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A B S T R A C T

The accurate description of wave climate at different spatio-temporal scales requires the application of
advanced statistical models together with a good knowledge of geophysical processes. Furthermore, accurate
modelling of multimodal sea states is of primary importance for most of offshore and coastal activities, such
as wave energy device optimization, maritime design practice and for safety at sea. The present manuscript
is conceived within this scientific framework proposing to assess wave climate of a complex area of French
Atlantic Ocean bordering seas. The main ‘‘Spectral Climatology Types’’ of the area are identified as resulting
of defined combinations of wave systems detected through directional spectra and partitioned wave systems
analysis. The presence of swell systems is evaluated quantitatively on the whole area, characterized by different
regimes of multimodal sea-states at strong regional variability and put into relation with main meteorological
forcing active on the area at different spatial scales. Celtic Sea exhibits a marked regional characterization
with a prevalence of multimodal conditions given by different combination of wave systems with increasing
contribution of swell systems moving from North-West to South. A significant presence of crossing sea states is
observed in South Celtic Sea especially in proximity of bathymetric slope. The South Bay of Biscay is influenced
by fully developed swell systems enhanced by refraction effects caused by both the coastline and bathymetry
gradients. English Channel and North Sea show complex sea-states conditions induced by local topography
features together with wind channelling and tide effects able to trigger geophysical processes at a sub-scale
responsible for the development of multimodal seas. Crossing and bimodal seas are also found to be influenced
by bathymetry gradients acting directly on the directional spectrum shape as well as by tide due to tidal
current-induced refraction effect on wave propagation. No generalized significant trends are detected within
the investigated spatial domain for the wave spectrum integral quantities; locations sited at northern Celtic
Sea show a downward Significant Wave Height, while only locations confined at eastern English Chanel only
shows a Peak Period upward trend.
1. Introduction

A proper definition of sea states and wave climate is of primary
importance to carry out a wide range of marine activities such as off-
shore and coastal structures design and assessment (Espejo et al., 2014;
Antonini et al., 2017; Anon, 2019; Raby et al., 2019), marine energy
exploitation (Anon, 2021a,b), shipping and forecasting (Scipione et al.,
2024; Ewans et al., 2004; Jonathan et al., 2008), as well for coastal
management as they play a key role on coastal erosion (Ardhuin et al.,
2009; Sanil Kumar et al., 2011; Polidoro et al., 2018). A thorough
knowledge of wave energy assessment and how it is allocated within
the coexisting wave systems can serve as the optimal framework to
support the extreme boundary conditions assessment of homogeneous
data. In particular, separation and identification of sea state conditions

∗ Corresponding author at: RINA Consulting S.p.A, MetOcean Unit, 16129, Genoa, Italy.
E-mail address: ludovica.sartini@rina.org (L. Sartini).

as the superimposition of local wind seas and swell events propagation
over long distances provide a real asset to the performance of said activ-
ities, (Portilla-Yandún et al., 2016; Portilla-Yandún, 2018). As a result,
wave climate assessment on complex domains constitutes a complicated
framework especially when different spatio-temporal scales overlap.
This is even more challenging when the presence of coastal processes
adds up to wave dynamics active on a larger scale, together with effects
performed by peculiar bathymetry features and coastal morphology.

A robust description of wave climate should be supported by a
thorough analysis of actual wave energy spectral distribution within co-
existing sea-states, especially in areas wherein complex sea-states are of
relevance. Directional wave spectra showing wave energy distribution
as a function of frequencies and direction usually exhibit a structure
vailable online 22 April 2024
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which represents local wave systems. On the other hand, directional
spectra are not easy to be accessed, managed and stored. Furthermore,
swell heights are relatively poorly predicted since their energy should
be weakly dissipated, even if a suitable wave model parameterization
(ST4) has been developed just to tackle the issue (Ardhuin et al., 2009).

Dynamical spectral partitioning represents a valid technique for the
identification of different wave systems. In the last decade, different
partitioning techniques were implemented for wave systems identifi-
cation (Gerling, 1992; Hasselmann et al., 1996; Hanson and Phillips,
1999, 2001). More recently, Ailliot et al. (2013) proposed a new
method for partitioning directional wave spectra based on a sequential
Monte Carlo algorithm validated against both synthetic and modelled
time series of spectra. Similarly, a new approach for identifying coher-
ent temporal sequences of spectral components based on the Watershed
algorithm (Gerling, 1992; Hasselmann et al., 1996) applied to field data
is presented in Kpogo-Nuwoklo et al. (2015), while the WaveSEP (Wave
Spectrum Energy Partitioning) method is also noteworthy (Tracy et al.,
2007; Devaliere et al., 2009). Chen et al. 2015 proposed a practical
method based on the overshoot phenomenon for extracting wind sea
and swell events from directional spectra (Chen et al., 2015).

Since multimodal spectra are associated with wave systems gener-
ated by different meteorological events, it can be deduced that different
wave climates may arise from complex sea states assigned to different
wave systems. In this regard, the proper characterization of directional
spectra and wave partitions can be conceived as valid support for
wave climate definition. For instance, in Olagnon et al. 2014 a spatial
processing of directional spectra for the definition of long-term statistics
of the swell climate of West Africa is performed, (Olagnon et al., 2014).

The present manuscript moves into the framework of high reso-
lution spectral partitioning analysis for wave climate assessment to
define the main ‘‘Spectral Climatology Types’’ of French Atlantic Ocean,
especially within the Bay of Biscay and the English Channel, as the area
exhibits a complex distribution of wave spectral energy, responsible for
the superimposition of wind sea and swell for about two-thirds of total
sea states (Maisondieu and Le Boulluec, 2016).

Similar to Portilla et al. (2016) (Portilla-Yandún et al., 2016),
our study delves into the main wave climate patterns of the region
through a wave spectra partitioning assessment. However, the unique
spatial high resolution of the HOMERE model (down to 100 m in the
coastal areas) allows us to investigate finer-scale dynamics that could
not be captured by the pioneering work proposed by Portilla-Yandún
(2018) (Portilla-Yandún, 2018) due to the coarser grid (around 100 km)
of the ERA-Interim reanalysis data.

In this regard, 23 years of partitioned wave hindcast data at high
spatial resolution are used to evaluate the occurrences of wave systems
defining the complex sea-states system characterizing the area of study.

The meteorological counterpart responsible for the generation of
various wave systems on different source regions is also investigated,
together with the influence of other geophysical processes (such as tide
or bathymetry) on their final spatial assessment. Upon completion, the
presence of any long-term trend within the integral Significant Wave
Height (𝐻𝑆 ) and Peak Period (𝑇𝑃 ) is also investigated to evaluate
the effects of climate changes on spatial wave climate. In brief, the
objective of this work is threefold:

• to enrich the literature focused on the wave climate of the French
Atlantic Ocean due to its complexity and importance for several
maritime activities;

• to leverage the availability of partitioned wave hindcast data
within the scientific community as a tribute to scientific commit-
ment;

• to perform a ‘‘High resolution Spatial Spectral Climatology’’ def-
inition of the whole area, never done before.

The manuscript is organized as follows: wave model and directional
spectra used in the analysis are described in Sections 2.1 and 2.2.
Findings related to the spectra analysis and wave climate patterns are
discussed in Section 3, while the conclusions are provided in Section 4.
2

Fig. 1. Domain of HOMERE database.

2. Methods

2.1. Wave model and hindcast data

Wave data used for this study are extracted from the sea-states
hindcast database HOMERE, described in Boudière et al. (2013). Data
were generated through WAVEWATCH III model (version 4.11) run-
ning over an unstructured mesh at high-resolution (∼110 000 points),
ranging from 10 km to 200 m, adapted at various scales from the
open sea to the shore, and covering a 23-years from 1994 to 2016.
The model domain spans the Atlantic Ocean along the southern coast
of Ireland, encompassing the Celtic Sea, the English Channel, and a
portion of the North Sea. Fig. 1 shows the detailed extension of the
irregular grid domain. The over 110.000 blue dots in Fig. 1 represent
the model grid nodes (i.e. where the model outputs are available in
terms of time series), the grey areas depict the land and are bounded
by the thick solid black lines representing the coastline, while the thin
solid lines highlight the geographical coordinates for the investigated
area. The white areas are not considered within the model and they are
shown merely for the sake of map completeness. The model captures
coastline reflection through a parameterization that includes a variable
reflection coefficient. This coefficient is determined by factors such as
the shoreface slope, shoreline geomorphology, and wave characteris-
tics, including incident wave height and mean frequency. The approach
proves effective in minimizing errors in mean directional spreading,
particularly in regions where the precise estimation of the shoreface
slope is feasible, as outlined by Arduin and Aron in 2012 (Ardhuin and
Roland, 2012). The computed spectra are discretized over 24 directions
(i.e. each sector is 15 degrees wide) and 32 frequencies (ranging from
0.0373 to 0.7159 Hz). The model is forced by CFSR (Climate Forecast
System Reanalysis) wind fields reanalysis (Saha et al., 2010) at a spatial
resolution of about 0.5◦. Water levels, surges and currents are provided
by 2D shallow water equations MARS hydrodynamic model (Lazure and
Dumas, 2008). To consistently reproduce sea states on the domain, the
model is forced at the open boundaries with the directional spectra
derived from simulations of the global model of The Integrated Ocean
Waves for Geophysical and other Applications (IOWAGA), updated
every hour.
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Fig. 2. Comparison between modelled and observed wave data (𝐻𝑠, Mean Period 𝑇𝑚02, Mean Direction 𝐷𝑖𝑟 and Peak Period 𝑇𝑝) at Pierre Noires location, Brittany. In red:
easured data, and in black: simulated data.
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A comprehensive array of global parameters, including significant
ave height, peak period, and mean direction, is recorded at each
rid point with an hourly time step. Additionally, parameters of spe-
ific relevance to ocean engineering and marine applications, such
s wave energy flux, surface Stokes drift, and radiation stresses, are
lso saved. Furthermore, directional spectra are accessible at over
000 points, all with the same temporal resolution. For an in-depth
nderstanding of the numerical model setup, detailed information is
ffered by Boudière et al. (2013). The validation of the model was
horoughly examined, utilizing in-situ measurements from directional
uoys and remote sensing data from satellite altimeters. Additionally, a
omparative analysis was conducted with NOAA’s WWIII model output
or both wave and wind values, as documented by Boudière et al.
2013). Although the model had previously undergone extensive vali-
ation, this study presents additional findings to ensure comprehensive
odel reliability in coastal areas. Fig. 2 shows the comparison between
odelled and measured, as extracted from the Pierre Noires coastal

uoy (Lat: 48.290◦, Lon: −4.968.31◦), wave parameters time series (𝐻𝑠,
ean Period 𝑇𝑚02, Mean Direction 𝐷𝑖𝑟 and Peak Period 𝑇𝑝).

The results demonstrate the numerical model’s proficiency in ac-
urately reproducing all integrated wave parameters, with minor dis-
repancies primarily arising from a partial mismatch between buoy
ocations and the extraction points of the wave model.

.2. Sea-states partitioning

Global parameters associated with various wave systems (one wind
ea and five swells) constituting the sea-states at each time-step are
vailable in HOMERE database. Spectral partitioning was achieved
hrough the WaveSEP (Wave Spectrum Energy Partitioning) partition-
ng method (Tracy et al., 2007; Devaliere et al., 2009) based on

digital image processing watershed algorithm (Vincent and Soille,
991; Hanson and Jensen, 2004) able to identify energy density areas
ssociated to different wave systems within directional spectra. These
3

s

lobal parameters were employed to study the spatial variability of de-
ined spectral partitions. Among these, the wind sea fraction 𝑊 (Komen
t al., 1984) is defined as the ratio between the area in the spectral
artition under the direct influence of the wind and the total spectral
nergy of a given partition as follows:

=
𝐸|𝑈𝑝|𝑐

𝐸
(1)

where the wind sea-swell separation velocity 𝑈𝑝 (𝑐 represents local
wave phase velocity) is quantitatively evaluated from the wave-age
relationship as a function of (i) wind velocity 𝑈10, (ii) the angular
difference between wind and wave directions and (iii) wave age factor
𝛽 assumed equal to 1.7 (Hasselmann et al., 1996; Voorrips et al., 1997;
Hanson and Phillips, 2001), as:

𝑈𝑝 = 𝛽𝑈10
(

𝜃 − 𝜃𝑊
)

. (2)

The parameter W allows to classify each partition as pure wind sea
(𝑊 = 1), pure swell (𝑊 = 0) or mixed seas (Portilla et al., 2009).
Temporal series of global wave systems parameters obtained after
partitioning at a given location are reported in Fig. 3 for one month
(January 1994).

In Fig. 3 an illustrative outcome of the partitioning process is
presented for each wave system and for different wave parameters
such as significant wave height (ℎ𝑠𝑖) Fig. 3(a), mean direction (𝑑𝑖𝑟𝑖)
ig. 3(b) and peak period (𝑇 𝑝𝑖) Fig. 3(c). In Fig. 3(d), wind speed
nd direction are presented as the primary drivers for the identified
ave system and partitioning process, while in Fig. 3(e) the evolution
f sea and swell is presented via the wind sea fraction coefficient 𝑊 .
oefficient values close to 1 are mainly associated with the wind seas
hile a decrease to 0.38 occurs for change in wind direction as already
bserved by Maisondieu (2017). On the other hand, swell sea states
re characterized by 𝑊 values close to zero with sporadic increases
hen wind speed decreases. The subscription 𝑖 ∈ [0, 5] identifies the
artitioning process results such as wind sea, the primary swell, the

econdary swell, and so on. Based on the defined combinations of the
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Fig. 3. Temporal evolution of wave systems parameters at a given location, subscription value indicates the partitioned wave system.
entioned wave systems, the following six spectral partitioning types
re identified and adopted within this work:

• SP I: wind sea only;
• SP II: swell only;
• SP III: 1 swell + 1 wind sea;
• SP IV: 2 swells only;
• SP V: 2 swell + 1 wind sea;
• SP VI: 3 swells.

ore precisely, we evaluated the occurrence statistics of combinations
f wave systems. This assessment involved calculating the ratio of
he number of time steps during which the superimposition of wave
ystems was observed to the total number of time steps.

. Results

.1. Spatial overview

To obtain an initial spatial overview of spectral components, we
nalysed all directional spectra available within the computational do-
ain. The most intense regimes impact the western basin, particularly

he Celtic Sea, and extend through the Bay of Biscay to the entrance of
he English Channel. Substantial energy is also observed along the coast
f the Bay of Biscay. A preliminary examination of the results reveals
spatial assessment of spectral features organized in areal patterns,

esembling the discussions in Sartini et al. (2018), where a statistical di-
ision into homogeneous regions affected by the same extreme marine
vents was proposed. While establishing a straightforward connection
etween extreme events and the morphology of directional spectra
ay not be evident, it can be inferred that diverse meteorological

orcings acting on various sub-scale areas, as detailed in Sartini et al.
2018), play a pivotal role in the occurrence of storm events and the
haracteristics of sea states.
4

The spatial distribution of occurrence statistics for each spectral
partition (SPI, SPII, . . . ) reinforces the hypothesis of a zonal arrange-
ment of sea states. Broadly, it is observed that unimodal sea states,
attributed solely to wind-generated waves (Fig. 4(a)), are relatively
scarce, accounting for less than 20% of the time within the Bay of
Biscay. In contrast, higher occurrences are identified in the Celtic Sea
and the English Channel. Specifically, the eastern English Channel
and the North Sea experience increased contributions resulting from
a partial obstruction of swells originating south of the UK.

Unimodal conditions solely driven by swells are consequently re-
stricted in these areas (Fig. 4(b)). The most substantial contribution is
observed in the southeast Bay of Biscay, influenced by the propagation
of North-Western Atlantic events. Additionally, notable contributions
are also evident along the Northern coast of Brittany and at the en-
trance of the English Channel, mainly due to the coastline’s impact on
South-Western events.

Multimodal conditions given with superimposition of wind sea and
one swell are found to be more than 20% of time in the whole bay
(Fig. 4(c)), with higher levels of occurrences (more than 40%) within
the English Channel and the North Sea. Systems of two swells are
quite limited (Fig. 4(d)), except for some coastal areas of the English
Channel and the Bay of Biscay. The prevalence of sea-state conditions
marked by the superimposition of one wind sea and two swells is
notably low in the south-eastern sector of the Bay of Biscay. However,
the occurrence percentage rises as one moves north, influenced by
the refraction effect that initiates swell propagation (see Fig. 4(e)). In
contrast, the emergence of a hotspot in the south-eastern corner of the
Bay of Biscay underscores the focusing effect induced by the deeper
canyon in the coastal bathymetry, as depicted in Fig. 5(a). The English
Channel and the North Sea are characterized by a limited percentage
of occurrence for this wave system, diverging from Maisondieu’s obser-
vations in 2017 (Maisondieu, 2017). This dissimilarity is likely linked
to the relatively low significant wave height of wave systems that do
not meet the threshold for inclusion in the present analysis (Mason



Ocean Engineering 304 (2024) 117900L. Sartini and A. Antonini
Fig. 4. Spatial distribution of occurrence statistics of wave systems.
Table 1
Name, coordinates, depth and percentage [%] contribution of the partitioning of key-points used for the analysis.

Name Coordinates [Lat-Lon] Depth [m] SP I SP II Tot. Unimod. SP III SP IV SP V SP VI Tot. Multimod.

Pt 1 51.3◦N, 6.5◦W 110.1 26.55 11.37 37.92 20.07 16.55 6.82 18.64 62.08
Pt 2 49.0◦N, 6.2◦W 124.0 12.11 10.53 22.64 16.47 15.03 11.51 34.35 77.36
Pt 3 45.5◦N, 3.0◦W 138.9 11.38 20.82 32.20 18.84 14.29 19.57 15.10 67.80
Pt 4 44.0◦N, 2.5◦W 839.5 11.34 37.36 48.70 23.52 9.97 9.94 7.87 51.30
Pt 5 49.8◦N, 2.5◦W 88.1 24.24 10.75 34.99 30.89 17.15 5.14 11.83 65.01
Pt 6 52.5◦N, 2.5◦E 49.9 23.94 7.57 31.51 34.72 17.56 6.28 9.93 68.49

Pt 7 51.5◦N, 8.0◦W 67.7 15.39 6.64 22.03 18.71 15.69 10.47 33.10 77.97
Pt 8 50.0◦N, 5.0◦W 73.7 15.92 9.32 25.24 26.24 17.71 11.27 19.54 74.76
Pt 9 50.5◦N, 3.0◦W 42.6 21.76 5.60 27.36 26.80 21.48 7.06 17.30 72.64
Pt 10 50.5◦N, 3.5◦W 63.4 33.32 22.35 55.67 11.96 4.02 19.63 8.72 44.33
Pt 11 47.5◦N, 3.0◦W 52.9 12.89 5.60 18.49 31.76 27.66 6.64 15.45 81.51
Pt 12 50.5◦N, 1.0◦W 24.9 30.29 3.48 33.77 42.07 13.81 3.27 7.08 66.23
5
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et al.). Systems with three simultaneous swells are frequently observed,
particularly in the western Bay of Biscay (Fig. 4(f)), as well as around
the island and in some coastal areas. In summary, the North Celtic Sea
appears to be marked by frequent occurrences of pure wind sea condi-
tions, in contrast to the Western Celtic Sea, which is more frequently
affected by swell systems. Similarly, unimodal conditions (swell only)
and multimodal conditions (2 swells + 1 wind sea) characterize the
southern and central Bay of Biscay, respectively. Another distinction
emerges between the English Channel, especially its entrance, and the
North Sea, each affected by distinct swell regimes. Further emphasizing
the spatial division proposed in Sartini et al. (2018). Coastal areas of the
Bay of Biscay and the South English Channel frequently exhibit systems
with three swells.

3.2. Sub-regions and representative points

Following a comprehensive analysis of full-wave directional spectra
and the occurrence statistics of wave systems, six points are chosen
as representative indicators of the primary spectral systems identified
in the area. These points serve to characterize the average conditions
of the defined sub-regions (Fig. 5(a)). To examine the impact of local
bathymetry, six additional points (i.e. Pt 7 to 12) have been identified
as shown in Figs. 5(b) and 5(c). Additionally, points 10, 11, and 12 are
also used to assess the influence of the tide, given their locations on
relatively high tidal surge gradients. The coordinates and water depth
for each of the selected locations are detailed in Table 1.

3.3. Spatial and inter-annual variability

Additional considerations on the spatial and inter-annual variability
of spectral centroids in monthly directional spectra have been included
to enhance the overall wave climate assessment in the study area.
The outcomes, portraying the seasonal dispersion of centroids, are
presented in Fig. 6.

There is a noticeable trend where seasonal centroids relative to
Pt 1 consistently move along a common radial axis centred around
the South-western direction. The only exception is January, which
positions farther south, extending towards lower frequencies (higher
periods) in March and throughout the winter season. Points Pt 2 and
Pt 3 show similar patterns, displaying a greater dispersion around the
western sector. Lower frequencies are observed in autumn and winter,
with centroids moving in proximity to the South-West and North-West
directions during winter and aligning around the West in summer.
Similarly, Pt 4 centroids shift towards lower frequencies in winter along
a common radial axis centred on the North-West. In January, the centre
of mass moves further North. Pt 5 exhibits intermediate behaviour,
aligning along the South-West axis and shifting radially between sum-
mer and winter, with centres positioned further South in December
and January. Pt 6 shows higher dispersion, with centroids located in
the North-West during spring, summer, and autumn. In winter, they
shift towards the South-West, reaching the highest frequencies. The
analysis of spatial distribution for Pt 7, 8, and 9 centroids reveals a
consistent pattern across all three locations (Fig. 6): the centres exhibit
radial movement in the South-West direction, with values associated
with winter positioned at lower frequencies. The shallower nature of Pt
9 is reflected in the characteristic high frequency waves (short period)
that reach this location after undergoing severe refraction process that
pushes the direction towards south. Pt 10 centroids show the prevail-
ing winterly nature of the location mainly characterized by wind-sea
affected by the steep tidal surge gradient. The analysis of the centroids
belonging to Pt 11 location highlights the dominant oceanic wave
climate. The directions are mainly aligned with the main oceanic fetch,
no directional variation is present both for high and low frequencies,
with the latter mainly concentrated during the winter period. Pt 12 is
the shallowest of the selected points. The waves that reach this location
have been largely affected by the interaction with the bathymetry.
6

Fig. 5. Map of: 5(a) points selected for defining the spectral climatology types; 5(b)
locations used for evaluating influence of bathymetry and 5(c) the tide effect.

The natural directional dispersion is limited due to a severe refraction
process that aligns both sea wind and swells coming from the English
channel. No significant variation can be detected among the different
seasons. As outlined by Maisondieu et al. (2013) (Maisondieu and
Le Boulluec, 2016), Fig. 7 illustrates the frequency distribution of the
relative angles between wind sea and swell directions. This analysis
aims to discern the occurrence frequency of hazardous crossing sea
conditions.

At Pt 1, the most frequent crossed seas (approximately 60%) exhibit
relative angles of 50–70◦ and 110–130◦ (Fig. 7(a)). At Pt 2, a significant
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Fig. 6. Position variability of seasonal spectra centroids for all the locations.
portion (approximately 40%) is confined within the range of 70–100◦

(Fig. 7(b)). Points Pt 3 and Pt 4 both show the highest frequencies
(approximately 50%) within a range of about 50◦, specifically 60–90◦

and 50–80◦, respectively in Figs. 7(c) and 7(d). For Pt 5, occurrences
are located in two narrower sectors covering about 50% of the time 60–
80◦ and 100–120◦, Fig. 7(e). Pt 6 displays a greater dispersion around
60–120◦ as shown in Fig. 7(f). At Pt 7, the distribution of angular
differences indicates that the most frequent occurrence of crossed seas
happens within a range of 30◦ in two main sectors for about 50% of
the time, 40–70◦ and 110–130◦ as presented in Fig. 7(g). In contrast,
Pt 8 and Pt 9 display more intricate distributions, with three and four
main classes, respectively in Figs. 7(h) and 7(i), covering about 50%
of occurrences. Frequently crossed seas cover directions around 140◦

at Pt 8, creating the most hazardous conditions for shipping. At Pt
10, the most frequent (approximately 40%) crossing sea relative angle
range is 40–60◦, reflecting the limits imposed by the English Channel’s
west-most entrance, no additional crossing sea can be identified, see
Fig. 7(j). Pt 11 consistently exhibits a narrow relative angle sector,
ranging from 150–160◦, for approximately 15% of the time. Addition-
ally, less hazardous conditions are observed for 10% of the time, with
a characteristic value falling within the range of 60–70◦. In contrast, Pt
12 is characterized by a persistent crossing sea condition, accounting
for approximately 55% of the time. This condition spans a range of
relative angles between 70 and 110◦, emphasizing the area’s unique
nature influenced by both the English Channel and North Sea wave
climates.
7

3.4. Spectral climatology type

To evaluate the efficacy of employing an unstructured grid in con-
junction with an appropriate wave model to accurately capture sea-
state features characterized by the overlapping of multimodal seas on
various scales, the directional wave spectra for Pt 1, Pt 2, Pt 5, and Pt
6 have been retrieved from the available 30-year NOAA wave hindcast
climatology database.

Fig. 8 reports the wave energy directional density spectra for loca-
tions Pt1, Pt2, Pt5 and Pt6.

The average wave energy directional density spectra provided by
the HOMERE database over the entire period of simulations are re-
ported in Fig. 9.

The challenges encountered by a large-scale wave model, such as
the NOAA model, become apparent when addressing sub-scale wave
systems, like those influencing the study area. These sub-scale wave
systems are, on the contrary, properly captured within the HOMERE
database, as depicted in Figs. 9(a), 9(b), 9(e), and 9(f). This comparison
reveals that the current uniform-resolution wave modelling approaches
commonly employed in Earth system models may not adequately repre-
sent wave climates across various scales, from global to coastal regions.
Additionally, these approaches may encounter difficulty in properly
depicting both multimodal seas and directional spreading.

Given the complex and diverse nature of the wave climate in the
study region, the peak period bivariate joint frequency distribution,
proposed in Fig. 10, is adopted to capture the complexity of physical
phenomena defining specific wave climate patterns. Each wave system
is assumed to be independent in this analysis hence the bivariate joint
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frequency distributions are established by aggregating pairs of global
parameters from all relevant wave systems within each partition, and
the resulting normalized joint occurrences are then evaluated.

The main finding of the study is presented in Fig. 11 revealing
that in more sheltered areas, seas predominantly exist in unimodal
states. Conversely, in more open areas, multimodal states are prevalent,
with wind seas gaining importance in regions characterized by shorter
fetches. In nearshore and complex areas such as the English Channel,
refraction emerges as a crucial factor contributing to the development
of multimodal conditions. The following main climate systems, referred
to as ‘‘Spectral Climatology’’ types, are presented based on their relative
spectral partitioning assessments, serving as a summary of the entire
wave climate for the study area.

3.4.1. Spectral climatology type I, Area I
The region represented by Pt 1 in Fig. 5(a) captures wave systems

affecting the North Celtic Sea. The analysis indicates that Area I is
characterized by a directional spread from the North-West to the South-
East, covering a sector of approximately 180◦. Notably, higher energy
evels originate from the South-West, peaking during the winter season,
ith maximum values recorded in January. The energy levels gradually

ncrease from October to January, followed by a significant decrease
tarting in March. Analysis of the peak period bivariate joint frequency
istributions in Fig. 10(a) reveals that pure wind sea conditions pre-
ominantly impact South-West directions, with more intense events
entred around 240◦N. Multimodal sea states, particularly systems
eaturing the three swells, are observed in the South-West (240–250◦N),

◦ ◦
8

outh (180–190 N), and North-East (∼ 30 N). This is evident through
he significant contribution of swell seas, highlighted by the red clus-
ers in the two main South-West sectors, along with minor events
riginating from the North-East. Multi-modal sea conditions dominate,
onstituting more than 60%, as depicted in Fig. 11(a). Detailed per-
entages for each partitioning type are provided in Table 1. Notably,
he contribution from the first swell is significant, aligning closely
ith wind sea conditions, representing 20% of the total. Similarly,

ombinations of three swells contribute 18%. Such a climatology type
an be associated with meteorological events coming from the West
ffecting the area at a meso-scale together with steady processes from
he West/North-West active on a basin scale, responsible for swell
vents, as well described by the first swell system. In summary, ‘‘Spec-
ral Climatology type I’’ is characterized by a 180◦ spread directional
pectrum with prevailing energetic sectors in South-West; multimodal
onditions are significant (62%) with the greatest contributions given
espectively by a superimposition of wind seas and one swell and three
well systems, while unimodal sea-states are dominated by pure wind
ea fraction (26%).

.4.2. Spectral climatology type II, Area II
The directional spectrum for location Pt 2 is reported in Fig. 9(b).

nergies are spread within a sector of ∼225◦ with higher energies com-
ng from West direction mainly in January, while in spring and summer,
ore intense events arise from the North-West. Another important con-

ribution comes from North-East. Wind sea conditions are registered on
est (270◦ N), South-East(150◦ N) and North-East (70◦ N) directions;

swell systems are found to affect different directions overlapped with
◦
wind sea-states, with longest waves coming from West (250–300 N),
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Fig. 8. NOAA wave energy directional density spectra for locations Pt1, Pt2, Pt5 and Pt6.
from South and North (Fig. 10(b)). The complex patterns observed
in this area signify a pronounced multimodal nature, accounting for
over 70%, with the most substantial contributions originating from
the combination of three swells (34%), as emphasized in Fig. 11(a).
Unimodal sea states are characterized by comparable occurrences of
wind sea and single swell and are presented in Table 1. Overall this area
exhibits a large fraction of multimodal conditions with a prevalence of
combined swell seas.

This type of spectral climatology is associated with greater exposure
to meteorological events active on a meso-scale coming from the West,
responsible for the full development of wind sea conditions together
with superposed swell seas due to North large-scale perturbations.
Furthermore, the refraction effects performed by the Brittany coast
trigger the onset of processes active on a sub-scale responsible for
steady North-East events.

3.4.3. Spectral climatology type III, Area III
Location Pt 3 exhibits a widespread wave energy distribution span-

ning almost 360◦, as illustrated in Fig. 9(c). The most intense energy
levels are observed in the North-West direction, particularly in Jan-
uary and February. Wind sea conditions are found to be significant
within a specific sector (250–300◦N) and extend eastward, partially
overlapping with swell systems. These wind sea conditions impact
both the North-West sector (250–350◦N) and the South-West region
(∼ 220◦N, Fig. 10(c)). The whole area is dominated by multimodal
conditions (70%, Table 1) with the largest contribution given by the
sea-state of two swell (19%), while unimodal seas are dominated by
swell (20%) (Fig. 11(a)). ‘‘Spectral Climatology Type III’’ is marked by
9

a highly scattered directional spectrum spread on almost 360◦. Pure
wind seas are generated by large scale perturbations coming from the
West together with the concurrent development of significant North-
West swell events also affecting the South-West. This spectral partition
can be linked to the distinctive characteristics of the area, influenced by
the bathymetry gradient, which contributes to the formation of crossed
sea states.

3.4.4. Spectral climatology type IV, Area IV
Moving into the southern Celtic Sea, the directional spectra dis-

tinctly reveal a heightened influence from the North-West sector, ex-
tending across a span of 180◦ (Fig. 9(d)). This sector experiences peak
energy levels during January and February. The region is impacted by
wind sea conditions, affecting the direction of 250–350◦N also crossing
substantial swell systems (Fig. 10(d)). This overlapping translates into
a balance between unimodal (48%) and multimodal (52%) conditions
(Table 1), whose respective prevalence is given by swell sea-states
(37%) and by wind sea with 1 swell (23%) (Fig. 11(a)). The ‘‘Spectral
Climatology type IV’’ exhibits a 180◦ directional spectrum exposed
to North-West, responsible for the development of stable swell sea
conditions, as evidenced by Maisondieu (2017). More precisely, wind
sea conditions are found to be about one-third of first swell system
occurrences. Indeed, while SWH relative to the wind sea system are
more spatially diversified within area III, and on average lower than
values registered in the Celtic Sea, those related to system II are more
uniform.

Overall, area IV located on the South Bay of Biscay seems to feel the
refraction effect triggered by the coastline as well as the bathymetry
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Fig. 9. Wave energy directional density spectra for location Pt 1 - Pt 6.
c
i
f
S
(

t
t
t
c
f

3

a
t
i
c
t
s
s

i
a
a
c
o
s
a
d
s
t
p

radient in the proximity of the continental shelf on the development
f marked swell sea-states, in addition to diffraction and protection
ffect induced by Galicia. Wind sea fraction in partition I remains sig-
ificant and similar to previous areas while swell contribution reduces
ubstantially.

.4.5. Spectral climatology type V, Area V
The directional spectra for Point Pt 5 are oriented towards the

outh-West, spanning 180◦ and exhibiting a double-peaked pattern in
pposite directions (Fig. 9(e)). The maximum energy is characteristic of
ecember and January with wind sea conditions primarily observed in

he West (∼ 250◦N) and North-East (50–100◦N) directions, overlapping
ith swell seas that also influence the South-West (Fig. 10(e)). Nev-
rtheless, the percentage contribution of swell in unimodal conditions
35%, Table 1) turns out to be 10% (Fig. 11(a)); multimodal seas (65%)
re prevalent and represented mainly by SP III (wind sea+1 swell, 30%,
able 1).

The regions bounded by the English Channel, where complex sea
tates arise from wind channelling and the substantial influence of
ides collaborate to delineate ‘‘Spectral Climatology type V’’, are dis-
inguished by a noteworthy presence of swell seas crossing with pure
ind seas in the same direction and exhibiting double-peaked direc-

ional spectra. This phenomenon is also documented by Mason et al.,
ighlighting the prevalence of bi-modal seas at locations exposed to
tlantic swells, which seldom propagate the entire length of the English
hannel to the Straits of Dover.

.4.6. Spectral climatology type VI, Area VI
The North Sea area is marked by bimodal systems, as shown by

irectional spectra presented in Fig. 9(f) for location Pt 6. Bimodal
eas are consistently present throughout the year, with peak inten-
ities observed in December, January, and February. These bimodal
onditions manifest in two primary directions – South-West and North-
est – separated by approximately ∼ 70◦. The contribution of swells

n unimodal seas decreases from 31% to 7% (Table 1). Multimodal
10
onditions (31%) are predominantly influenced by SP III (35%), as
llustrated in Fig. 11(a). The entire area is characterized by peculiar
eatures of partitioning; indeed, while wind sea interests mainly the
outh-West (sector 200–250◦N), swell seas are relevant to North-West
300–350◦N) (Fig. 10(f)).

The marked behaviour of the area defines the ‘‘Spectral Climatology
ype VI’’ as a complex system, associated with wind events coming from
he North-West active on a basin scale together with sub-scale processes
riggered by the peculiar topography of the sub-area. Along the Dutch
oast, the most intense storms come from the North whereas those more
requent originate from the English Channel.

.5. Influence of bathymetry

To assess the impact of bathymetry on energy spectra, we conducted
dditional analyses focusing on specific sub-areas. We selected six fur-
her points: Points 7, 8, and 9, situated near steep bathymetric gradients
n coastal regions (Fig. 5(b)). In these areas, the depth undergoes rapid
hanges from a hundred metres to a few dozen metres. Additionally,
hree other points (Pt 10, 11, 12 in Fig. 5(c)) were chosen near
teep tidal surge gradients, ensuring comparability with the subsequent
ection exploring the influence of tides.

Pt 7 shows a large exposure sector spread of more than 180◦

ncluded between East and West directions (Fig. 12(a)). Higher energies
nd frequencies are reached in January and December; during spring
nd summer the spectrum is confined to the South-West. Prevailing
onditions are multimodal seas (78%) mainly due to the presence
f three swells (33%) (Fig. 11(b)), while the contribution given by
well system in unimodal conditions is low (6%) (Table 1). Statistical
nalyses of SWH concerning wind-driven seas indicate a predominant
istribution in the South-West sector (200–250◦N). Conversely, swell
eas exert influence over a broader region extending to the West (up
o 270◦N) and also in the South directions. The distribution of peak
eriods further illustrates that swells are primarily concentrated at the
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Fig. 10. Bivariate joint frequency distribution (normalized counts) of peak period in function of mean direction for the partitions SP I and IV and all the selected locations. In
red: SP I, in blue: SP IV.
boundaries of the most energetic sector covered by the wind-driven sea
(see Fig. 10(g)).

Location Pt 8 exhibits a directional spectrum resembling the preced-
ing one, characterized by more energetic conditions in the South-West
sector spanning over 180◦ of directional spreading. This spectrum dis-
plays higher frequencies and features a minor peak in the East direction
(see Fig. 12(b)). The bimodal nature of this spectrum is observable from
October to April, with the exception of November. The two peaks are
approximately 130◦ apart. Multimodal conditions prevail, constituting
74% of the occurrences. The primary contributors are wind-driven sea
and swell partition (26%), as depicted in Fig. 11(b), followed by the
combination of three swells (19%). The percentage of swell fractions
11
in unimodal seas remains small at 9% (refer to Table 1). Notably,
the partitioned SWH are distributed over the same sectors, specifically
200–250◦N and around 100◦N. Furthermore, the distribution of peak
periods highlights that swell seas are more confined to the boundaries
of the most energetic sector (see Fig. 10(h)).

Similar to Pt 8, the directional spectra at Point 9 exhibit a 180◦

spread, mainly covering the South-West direction, especially for the
more energetic values (see Fig. 12(c)). A double peak is noticeable from
October to April, excluding November. In unimodal conditions (21%),
where one dominant peak exists, swell contribution is minor (5%),
with wind-driven sea fraction dominating (Fig. 11(b)). Multimodal
conditions prevail (72%), primarily contributed by SP III (27%), IV
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Fig. 11. Normalized percentage occurrences of wave systems at points 1–6 11(a), 7–9
1(b) and 9–12 11(c).

21%), and VI (17%) (refer to Table 1). This complexity is reflected
n the distribution of partitioned significant wave heights, which, on
verage, cover three main sectors (around 100◦, 150◦, and 220◦N). The
istribution of peak periods, given by partition II, reveals the presence
f two distinct narrow peaks, mirroring the patterns observed in the
revious case (see Fig. 10(i)).

Point 10 exhibits a directional spectrum oriented towards the South-
ast, with energy peaks occurring predominantly between October and
pril. Unimodal conditions dominate (55%), with a prevalent presence
f wind seas (33%). Although swells still contribute significantly (22%),
s illustrated in Fig. 11(c), multimodal seas are characterized by the
resence of three swell systems (19%) (see Table 1). As a result,
he partitioned significant wave heights of wind seas are primarily
istributed over the 80–150◦N sector, with more frequent occurrences
round 100◦N and 120◦N, superimposed on swell seas. Additionally,

◦

12

well events are more concentrated in the 120 N direction, evident
n the narrow peak periods distribution, while the wind sea system
xhibits more uniform conditions (refer to Fig. 10(j)).

At Point 11, directional spectra demonstrate a bimodal pattern,
rimarily centred on a narrow sector pointing to the South-West
Fig. 12(e)). This spread covers approximately 90◦, while an additional

peak in the South-West direction emerges in December, accompanied
by a direction shift towards the West in the latter part of the year.
Multimodal conditions dominate significantly (81%), with SP III (31%)
and IV (27%) being the predominant contributors (see Fig. 11(c)). The
contribution of swell in unimodal seas remains low at 5% (see Table 1).
Wind-driven SWH are uniformly distributed within the primary sector,
with higher occurrence frequencies in the vicinity of about 200◦N.
In contrast, the distribution related to swells reveals that SWH are
organized into two main classes, centred around 200◦N and 150◦N.
Similarly, peak periods exhibit a behaviour featuring two narrow peaks
for swell seas (see Fig. 10(k)). Pt 12 properly describes the bimodal
nature of the area, as demonstrated by directional spectra shows in
Fig. 12(f). The presence of a double peak can be observed in the oppo-
site direction with respect to the main provenance sector for most of
the year reflecting both the larger amount of wave energy coming from
the English Channel and the refracted Northern Sea waves that reach
this location. Again, multimodal conditions are dominant (66%) with
a prevalence of SP III (42%) (Fig. 11(c)); unimodal seas are governed
by wind sea partition (39%) while swell contribution is negligible (3%)
( Table 1). SWH distribution of wind seas and swell partitions reveal
a similar behaviour, with the main classes centred respectively on
250◦N, 170◦N and 50◦N directions; peak periods distributions reveal a
similar arrangement with swell systems more narrow in the proximity
of opposite directions (Fig. 10(l)).

In summary, bathymetry seems to provide a non-negligible effect
on directional spectra shape within the northern area of study, enhanc-
ing a bimodal distribution. It is well-known that the transformation
of swell from open ocean to coastal areas is strongly affected by
propagation over shelf features which can imply spatial variations on
wave heights (Munk and Traylor, 1947) mainly due to wave refrac-
tion as the primary mechanism while friction, diffraction, and other
processes can be of secondary importance only. There are only few
studies of swell evolution (Hasselmann and Olbers, 1973; Young and
Gorman, 1995; Ardhuin et al., 2001). In Herbers et al. (2000), for
instance, the transformation of swell across continental shelf is exam-
ined showing a significant attenuation of high-energy swell across the
shelf performed by bottom boundary layer processes, not predicted by
refraction models. The analysed directional spectra exhibit a notable
broadening as waves propagate depth gradients, aligning with the
expectations outlined in Bragg scattering theory for random waves
interacting with irregular seafloor topography (Ardhuin and Herbers,
2002). This observed phenomenon contrasts with the predictions of
refraction theory, which anticipates a narrowing effect (Ardhuin et al.,
2003). This observation holds true for numerous locations situated near
distinctive bathymetric features, such as abrupt depth changes and
steep gradients. Remarkably, in comparison to previous areas where
the separation of peak periods exhibited a more continuous trend, the
influence of bathymetry in these locations appears to accentuate a
significant discontinuity. This is evident in the partitioned quantities
aligned with the corresponding mean directions. Moreover, the impact
of bathymetry renders the contribution of swells in unimodal conditions
negligible. The percentage fraction of multimodal sea states surpasses
the 70%.

3.6. Influence of tide

The influence of tidal forces emerges as a significant factor in
directional spectra assessment, particularly in regions characterized by
robust tidal currents, as highlighted by Ardhuin et al. (2012). Incorpo-

rating tidal forcing into wave models has proven beneficial for refining
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Fig. 12. Wave energy directional spectra for location Pt 7 - Pt 12.
he description of refraction induced by currents, resulting in fluctu-
tions in significant wave height. Key contributors to these variations
nclude current-induced refraction, the occurrence of waves breaking
n opposing currents and the transfer of energy among the spectral
requencies (Guillou, 2017). In particular, points situated close to tidal
urge gradients appear to be shielded by the formation of well-defined
nimodal swell seas. In this work, the impact of tides on directional
pectra is investigated via spectral analysis conducted at specific points
trategically chosen close to steep tidal surge gradients, where the most
ignificant interaction between tidal-induced hydrodynamics and the
ave field is anticipated (see Fig. 5(c)). For the sake of brevity, only

hree points corresponding to the three high tidal surge gradients and
overing the central English channel Pt 10, the Atlantic area Pt 11
nd the shallow English coastal waters Pt 12, are discussed here as
epresentative cases.

Point 10 stands out as it predominantly experiences the impact
f the wind channelling system in the area. For other locations, the
ontribution of crossed-sea states is noteworthy. Peak periods exhibit
distinct bimodal distribution, and tide effects manifest in the devel-

pment of bimodal seas with spectra spreading in opposite directions.
he influence of tide on wave spectra was examined during both ebb
nd flood tide conditions. The results reveal that the influence of tide
n wave spectra is almost negligible at location Pt 10 during both ebb
nd flood conditions, with directional spectrum oriented towards the
outh-East, with a spread of approximately 90◦ due to the pronounced
efraction caused by the tidal gradient. Effect that is more pronounced
t higher frequencies (see Fig. 12(d)). This is supported by Fig. 13,
here the flood only affects the width of the wave spectrum; the overall
eak direction remains constant, aligning with the behaviour described
n Fig. 12(d).

For locations Pt 11 and Pt 12, instead, while the ebb phase is
haracterized by uniform wave conditions, the flood condition stands
ut for the presence of the mentioned bimodal distributions, especially
or location Pt11, where the directional spectrum is normally charac-
erized by a bimodal behaviour here is enhanced by the presence of
wo broaden peaks spread of 60–90◦. The presence of double peaks
13
in opposite directions observed at location Pt12 in Fig. 12(f) is not
present anymore during the flood, even though multimodal condi-
tions have been established compared to the ebb phase. Fig. 13(f)
illustrates the directional spectra at the shallowest (i.e. Pt 12) among
the three investigated points, also the point that experiences the most
significant interaction between tidal currents and the wave field. The
difference observed between ebb and flood conditions primarily arises
from the distinct alignment of wave and current directions. During
flood conditions, the current aligns closely with the wave propagation
direction, resulting in an increase in wavelength. As a result, this
gives rise to shallower water wave conditions compared to scenarios
without current, facilitating a more substantial transfer of energy to
both super- and sub-harmonics. The centroids of the three energy peaks
depicted in Fig. 13(f) are approximately multiples or sub-multiples of
each other. Another interesting behaviour pertains to the directional
shift in these energy clusters. The longest waves refract earlier, causing
their direction at Point 12 to be more perpendicular to the coastline
during flood conditions. In contrast, the shorter waves, influenced by
the seafloor later, reach Pt 12 location more aligned with the axis of
the English Channel.

3.7. Long term trend

With the increasing importance and attention to the climate change
effects on the oceanographic variables, the analysis of wave climate
long-term variation has been widely investigated recently and in the
last couple of decades due to its high engineering relevance (De Leo
et al., 2020; Haigh et al., 2010; Lowe et al., 2010; Reguero et al.,
2019). Such variations can be largely relevant for coastal and offshore
areas, as they may, in turn, modify the equilibrium of the coast-
line (Zhang et al., 2004), the type of coastal protection interventions
e.g. from hard to soft engineering (Morris et al., 2020), the flood hazard
and vulnerability management (Nicholls and Klein, 2006), the marine
ecosystem (Harley et al., 2006) and the offshore and coastal economic
activities (Raby et al., 2019), in particular in an areas densely populated
and economically active as the one under investigation.
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Fig. 13. Wave energy directional density spectra during the ebb and flood phase for
ocations Pt10, Pt11 and Pt12.

A commonly applied method for trend detection is the non-param-
tric Mann–Kendall test (MN) (Mann, 1945) based on the sample rank
orrelation. However, MN is rather sensitive to data seasonality and
ata serial dependence (or autocorrelation) resulting in misinterpreta-
ion of the trend test results and increasing the chance of significant
nswer even in the absence of a real trend (Cox and Stuart, 1955). Al-
hough the issues related to the seasonality were successfully addressed
y Hirsch and Slack (1984) through the seasonal Mann–Kendall test,
he induced bias due to the data autocorrelation was only resolved
y Hamed and Ramachandra Rao (1998) by proposing the Modified
ann–Kendall test (MMK).

Thus, to provide an overall characterization of the area, the long
erm trend analysis is performed for the 12 points under investigation
nd for both 𝐻𝑠 and 𝑇𝑝.

Therefore, due to the highly seasonal nature of the wave climate, in
his work the use of a deseasonalisation pre-process – aimed to remove
he overshadowing effect of seasonality – is adopted in combination
ith the application of the MMK to the residuals resulting from the

ime series decomposition presented in (3), as proposed by Findley et al.
1998),

𝑠 =𝐻𝑠,𝑡 ⋅𝐻𝑠,𝑠 ⋅𝐻𝑠,𝑖 (3)

where 𝐻𝑠,𝑡, 𝐻𝑠,𝑠 and 𝐻𝑠,𝑖 represent the trend, the seasonal and the
stochastic components, respectively. Among the four available time
14
series decompositions methods, i.e. additive, multiplicative and log-
additive and pseudo-additive, the multiplicative one is selected as
the most appropriate because of the (i) positive values of the wave
parameters, (ii) the non-constant size of the seasonal oscillations and
(iii) the negligible number of small values (i.e. close to zero) in the
analysed time series, (Findley et al., 1998).

Hence the recorded SWH monthly maxima time series (the same
applies for 𝑇𝑝) is decomposed into three components, the trend com-
ponent (𝐻𝑠,𝑡), the seasonal component (𝐻𝑠,𝑠) and the stochastic (also
called irregular or residual) component (𝐻𝑠,𝑖). The deseasonalisation
procedure is subdivided into five steps of increasing accuracy for the
estimation of the monthly maxima seasonal component and seasonally
adjusted time series. The first step is aimed at preliminary identifying
the linear trend through the application of a 13-term symmetric moving
average. The second step focuses on the identification of the seasonal
component using a seasonal 5-term moving average applied to the de-
trended data. The third step aims to improve the linear trend estimation
by applying a 13-term Henderson filter (Kenny and Durbin, 1982) to
the previously seasonally adjusted data while later (fourth step) a 7-
term seasonal moving average is applied to the newly detrended data to
obtain an improved estimation of the seasonal component. Finally (fifth
step) the seasonally adjusted data is obtained by dividing the original
data with the later improved estimation of the seasonal component.

Therefore the stochastic component obtained by the last operation
(blue line in Fig. 14 and Fig. 15), combining both the linear trend
and the stochastic component, is used for the long-term trend detection
through the MMK. The main results of the deseasonalisation procedure
are presented in Fig. 14 and Fig. 15 for the monthly maxima 𝐻𝑠 and
𝑇𝑝 respectively. For the sake of visual purpose each panel of Fig. 15
presents an additional box where both detrended and seasonal adjusted
results are shown.

The application of the deseasonalisation procedure is not only ef-
fective in highlighting the stochastic part of the data, e.g. Pt8 and
Pt9 in Fig. 14 clearly show the peak related to the heavy storm in
2014 that caused major damage all along the southern UK coast but
is also rather effective to reduce the data serial correlation as shown
in Fig. 16 for monthly maxima 𝐻𝑠 (Pt7) and for monthly maxima 𝑇𝑝
(Pt12). The magnitude and significance of linear trends are investigated
for the seasonal corrected hourly 𝐻𝑠 and 𝑇𝑝 data for the 12 repre-
sentative points. The MMK – and in particular the calculated 𝑝-value
– is used to assess the statistical significance of the monotonic trend
(e.g. Masina et al. (2022)), while the linear slope is evaluated through
Sen’s method (Kenny and Durbin, 1982). The distinction between the
two adopted metrics is mainly that the MMK 𝑝-value allows to discrim-
inate of the significance of the monotonic trend, so that, if the obtained
value is close to 0 either a positive or negative monotonic trend char-
acterizes the analysed data, i.e. the null hypothesis; on the contrary,
values close to 1 indicate that the null hypothesis should be rejected (De
Leo et al., 2021). Additionally, another statistic obtained on running
the Mann–Kendall test is Kendall’s tau-b, which is a measure of the
correlation and therefore measures the strength of the relationship
between the two variables, i.e. either SWH or Tp and time. The tau-b
statistic, unlike tau-a, makes adjustments for ties. Values of tau-b range
from −1 (100% negative correlation) to +1 (100% positive correlation),
a value of zero indicates the absence of correlation. On the other
hand, Sen’s slope does not provide any information about the statistical
significance but provides the magnitude of the slope calculated as the
median trend values within the data and the 95% confidence interval
under the hypothesis of normally distributed values. A summary of the
results for the 12 investigated points is presented in Table 2 for both 𝐻𝑠
and 𝑇𝑝. The detected Sen’s slope values are summarized in the fourth
column where the values between squared brackets indicate the 95%
confidence interval.

The selected 12 locations are representative of the variety of the
different conditions and they aim to cover the entire analysed domain.

A consistent negative trend is detected across the entire domain with
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Fig. 14. Results of the multiplicative decomposition applied to the original 𝐻𝑠 data presented in grey, monthly maximum in pink, detrended data in black, deseasonalized data
in blue and both deseasonalized and detrended data in green.

Fig. 15. Results of the multiplicative decomposition applied to the original 𝑇𝑝 data presented in grey, monthly maximum in pink, detrended data in black, deseasonalized data in
blue and both deseasonalized and detrended data in green.
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Fig. 16. Autocorrelation function monthly maxima and seasonal adjusted monthly maxima.
Fig. 17. Point 7, 𝐻𝑠 time series, seasonally corrected data and detected Sen’s slope.
Table 2
𝐻𝑠 and 𝑇𝑝 trend metrics for the 12 investigated points.

𝐻𝑠 and 𝑇𝑝 trend

Point 𝐻𝑠-MMK p-value 𝐻𝑠-tau-b 𝑇𝑝-MMK p-value 𝑇𝑝-tau-b

Pt 1 0.189 −0.054 0.984 −0.001
Pt 2 0.228 −0.050 0.573 0.023
Pt 3 0.182 −0.055 0.941 0.003
Pt 4 0.164 −0.057 0.817 −0.010
Pt 5 0.129 −0.063 0.354 0.038
Pt 6 0.054 −0.079 0.126 −0.063
Pt 7 0.039 −0.085 0.992 0.000
Pt 8 0.915 0.004 0.458 0.031
Pt 9 0.259 0.047 0.243 −0.048
Pt 10 0.361 −0.038 0.400 0.035
Pt 11 0.607 −0.021 0.375 0.036
Pt 12 0.429 0.033 0.031 0.089
16
regards to 𝐻𝑠, with Sen’s slope values ranging between −0.02 m/y
(Point 7, 17) to few (or none) millimetres per year. As expected,
a generalized negative correlation between the 𝑝-value, the absolute
value of the Sen’s slopes and tau-b values, is observed. Therefore is
questionable the statistical significance of the smallest values of the
detected Sen’s slope. Indeed, only Point 7 shows a 𝑝-value close to zero
(<0.05) indicating a strong statistical significance of the detected trend,
also confirmed by the large negative tau-b value. On the other hand,
Point 6, shows a rather small 𝑝-value and large negative tau-b value but
the detected Sen’s slope, i.e. 8 mm/year, is one of the smallest among
the identified ones. The latter can be reasonably correlated with the
shallow water nature of this point (14.2 m) which imposes an upper
limit for the wave height growth. Significant negative Sen’s slope values
around −0.015 m/year are also detected for Points 1, 2, 3, 4 and 5,
however, the identified large p-values indicate weak empirical evidence
to accept the null hypothesis. No significant trends are found for Points
8, 9, 10, 11, and 12, all of them characterized by rather large p-values
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Fig. 18. Point 12, 𝑇𝑝 time series, seasonally corrected data and detected Sen’s slope.
(i.e. > 0.2) and small absolute values of the Sen’s slopes, i.e. in the
order of few millimetres per year.

With regards to 𝑇𝑝, a consistent positive trend is detected across
6 out of 12 analysed points, with rather small positive Sen’s slope
values ranging between 0.03 s/y (Point 12, Fig. 18) to 0.01 s/y.
Negative Sen’s slope values are detected for Point 6 and 9, while the
remaining investigated points, i.e. Points 1, 3, 4, and 7, do not show any
significant trend. Also in this case, a generalized negative correlation
between the 𝑝-value and the absolute values of the Sen’s slopes and
tau-b is observed. Only Point 12 shows a 𝑝-value close to zero (<0.05)
indicating strong empirical evidence to accept the null hypothesis,
i.e. the presence of a monotonic trend in the data. Accordingly, also
tau-b assumes the largest value, confirming the presence of an upward
trend that is further corroborated by the detected Sen’s slope equal to
0.03 s/y, the largest among the identified ones. On the contrary, Points
6 and 9, show negative Sen’s slope and tau-b values, however, the
calculated p-values (i.e. 0.126 and 0.243 respectively) do show rather
weak evidence to ascertain the presence of a trend. Points 2, 5, 8, 10
and 11, all present positive Sen’s slope values between 0.02 and 0.01
s/y, however, the identified p-values do not confirm the significance
of the trend. The remaining points, i.e. 1, 3, 4 and 7 do not show any
significant trend slope that is further corroborated by the large p-values
and the small tau-b values.

Despite both CFSR (Stopa and Cheung, 2014; Aarnes et al., 2015)
products might experience the issue of spurious trends induced by
the data assimilation procedure, the investigated area shows rather
homogeneous spatial behaviour, therefore we hypothesize that the
results among the investigated points are comparable and can offer a
comprehensive picture of the relative importance within the area. Thus,
it can be concluded that no generalized significant trends are detected
within the investigated spatial domain for the variables at stake, i.e. 𝐻𝑠
and 𝑇𝑝. Moreover, assuming a MMK significance level equal to 5%, only
Point 7 shows a downward 𝐻𝑠 trend (−0.021 m/y), while only Point
12 shows a 𝑇𝑝 upward trend (0.03 s/y).

4. Conclusions

This study endeavours to scrutinize the spectral climatology of the
French Atlantic Ocean coastal region by employing a 23-year wave
spectral hindcast database. The primary objective is to delineate the
17
predominant ‘‘Spectral Climatology Types’’ influencing the investigated
area. Through meticulous evaluations of directional spectra and spec-
tral partitions, six distinct ‘‘Spectral Climatology Types’’ are identified
and comprehensively described.

In particular, areas confined in the northern Celtic Sea (e.g. Pt 1)
are characterized by a 180◦-spread (North-West/South-East) directional
spectrum with a prevalence of multimodal conditions resulting from the
presence of wind seas superimposed to one swell and from systems of
three swells. Wind sea fraction contribution is significant.

Western Celtic Sea (e.g. Pt 2) is affected by higher energies as
a result of a full exposure to West/North-West wind events together
with a full exposure to North-East which translates into a reduction of
unimodal conditions on behalf of the development of multimodal seas,
in particular of three swell systems. Refraction effects dur to the coast
are fairly clear as demonstrated by the marked presence of North-East
events.

Points located within the South Celtic Sea (e.g. Pt 3) exhibit a highly
scattered directional spectrum covering the whole set of directions and
marked by the presence of crossed sea states, especially in proximity of
slope bathymetry, with major contribution given by the combination
of swell seas, mainly due to the combination of large-scale perturba-
tions coming from North-West together with the effect performed by
bathymetry gradient. On the contrary, areas confined in the southern
Bay of Biscay (e.g. Pt 4) share a narrower North-West directional
spectra and both unimodal and multimodal sea conditions are found in
equal measure. The presence of fully developed swell system is marked
and mainly triggered by the refraction effect performed by the coastline
and bathymetry gradient.

The English Channel (e.g. Pt 5) is marked by complex sea systems
due to both effects of wind channelling and tide influence which con-
tribute to the development of swell crossing pure wind seas in similar
directions and by a double-peaked directional spectrum. Similarly, the
area of the North Sea (e.g. Pt 6) exhibits marked bimodal features
within the whole year with a double-peaks directional spectrum, as a
result of wind events coming from North-West together with processes
active on a sub-scale triggered by the peculiar topography. Wind sea
fraction reaches its maximum value; swell contribution in unimodal
seas proves to be not significant.

The examination of bathymetric effects underscores its pivotal role
in shaping the wave climate. Specifically, distinctive conditions such as
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abrupt depth changes and steep gradients exert a significant influence
on the directional spectra, particularly in the northern basin. These
conditions amplify the broadening of spectra shapes, leading to the
development of bimodal spectra and a heightened discontinuity in
partitioned quantities, such as peak periods.

The wave refraction induced by tidal currents amplifies the emer-
gence of bimodal spectra, characterized by peak spread occurring in
opposite directions. This phenomenon is accompanied by the highest
percentage of swell contribution in multimodal seas as confirmed by
the relative angular directions.

An in-depth examination of the position of directional spectra cen-
tres of mass is also provided. The findings indicate a shift from South-
West to North-West as one moves from the North Celtic Sea to the
South Bay of Biscay. This shift is particularly noticeable for lower
frequency, extending from winter to early spring. The centres of mass
in the English Channel are predominantly located in the South-West,
whereas the North Sea exhibits a greater dispersion of centroids in both
North-West and South-West directions.

The establishment of ‘‘Spectral Climatology Types’’ for the French
Atlantic Ocean, derived from spectral partition analysis, has signifi-
cantly enhanced our understanding of the wave climate in this pivotal
region. This knowledge holds particular relevance at the core of sig-
nificant activities, including the maritime design of systems like EMR
(Energies Marines Renouvelables) and ETM (Energie Thermique des
Mers) in both coastal and cyclonic areas.
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