios. Stippling denotes areas where the magnitude of the multi-model ensemble mean exceeds the intermodel standard deviation.

Changes in coastal extreme Total Water Level
The coastal extreme total water level (TWL) has been evaluated for Southern Europe by
means of the 50 years return value obtained by fitting a Gumbel distribution. The historical
values in this indicator vary from 1.25 m to 5.75 m, with magnitudes lower than 2.5 m found
the Mediterranean Sea, from 3-4 m in the Canary and Madeira Islands and > 4 m along the
Atlantic coast of Spain, Portugal and France. The projected future changes in this indicator for
the 2081-2100 period show an increase everywhere, from 0.15-0.66 m and from 0.25-0.91 m
for the RCP4.5 and RCP8.5 (Figure 8). In relative terms, these changes correspond to an increase of 2.7-39% and of 7.650.88% for both RCPs (

Figure 9). These results agree in both the spatial patterns and the magnitude of the
historical and future changes with those obtained by Vousdoukas et al. (2017).

Figure 8. (Left) Historical (1986-2005) extreme TWL (m) in southern Europe. Magnitude of the changes (in meters)
for the future period 2081-2100, under (center) RCP4.5 and (right) RCP8.5 climate scenarios. Stippling denotes areas
where the magnitude of the multi-model ensemble mean exceeds the inter-model standard deviation.

Figure 9. Future changes in the extreme TWL relative to their values in the historical period under (left) RCP4.5 and
(right) RCP8.5 climate scenarios. Changes are expressed in percentage (%). Stippling denotes areas where the magnitude
of the multi-model ensemble mean exceeds the inter-model standard deviation.

Changes in extreme Significant Wave Height
The extreme (50-years return value) significant wave height has been evaluated along the
European Atlantic coast and the Western Mediterranean basin. The historical 50-yr Hs exhibits
values from 0.74 m to 14.29 m. The projected future changes in this indicator show similar

range of variations for both RCPs, with relative changes from -10.62% to +12.62% and from 10.67% to 11.42% for RCP4.5 and RCP8.5, respectively. However, the spatial patterns
observed for both RCPs differ at specific locations and the changes found for the RCP4.5 are
more noticeable than for RCP8.5. These special features are also observed by Lobeto et al.
(2021) and Meucci et al. (2020), who applied a similar analysis at global scale.

Figure 10. (Left) Historical (1986-2005) extreme Hs (m) variations along the European Atlantic coast and the Western
Mediterranean basin. Relative future changes (in percentage) for the future period 2081-2100, under (center) RCP4.5
and (right) RCP8.5 climate scenarios. Stippling denotes areas where the magnitude of the multi-model ensemble mean
exceeds the inter-model standard deviation.

Changes in extreme Storm Surge
The extreme (50-years return value) storm surge has been evaluated based on two
different datasets. On one hand, the mean ensemble of the future changes from 6 GCMs (for
the Atlantic coast) and 5 RCMs (for the Mediterranean coast) is calculated for Southern
Europe (UC-IHC dataset). On the other hand, the future changes in this indicator obtained by
Muis et al. (2020) for one RCM in Europe are also considered. For the first dataset, the
historical 50-yr SS exhibits values from 0.13 m to 1.03 m. Similar values are observed for the
second dataset except in the Cantabrian Sea and in the north of the Adriatic Sea, where are
slightly higher. The relative changes obtained for the UC-IHC dataset show specific spatial
patterns, with an increase in the 50-yr SS in the Western Mediterranean and Atlantic coasts
and a decrease on the Eastern Mediterranean and Canary Islands under the RCP4.5 (range of
variations from -19.9% to +12.36%). These patterns are slightly different under the RCP8.5,
where this indicator decreases in the Mediterranean Sea and increases everywhere else
(range of variations from -33.66% to +21.64%) (Figure 11). In the case of Muis et al. (2020) SS
projections, the future changes in the 50-yr SS for the RCP4.5 are significantly higher, which
can be explained by the use of a single climate model (i.e. the EUROCORDEX HIRHAM5)
(Figure 12).

Figure 11. (Left) Historical (1986-2005) extreme storm surge (m) in Southern Europe. Relative future changes (in
percentage) for the future period 2081-2100, under (center) RCP4.5 and (right) RCP8.5 climate scenarios. Stippling
denotes areas where the magnitude of the multi-model ensemble mean exceeds the inter-model standard deviation.

Figure 12. (Left) Historical (1986-2005) extreme storm surge (m) obtained by Muis et al. (2020) in Europe. (Right)
Relative future (2081-2100) changes for the RCP4.5 (in percentage).

Changes in port operability failure due to unfavorable port mouth conditions
This indicator corresponds with the number of hours per year for which the significant
wave height at the port mouth exceeds the threshold of 2.5 m. The historical values of this
indicator along the European Atlantic coast and the Western Mediterranean basin exhibits
important spatial variations, with values close to 0 along the English Channel, Irish Sea and
Canary Islands and higher than 1000 hours/years (up to 2600 hours/year) in the northwest of
the Iberian Peninsula and north of UK. Regarding the projected future changes for 2081-2100
period, a decrease is observed in the Mediterranean Sea and an increase in the Atlantic coast
(from -272 to 636 hrs/yr and from -374 to 563 hrs/yr for the RCP4.5 and RCP8.5, respectively)
(Figure 13). In relative terms, this corresponds to variations between -35% to >100% and
between –57% to >100% for both climate scenarios.

Figure 13. (Left) Historical (1986-2005) unfavorable port mouth wave conditions (i.e. Hsport mouth > 2.5 m) (in
hours/year) along the Atlantic European coast and Western Mediterranean. Future changes (in hours/year) for the time
period 2081-2100, under (center) RCP4.5 and (right) RCP8.5 climate scenarios. Stippling denotes areas where the
magnitude of the multi-model ensemble mean exceeds the inter-model standard deviation.

Changes in port operability failure due to surface agitation
This indicator corresponds with the number of hours per year for which the significant
wave height inside the port exceeds the threshold of 0.4 m. The historical values of this
indicator along the European Atlantic coast and the Western Mediterranean basin exhibits
important spatial variations, with values close to 0 along the English Channel, Irish Sea and
Canary Islands and higher than 1000 hours/years (up to 2286 hours/year) in the northwest of
the Iberian Peninsula and north of UK. Regarding the projected future changes for 2081-2100
period, a decrease is observed in the Mediterranean Sea. No significant variations are
obtained in the English Channel, Irish Sea and east coast of Great Britain, whereas an increase
is expected in the Atlantic coast (from -254 to 637 hrs/yr and from -345 to 562 hrs/yr for the
RCP4.5 and RCP8.5, respectively) (Figure 13). In relative terms, this corresponds with
variations between -35% to >100% and between –60% to >100% for both climate scenarios.

Figure 14. (Left) Historical (1986-2005) wave agitation conditions inside the port (i.e. Hsinside port > 0.4 m) (in
hours/year) along the Atlantic European coast and Western Mediterranean. Future changes (in hours/year) for the time
period 2081-2100, under (center) RCP4.5 and (right) RCP8.5 climate scenarios. Stippling denotes areas where the
magnitude of the multi-model ensemble mean exceeds the inter-model standard deviation.

Changes in coastal flooding at the berth
This indicator corresponds with the number of hours per year with coastal flooding at the
berth. The historical values of this indicator varies from 0.2 hours/year to 1653 hours/year in
Southern Europe, with the highest values found in the northwest of the Iberian Peninsula.

The projected future changes for 2081-2100 period show an increase overall, with the
maximum rise found at north of Canary Islands. These changes range from 6.8 to 3658
hours/year and from 20.7 to 5720 hours/year for RCP4.5 and RCP8.5, respectively (Figure
15Figure 13).

Figure 15. (Left) Historical (1986-2005) frequencies of coastal flooding at the berth (in hours/year) in Southern
Europe. Future changes (in hours/year) for the time period 2081-2100, under (center) RCP4.5 and (right) RCP8.5 climate
scenarios. Stippling denotes areas where the magnitude of the multi-model ensemble mean exceeds the inter-model
standard deviation.

Changes in wave overtopping conditions for vertical/sloping
breakwaters
This indicator corresponds with the number of hours per year with wave overtopping
of vertical and sloping breakwaters. The selected threshold to consider wave overtopping
is 0.1 l/m/s. The future changes in this indicator have been evaluated for both kind of
breakwaters along the European Atlantic coast and the Western Mediterranean. The
historical and future changes values are summarized in Table 3. The highest values for the
historical period are found in the NW of the Iberian Peninsula, the north of UK and the
Norwegian coast. These values are projected to increase notably in the west coast of
France, north of UK and Norway for 2081-2100 period and under both climate scenarios
(Figure 16. (Left) Historical (1986-2005) frequencies of wave overtopping for a (top)
vertical and (bottom) sloping breakwaters (in hours/year) in Southern Europe. Future
changes (in hours/year) for the time period 2081-2100, under (center) RCP4.5 and (right)
RCP8.5 climate scenarios for both kind of breakwaters. Stippling denotes areas where the
magnitude of the multi-model ensemble mean exceeds the inter-model standard
deviation.).
Historical (hours/year)
Vertical
breakwater
Sloping
breakwater

0 - 3613
0 - 4303

Changes for RCP4.5 (hours/year)
-45 - +978
-65 - +950

Changes for RCP8.5 (hours/year)
-44 - +1058
-92 - +916

Table 3. Historical frequencies and future changes in wave overtopping for vertical and sloping breakwaters .

Figure 16. (Left) Historical (1986-2005) frequencies of wave overtopping for a (top) vertical and (bottom) sloping
breakwaters (in hours/year) in Southern Europe. Future changes (in hours/year) for the time period 2081-2100, under
(center) RCP4.5 and (right) RCP8.5 climate scenarios for both kind of breakwaters. Stippling denotes areas where the
magnitude of the multi-model ensemble mean exceeds the inter-model standard deviation.

Changes in mean Wind speed
The historical mean surface (10-m) wind speed oscillates between 3.1 and 9.3 m/s in
Europe. This indicator is expected to increase in the Baltic and Egeo Seas, to remain with
no significant variations along the English Channel and to decrease everywhere else in
Europe for the period 2081-2100 and the RCP8.5 scenario. The relative changes range
from -8.9% to +4.6% (Figure 17).

Figure 17. (Left) Historical (1986-2005) mean wind speed at 10 m height in Europe (m/s). (Right) Relative future
(2081-2100) changes (in percentage) for the RCP8.5 scenario. Stippling denotes areas where the magnitude of the multimodel ensemble mean exceeds the inter-model standard deviation.

Changes in mean Wind Power Density
The historical mean wind power density (WPD) at 100 m height oscillates between 103
and 2204 W/m2 in Europe. As observed in the previous indicator, the mean WPD is
projected to increase in the Baltic and Egeo Seas, to remain with no significant variations
along the English Channel and to decrease everywhere else in Europe for the period
2081-2100 and the RCP8.5 scenario. The relative changes range from -23% to +16.16%
(Figure 18).

Figure 18. (Left) Historical (1986-2005) mean wind power density at 100 m height in Europe (W/m2). (Right) Relative
future (2081-2100) changes (in percentage) for the RCP8.5 scenario. Stippling denotes areas where the magnitude of the
multi-model ensemble mean exceeds the inter-model standard deviation.

Changes in mean operational Wind time
The historical mean operational wind time at 100 m height oscillates between 50 and
90% in Europe. Slight future variations in this indicator are expected for the period 20812100 and the RCP8.5 scenario, with relative cahnges ranging from -8.5% to +1.85% (Figure
19).

Figure 19. (Left) Historical (1986-2005) mean operational wind time at 100 m height in Europe (in percentage).
(Right) Relative future (2081-2100) changes (%) for the RCP8.5 scenario. Stippling denotes areas where the magnitude
of the multi-model ensemble mean exceeds the inter-model standard deviation.

Changes in Extreme Wind Speed
The historical values in the 10-m wind speed of 50-years return period oscillates
between 12.8 m/s and 31.7 m/s in Europe. The future changes in these extreme values
show an unclear pattern, but a general decrease is observed in most of the
Mediterranean Sea (except at the Egeo Sea). Meanwhile, an increase is expected in most
of the Baltic Sea, English Channel, Norwegian coast and Irish Sea. The relative changes
range from -10.64% to +9.34% for the future period 2081-2100 and the RCP8.5 scenario
(Figure 20).

Figure 20. (Left) Historical (1986-2005) 50 years return period (10 m) wind speed in Europe (m/s). (Right) Relative
future (2081-2100) changes (in percentage) for the RCP8.5 scenario. Stippling denotes areas where the magnitude of the
multi-model ensemble mean exceeds the inter-model standard deviation.
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