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Long-term wave load trends against offshore
monopile structures: A case study in the Bay

of Biscay
Nahia Martinez-Iturricastillo, Alain Ulazia, and John V. Ringwood

Abstract—This study examines the trend in wave pa-
rameters over available annual records in the Bay of Biscay.
The aim is to study the effect of the significant wave height
(Hs), peak wave period (Tp), and corresponding loads on
monopile cylindrical structures, which are basic compo-
nent structures for wave energy converters and offshore
wind turbines. The work presented is a first approach to
understand the wave trend over the analysed time period
(1900-2010), with the hope that a better characterization of
the wave resource could help to provide important design
information for future wave energy technology. The effect
of this evolution, against monopile structures is studied
using the 20th century reanalysis ERA20 (1900-2010) from
ECMWF (European Centre for Medium-Range Weather
Forecasts), calibrated versus reanalysis ERA5. Based on
the benchmark 5MW NREL fixed monopile turbine, a
significant increase in wave drag forces, inertial forces, and
fore-aft moment, of up to 15%, is computed over 111 years
at a gridpoint near the Western Basque coast, constituting
a strong positive slope that can be clearly associated with
climate change, and has strong implications for the design
of new marine renewable energy technology.

Index Terms—Monopile wave loads, ERA20, ERA5, wave
trend, Bay of Biscay
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NOMENCLATURE

CD Drag coefficient
CI Inertial coefficient
D Tower diameter
d Water depth
FD Drag force
FI Inertial force
g Gravity constant (9.8 m/s2)
Hs Significant wave height
k Wave number
L Monopile length (m)
MI , MD Inertial and drag moment (kNm)
Tp Peak wave period
ρw Density of sea water (≈ 1030kg/m3)
ρa Air density (kg/m3)
ζ Wave amplitude for regular waves

I. INTRODUCTION

BASQUE people have always had a strong connec-
tion to the sea, fishing played an important role in

the economy while also serving as a significant source
of food. During the XVIth century, whale hunting was
particularly notable as a fishing practice [1]. During
the first industrial revolution, the connection between
Bilbao and United Kingdom was made through the sea
enabling the transport of iron [2]. Nowadays several
activities take place in the Bay of Biscay such as surf,
fisheries, or cargo and people transport. In the early
future, and together with the development of marine
renewable technologies, this space will also be shared
with this new coming solution.

There is a clear interest in the Basque Country for
marine renewable technologies to develop. There are
different research groups working in this area [3],
universities offering training [4] and companies devel-
oping technologies. Moreover, in the past year, there
have been various conferences and events supporting
the development of these technologies [5]–[7]. At the
Biscay Marine Energy Platform (BiMEP) it is possible
to test various devices and technologies, such as, wave
energy devices, prototypes of floating offshore wind,
offshore wind turbines, but also fixed foundations for
offshore wind [8], which is the topic being analysed in
this paper.

Earlier in 2023, the Spanish Goverment published
the POEM (Plan de Ordenación del Espacio Marı́timo),
which aims to regulate and promote sustainable activ-
ities in the marine environment, considering various
ecological, economic, and social factors, so the marine
environment is preserved. Wave and wind resource in
the Bay of Biscay are also analysed, the average wave
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potential at the nearest Basque coast is 20kW/m, while
the wind energy potential range is 400− 500W/m2 [9].

In the future, by 2100, it is predicted that the sig-
nificant wave height will decrease, but extreme events
will be more frequent [10]. With this in mind, this first
approach aims to analyse the trend of the significant
wave height (Hs) and peak wave period (Tp) in the Bay
of Biscay from 1900 until 2010, and calculate the loads
of these waves against a fixed monopile structure of six
meter diameter at twenty meter depth, which are the
characteristics of the NREL OC3 monopile described
and used in varios works such as [11] (Figure 1).

Fig. 1. NREL OC3 monopile supporting a 5 MW benhmark wind
turbine [11]. The total length of the monopile is 30 m but there is 20
m below sea level (SWL). It is embedded in the seabed to the depth
of 36 meters.

II. DATA AND METHODOLOGY

A. Data
In order to analyse the wave loads trend, two dif-

ferent datasets from ECMWF (European Centre for
Medium-Range Weather Forecasts) are used, ERA20
and ERA5. The features of the reanalysis from both
these datasets are summarized in Table II-A2.

1) ERA5 reanalysis: ERA5 is a reanalysis dataset of
the global climate that provides hourly estimates of
atmospheric, land, and oceanic climate variables. It is
the fifth generation of atmospheric reanalysis produced
by the ECMWF after ERA-40, ERA-Interim or ERA20C,
and covers the period from January 1940 to present
in the Copernicus Data Store [12]. ERA5 reanalysis
is available at single levels pressure levels, with a
preliminary dataset from 1950 to 1978 also available
on the Copernicus Climate Data Store. The data cover

TABLE I
FEATURES OF ERA20 AND ERA5

Reanalysis Period covered Space resolution Time resolution
ERA20 1900-2010 125 km 3 h
ERA5 1970-Present 30 km 1 h

the Earth surface on a 30km grid and resolve the atmo-
sphere using 137 levels from the surface up to a height
of 80km. ERA5 includes uncertainty information for all
variables at reduced spatial and temporal resolutions
[13].

2) ERA20 reanalysis: ERA-20C (ERA20 here), in con-
trast, is ECMWF’s first atmospheric reanalysis of the
20th century, spanning from 1900-2010. It is a com-
prehensive, gridded dataset of many climate variables
that assimilates observations of surface pressure and
surface marine winds only from satelites after 1970,
and ICOADs marine dataset of nautical in-situ mea-
surements after 1900 [14]. ERA-20C is an outcome of
the ERA-CLIM project, which aims to produce high-
quality reanalysis datasets for the 20th century, using
advanced data assimilation systems and state-of-the-
art climate models. The reanalysis provides global
atmospheric and surface data on a daily, invariant,
and monthly mean basis, which can be sliced along
any dimension of interest, serving many applications.
The observation feedback archive of ERA-20C includes
observation departures, not only for assimilated ob-
servables but also for non-assimilated ones, such as
temperature and humidity measured by ships, buoys,
and platforms at sea or on sea-ice [15].

It should be noted that the 125 km spatial resolution
of this reanalysis is a necessary spatial information loss
to gain a long time interval of more than a century,
which is sufficient to neutralize the contribution of
climatic teleconnection patterns such as El Niño/a,
NOA (North Atlantic Oscillation), etc [16]. It is there-
fore hypothesized that a grid cell, corresponding to a
selected grid point, comprises an area of 125x125 km,
where the input historical time series of wave height
and period can be considered suitable.

3) Selected parameters and study area: The analysed
parameters are significant wave height Hs and peak
wave period Tp. Monthly data from 1900 until 2010
are analysed in the area represented in Figure 2, a
total of 14 grid points (GP). The results presented in
this paper belong to the grid point indicated in red
in Figure 2 (Longitude: −3◦ W, Latitude: 44.5◦N ). As
stated before, with a spatial resolution of ERA20 of 125
km, it is hypothesised that the GP represents an area
of 125x125 km. This grid point is the nearest point to
the Basque Country and therefore the nearest point to
Bilbao, whee EWTEC is being held, or to Armintza,
where BiMEP is located.

4) NREL OC3 monopile: Wave loads against a
monopile structure are calculated. The selected
monopile is the OC3 monopile from NREL5 [17]. The
features of the OC3 monopile are listed in Table II-A4.
As shown in Figure 1, the monopile extends from the
seabed up to ten meters above the mean water level, so
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Fig. 2. Analysed area in this case study, in red colour the studied
gridpoint near BiMEP, in the East of Basque coast (Longitude: −3◦

W, Latitude: 44.5◦N ).

TABLE II
CHARACTERISTICS OF THE OC3 MONOPILE.

Item Value Unit
Monopile length 30 m
Transition piece height 10 m
Monopile embedded depth 30 m
Monopile diameter 6 m
Monopile thickness 60 mm

the submerged part of the monopile extrends to twenty
meters [17].

5) Trend computation: Although ERA20 vs ERA5 bias
correction is developed using 3h data, monthly data
of the calibrated series are represented for the visual-
ization of the trend. The slope line is computed using
the Theil-Sen method [18], which computes a more
robust trend using medians instead of average values,
avoiding deviations due to outliers.

Furthermore, a dashed area is computed around the
slopes according to the CI (Confidence Interval) at 95%,
which establishes a way to certify the significance of
these trends (see the figures of the Section III).

B. Methodology

1) Quantile matching: As shown in Figure 3, data was
calibrated via a quantile matching technique, ERA20
was calibrated against the ERA5 nearest grid point,
within the 1970-2010 time frame, obtaining as a re-
sult the calibrated ERA20C. This technique has been
previously used in climatology-related literature for
calibration of temperature, wind speed, or precipita-
tion [19]–[24]. The main characteristic of this kind of
calibration is based on the correction of the bias with
respect to the observation, this calibration technique
was also used for studies of historical trends on wave

TABLE III
RESULTS FOR THE DIMENSIONLESS AXIS

OF LE MÉHAUTÉ’S GRAPH.

Tp [s] Hs [m] X axis Y axis
7.10 0.52 0.0405 0.00105

10.40 0.93 0.0189 0.00087
14.70 1.90 0.0094 0.00089

energy in the Bay of Biscay [25], Chile [26], and Ireland
[27]. There is the possibility of categorization of this
calibration technique via spatial, directional, or tempo-
ral criteria (spatial distribution, mean wave direction,
or seasonality) to obtain a more robust bias correction
[28], [29], which could be used in future studies due to
the importance of directionallity in shallow water.

Calibration

1900 2010
ERA20

1970 Present
ERA5Quantil-

matching

1900 2010
ERA20C

Fig. 3. Flow diagram of calibration (bias correction) of data via
quantile-matching using ERA20 vs ERA5 reanalysis. ERA20 was
calibrated against the closest ERA5 grid point, within the 1970-2010
time frame, obtaining as a result the calibrated ERA20C for the entire
period 1900-2010.

2) Le Méhauté wave diagram: To select the model used
to analyse the wave loads, a preliminary analysis of
the data was made by analysing Le Méhauté’s wave
diagram. The diagram is composed of two dimension-
less axis, expressed in Equation (1) and (2), H being
the significant wave height, T the wave period, and d
the ocean depth of the analysed grid point coordinates
[30].

LeMéhautéx =
d

gT 2
(1)

LeMéhautéy =
H

gT 2
(2)

The limits of the area enclosed in Figure 4 are
represented in Table II-B2. The limits of both dimen-
sionless variables have been calculated by applying
Equation (1) and (2). Where T and H are obtained from
ERA5 (1981-2010) at a 95% confidence interval for the
analysed grid point. The wave dispersion law relation
is applied to articulate the transition from deep water
to shallow water with the corresponding reduction
of wavelength and wave height, according to linear
approximation [31].

The area enclosed in Figure 4 encompasses two wave
theories, Stokes’ second order and linear or Airy model
theory. Previous studies demonstrated that applying
Stokes’ second-order theory does not differ much from
the Airy model, with regards to the overall dynamics
and support of the monopile [32]. Consequently, for
this particular project, Airy wave theory was employed
as a good approximation.
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Fig. 4. Le Méhauté wave diagram where the red square represents
the analysed wave range according to 1h ERA5 data in the nearest
gridpoint selected at 95% CI for Hs and Tp (period 1980-2010).

3) Airy wave theory: In the Airy model the amplitude
ζ is half the wave height: ζ = H/2. The wave number
k = 2π/L, is inversely proportional to the wavelength.
The wavelength which can be computed using the Airy
model of regular waves as a function of the wave
period by applying the dispersion law, expression in
Equation 3.

Equations (4) and (5) show, respectively, expressions
for the inertial force FI and drag force FD induced
by waves against a cylindrical tower of diameter D at
a water depth d, with gravity constant g = 9.8m/s2

and sea water density ρw ≈ 1025kg/m3. The drag
constant CD is 1.5 for cylindrical structures, and Cm is
the inertial constant with a value of 2 for smooth cylin-
der [33]. This inertial effect described by the Morison
equation [34] contains the sum of the Froude-Kyrlov
force and the hydrodynamic mass force, and is related
to the acceleration of water particles within the wave
circulation [35].

L =
gT 2

2π
tanh(kd) (3)

FI = ρwg
CmπD2

4
ζ̂ tanh(kd) (4)

FD = ρwg
CdD

2
ζ̂2

[
1

2
+

kd

sinh(2kd)

]
(5)

MI = ρwg
CmπD2

4
ζ̂d

[
tanh(kd) +

1

kd

(
1

cosh(kd)
− 1

)]
(6)

MD = ρwg
CdD

2
ζ̂2

[
d

2
+

2(kd)2 + 1− cosh(2kd)

4k sinh(2kd)

]
(7)

The total moment on the seabed Mtot is calculated
from the sum of inertial and drag moments as in
Equations (6), (7) and (8).

Mtot = MI +MD (8)

4) OpenFAST simulation: NREL OpenFAST is an
open-source wind turbine simulation tool that enables
the analysis of a range of wind turbine configurations,
including two- or three-blade horizontal-axis rotors,
pitch or stall regulation, and more. It is the framework
(or ”glue code”) that couples computational modules
for aerodynamics, hydrodynamics for offshore struc-
tures, control and electrical system (servo) dynamics,
and structural dynamics to enable coupled nonlinear
aero-hydro-servo-elastic simulation in the time domain
[36]. It represents a transition to better support an
open-source developer community across research lab-
oratories, industry, and academia around FAST-based
aero-hydro-servo-elastic engineering models of wind-
turbines and wind-plants, including files Aerodyn for
aerodynamics and Hydrodyn for wave simulations
in offshore wind turbines such as the selected fixed
monopile at 20 m depth, together with floating sys-
tems, or jacket fixed structures [32].

III. RESULTS

Validation of the model using OpenFAST for wind turbine
monopile

In order to validate the proposed methodology, the
results obtained applying Equation (8) are compared
to a FAST simulation in which the effect of air is
disregarded in the Aerodyn input file (ρa = 0). As
a result, the loads against the monopile are solely
generated by waves. The introduction of second-order
waves, or irregular waves via the Perason-Moskovich
distribution [37], does not substantially affect the re-
sults.

A simulation has been carried out for a wave am-
plitude of 2 meters and wave period of 10 meters
at a depth of 20 meters, according to Figure 5a. The
fore-aft moment generated by such a wave in the
FAST simulation is compared to the Airy model to-
tal moment, calculated as the sum of the drag and
inertial moments. For these conditions, the maximum
moment in the FAST simulation is 4867 kNm, while
the lowest values is -7914 kNm, occurring in a 50
seconds frame, generating five waves. With the aim
of analysing the long-term loads trends, for that same
scenario (Hs = 2m, Tp = 10s, d = 20m), the total
moment the waves generate against the monopile at
the seabed is Mtot = 4, 400kNm, represented in red in
Figure 5b [17].

Although the Airy model captures the positive fore-
aft moment almost perfectly, and the results are not
affected by second-order effects (see the diagram of
Figure 4) or irregular waves, the negative moment and
the standard deviation of our deterministic method
should be improved in future research.
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(a) FAST simulation Hs (b) Fast simulation Mtot

Fig. 5. Model validation, comparison of results and OpenFAST simulation for regular, irregular and second-order waves against the referential
monopile. The fore-aft torque obtained with the deterministic long-term model offers a good preliminary validation against OpenFAST
simulations.

Wave trends and the corresponding load trends
As explained in SectionII-A3, the results presented

in Figures 6, 7, and 8 correspond to the nearest grid
point to the Basque Country, the GP in red in Figure 2.
Monthly data from 1900 to 2010 is represented in dots
while the trend is in red.

In Figure 6, the evolution of significant wave height
and peak wave period is represented for the analysed
location. There is an increasing trend for both variables:
significant increment at 95% confidence level between
15% and 20% per century. Average calibrated monthly
Hs goes from 0.8 m to above 1.1 m, and Tp goes from
9.5 s to 10.5 sec.

For calculating the loads, inertial and drag force,
shown in Figure 7, Equation (5) and (4) have been
applied to each monthly combination of Hs and Tp.
There is a clear increase in both forces around 15% in
inertial force and around 40% increase in drag force.

Lastly, the total momentum has been calculated. The
momentum the monopile would stand at seabed level
is calculated by summing up both drag and inertial
momentum; the expressions to measure those are in
Equation (6) and (7), giving the resultant total value in
Equation (8).

IV. CONCLUSIONS

While previous work [10] forecasts a future decrease
in significant wave height for 2100 in different scenar-
ios of climate change, the past time frame analysed in
this paper(1900-2010), representing the transition from
pre-industrial era to industrial era, shows an increasing
trend over the last century that can reach the 15-20%.
This is also reflected in the loads offshore monopile
structures must withstand, which also increase over the
years in a similar proportion to drag and inertial forces,
supported by the benchmark OC3 NREL monopile,
and their related fore-aft moment with respect to the
seabed. An obvious first conclusion of this significant
increment is the need to impose a higher steel thickness
in the monopile to limit the fore-aft displacement at its
extremum.

Future research should improve the uncertainties
presented in this linear model, although second or-
der effects have been shown to be insignificant for

wave loads and moments in the verification of dif-
ferent wave-structure interaction models including
OpenFAST for our referential monopile [32]. Further-
more, the influence of non-linealities can be included
by statistical treatment of the likelihood of the sea
states. In future works, ERA20 and ERA5 datasets
could be treated as realizations of long-term joint distri-
butions of significant wave heights and peak periods.
Factoring in the long-term probability of the sea states
would also impact the conclusions here [38].
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(a) Hs (b) Tp

Fig. 6. Significant wave height (a) and peak wave period (b) trend from 1900 until 2010 at the study gridpoint. Both present a significant
increment at 95% confidence level between 15 and 20% per century. The slope line is computed using Theil-Sen method [18] and the shaded
area around it shows the CI (95%).

(a) FD (b) FI

Fig. 7. Trend of drag and inertial force generated by waves against a monopile structure of 6 meters diameter at a depth of 20 meters in the
Bay of Biscay, over a period of 111 years (1900-2010). The slope line is computed using Theil-Sen method [18] and the shaded area around
it shows the CI (95%).

Fig. 8. Trend of total moment at seabed, sum of inertial and drag moment contribution along the monopile submerged at 20 m. The slope
line is computed using Theil-Sen method [18] and the shaded area around it shows the CI (95%).
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J. Sáenz, “Wave energy resource variation off the west coast
of ireland and its impact on realistic wave energy converters’
power absorption,” Applied energy, vol. 224, pp. 205–219, 2018.

[28] A. Ulazia, M. Penalba, G. Ibarra-Berastegui, J. Ringwood, and
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