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A B S T R A C T

Wave spectra provide comprehensive information on wave energy for different directions and frequencies.
Integrated sea state parameters, however, are more commonly used for wave climate characterization. Many
engineering applications estimate spectral conditions from these parameters using theoretical spectra. One of
the theoretical spectra of widest practical use is the JONSWAP. Here, the wave spectra for the hindcasted 30
years covering coastal areas worldwide are studied. We first compare the simulated historical spectra against
measurements from 39 buoys. Several approaches are raised in order to provide different information, such as
a directional and frequency distribution and climate evaluation. The suitability of the JONSWAP spectrum is
then analysed by exploring the best fit of the peak-enhancement factor from hourly sea states. Results show a
peak-enhancement factor below 2.4, lower than the standard JONSWAP (i.e a value of 3.3), in most coastal
areas and especially in the east coast of the continents, even for energetic hourly sea states. Tropical areas on
the west coasts provide values close to the standard JONSWAP. Seasonal and inter-annual variations in the
peak parameter are also investigated.
1. Introduction

A wide range of coastal engineering applications, such as harbour
design and operability, route shipping, offshore structure design, and
coastal erosion assessment needs a proper wave climate characteri-
zation. Most of these applications are based on integrated sea state
bulk parameters (e.g. significant wave height (𝐻𝑠), peak period (𝑇𝑝)
and Mean Wave Direction (MWD)). These parameters, however, do
not provide a complete description of the complex and stochastic
phenomenon of wind-generated ocean waves.

The directional wave spectrum (hereinafter 𝑆(𝑓, 𝜃)) measures the
variance of the distribution of the wave energy. Therefore, more in-
formation about the complexity of sea state is provided from the
directional spectrum than the one provided by the bulk parameters.

The directional wave spectrum refers to the distribution of wave
elevation variance as a function of both wave frequency (𝑓 ) and wave
direction (𝜃). This is defined in Eq. (1):

𝑆(𝑓, 𝜃) = lim
𝛥𝑓→0

lim
𝛥𝜃→0
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is the expected value of the variance
(
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2𝑎

2
)

and 𝑎2 is
the amplitude (the underline indicates that the amplitude is treated as
a random variable). Frequency spectrum (𝑆(𝑓 )) and direction spectrum
(𝑆(𝜃)) can be obtained with Eq. (2) and Eq. (3), respectively (Goda,
1988; Holthuijsen, 2007; Kamphuis, 2010).
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Integrating the 𝑆(𝑓, 𝜃) in directions, from 0 to 2𝜋, 𝑆(𝑓 ) is obtained:

𝑆(𝑓 ) = ∫

2𝜋

0
𝑆(𝑓, 𝜃)𝑑𝜃 (2)

Integrating the 𝑆(𝑓, 𝜃) in frequencies (from 𝑓𝑚𝑖𝑛 to 𝑓𝑚𝑎𝑥), 𝑆(𝜃) is
obtained:

𝑆(𝜃) = ∫

𝑓𝑚𝑎𝑥

𝑓𝑚𝑖𝑛
𝑆(𝑓, 𝜃)𝑑𝑓 (3)

The 𝑆(𝑓, 𝜃) is key information for wave modelling. For example, the
wave spectrum is required to evaluate the interactions between waves
and other matter such as forces on piles, breakwaters and offshore
structures, the response of ships, platforms and floating breakwaters to
waves, wave-induced erosion. The information contained in the 𝑆(𝑓, 𝜃)
provides better wave model verification and data assimilation (Corbella
et al., 2015).

Technological progress has made possible the development of new
and more accurate measuring instrumentations. A good measure of
the directional wave spectrum is still a great challenge despite its
knowledge is more than 50 years old (Barstow et al., 2005).

In situ and remote sensing measurements are the two main sources
of observation. The former includes submerged pressure sensors, buoys,
acoustic or non-acoustic sensors for measuring wave orbital veloci-
ties, wave staffs and subsurface arrays of pressure sensors. The latter
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includes marine radar (non-coherent and coherent), high frequency
radar, lidar, satellites, optical sensors and altimeters (Iriah et al., 2000;
Atkinson et al., 2005; O’Reilly et al., 1996; Steele et al., 1985).

For this study, in situ measurements of 𝑆(𝑓, 𝜃) are obtained from
directional buoys. Maximum Entropy Method (MEM), Extended Max-
imum Entropy Method (EMEM), Direct Fourier Transform (DFT) and
Maximum Likelihood Method (MLM) are some of the methods that
could be used for the estimation of the directional wave spectrum (Kuik
et al., 1988; Earle et al., 1999; Hashimoto and Konbune, 1988; Benoit,
1993; Brown et al., 2001; Lygre and Krogstad, 1986; Mitsuyasu et al.,
1980; Goda, 1988; Longuet-Higgins, 1961).

Buoy measurements are used to validate the global directional
wave spectrum hindcast. A reliable global directional wave spectrum
hindcast could facilitate detailed characterization of the wave cli-
mate, especially in remote areas in which in situ measurements are
not available. The existing global hindcasts are based on third wave
generation spectral models such as WAM, SWAN or WW3, that ex-
plicitly parametrize all physical processes (degrees of freedom are
the spectral bins) without imposing spectral shapes or energy lev-
els (The WAVEWATCH III® Development Group, 2016). The approach
to compare wave spectra depends on the available dimensions. For this
study, directional wave spectra every 3 h over 30 years, each with
32 frequencies and 24 directional bins are available. Many studies,
nonetheless, compare wave spectra focusing on the wave frequency
spectrum (Garcia-Gabin, 2015; Mazaheri and Imani, 2019) or averaging
the variability of hourly sea-states over larger time periods e.g. Echevar-
ria et al. (2019). In this study, we assess four approaches to compare
the directional wave spectrum from the hindcast (𝑆𝐻 (𝑓, 𝜃)) against the
directional wave spectrum from the buoys (𝑆𝐵(𝑓, 𝜃)), each of them
focusing on different features.

In absence of wave spectra from hindcasts or in situ measure-
ments, theoretical frequency spectra are available from literature, usu-
ally formulated in terms of 𝐻𝑠 and 𝑇𝑝. Pierson–Moskowitz (PM), ba-
sis for the JONSWAP spectrum (both unimodal), the Ochi–Hubble
and the Torsethaugen spectra (both multi-modal) are only some used
examples (Hasselmann et al., 1973, 1980; Ochi and Hubble, 1977;
Torsethaugen, 1993).

Nowadays, the JONSWAP spectrum has the highest practical usage
in ocean related engineering studies. It has been used in multiple appli-
cations such as the evaluation of the performance of the recompilation
methods of the 𝑆(𝑓, 𝜃) (e.g. MEM, MLM, DFT) under the effects of
extreme sea states (Benoit, 1993). For the study of freak waves (Amurol
and Ewans, 2019; Onorato et al., 2001), coastal downscaling (Camus
et al., 2011), coastal structures design (Friesch et al., 2002), and loads
on offshore floating structures (Magnusson et al., 2001; Takezawa and
Kobayashi, 1989). Craciunescu and Christou (2020) offer an example
of its usage, they conducted an experimental study on wave breaking
dissipation in JONSWAP based waves. Another actual application is
shown by Rossi et al. (2020), they compare different spectral estimation
methods to evaluate the sea state parameters starting from a set of
random sea state conditions characterized by random waves. It is also
used to determine the wave crest distribution of nonlinear waves in
shallow waters (Wang, 2014).

The JONSWAP spectrum is formulated as the PM spectrum mul-
tiplied by a peak-enhancement function which depends on the peak-
enhancement factor and on the peak-width parameter (Eq. (12)). The
peak-enhancement factor ranges from 1 to 7 (Goda, 1988) with a 3.3
mean value, widely applied in engineering works. Recent researches
demonstrated the need for having a different value of 𝛾. For exam-
ple, Mazaheri and Imani (2019) showed for the Persian Gulf that
different values of 𝛾 and 𝜎s can better reproduce storms, and Rueda-
Bayona et al. (2020) showed a technique that uses a genetic algorithm
to provide specific JONSWAP parameters.

The main goal of this study is to provide a global climate assessment
2

of the performance of the JONSWAP spectrum. We have identified the
value of the peak-enhancement factor which best fits the hindcast fre-
quency spectrum. For this purpose, 11643 grid points for 30 historical
years of the GOW2 global wave hindcast database are analysed and the
comparison of the hindcast against directional spectra information from
buoys is first achieved. The study is organized as follows: the available
data both hindcast and buoys, are presented in Section 2. Section 3
shows the comparison between the hindcast directional wave spectra
against in situ measurements. Section 4 illustrates the methodology
used for the assessment of the suitability of the JONSWAP spectrum.
Finally, results are shown and discussed in Section 5. The comparison
between the hindcast and the buoys is discussed, and the worldwide
best fit of the JONSWAP spectrum is analysed from a climate and
engineering point of view.

2. Data

2.1. Wave climate hindcast

The historical global wind wave hindcast used for this study is
GOW2 (Perez et al., 2017). It is developed with third generation wave
model WaveWatch III (WW3), which solves the spectral action density
balance equation and is able to simulate global wave generation and
propagation (Tolman, 2014). GOW2 hindcast extends from 1979 to
the near present, providing hourly sea state parameters and 3-hourly
frequency-direction wave spectra (𝑆𝐻 (𝑓, 𝜃)) globally.

The numerical model was set up as follow: WW3 was implemented
using the parametrization TEST451 (Ardhuin et al., 2010). Continuous
ice treatment was applied to sea-ice concentrations with increasing
levels of blocking for concentrations from 0.25 (no effect) to 0.75
(total blocking) (Tolman, 2003). SHOWEX movable-bed bottom friction
based on field measurements from DUCK’94 and SHOWEX experiments
was activated (Ardhuin et al., 2003; Hasselmann et al., 1973). The
Discrete Interaction Approximation (DIA, (Hasselmann et al., 1985))
was used for the computation of the non-linear wave-wave interactions.
Shallow water depth breaking following Battjes and Janssen (1978)
with a Miche-style shallow water limiter for maximum energy was
used. A third-order Ultimate Quickest propagation scheme (Leonard,
1979, 1991) with the correction for the garden sprinkler effect pro-
posed by Tolman (2002) was activated. Hourly ice coverage and winds
from the Climate Forecast System Reanalysis (CFSR from 1979 to
2010 (Saha et al., 2010) and with CFSv2 from 2011 to 2015 Saha
et al. (2014)) were used. ETOPO1 bathymetry (Amante and Eakins,
2009) and coastlines proceedings from the Global Self-consistent, Hier-
archical, High-resolution Geography Database (GSHHG, (Tomas et al.,
2008)) were used.

The GOW2 wave hindcast is composed of four numerical domains
in a multigrid two-way nesting approach (i.e. Global, Arctic, Antarctic
and Coastal domain). Spatial resolution was increased from the global
(0.5◦ × 0.5◦) to a quarter degree on the coastal domain. The coastal
domain includes all the grid-points with depths below 200 m, all
the oceanic islands and continental coasts within 1.5 degrees. Wave
attenuation produced by islands and coastal features smaller than cell
size was also considered by reducing the energy flux across discrete
grid cell boundaries (Tolman, 2003). Reflection of shorelines was set
to 0.05 and subgrid features were also considered. Note that due to
the spatial resolution of the dataset (∼25 km), localized surf processes
which require higher spatial resolution are not considered. The wave
spectra are defined by 24 direction bins and 32 frequencies ranging
non-linearly from 0.0373 Hz to 0.7159 Hz with each frequency being
1.1 times the previous one. Directional sectors are 15◦ each. The
hindcast has a total of 36455 grid-points with available spectra data.
We select the nearshore and offshore locations of the coastal domain,
obtaining ∼8000 nearshore and ∼3500 offshore ocean locations. We
highlight that all the considered locations are offshore. The depth at

the analysed points ranges from 5 to 4000 m. The JONSWAP climate
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Fig. 1. Available 𝑆(𝑓, 𝜃) of the hindcast (GOW2) in red and of the six used databases (NOAA, CDIP, Puertos de Estado, IEO, SHOA and CEFAS).
analysis is carried out over 30 years (1989–2018) in the 11643 selected
ocean locations (red crosses in Fig. 1).

Perez et al. (2017) show a global validation of 𝐻𝑠, mean period
(T02) and MWD of the GOW2 hindcast against satellite altimeter data
and 167 buoys worldwide. The database shows a good agreement
against the observations, even through the areas affected by tropical
cyclones.

2.2. Spectral data from buoys

Despite the huge number of available buoys worldwide, directional
wave buoys are still limited. More than 80 directional wave buoys
are identified, distributed across all ocean basins except for the Indian
Ocean. All the data used in this study are freely available, except the
data of SHOA (Chile), which can be requested through the website of
the government. The institutions which provide the data are: NOAA
(US coverage), CDIP (US and Pacific coverage), SHOA (Chilean coast),
CEFAS (UK coverage), Puertos del Estado (PE) (ES coast) and IEO
(only Santander, ES). Two conditions are set to the buoy records to
be compared against hindcast data: (i) overlap with GOW2 of at least
12 complete months; (ii) in situ measurements must to be within 0.25
[◦] (∼25 km) from the nearest GOW2 grid point.

The data provided by Chile do not fully meet the first criterion,
but they are still considered in the analysis as they are the only
available data in the extra tropical Southern Hemisphere. After this
filtering, only the buoys illustrated in Fig. 1 are considered for the
comparison. Building on these good previous validation results, we
have extended the comparison against buoy measurements by com-
paring the hindcast directional spectra, 𝑆𝐻 (𝑓, 𝜃), with the recorded
spectra data from buoys, 𝑆𝐵(𝑓, 𝜃). Buoy coverage in North America
and Europe is adequate, however spectral buoys in the Indian Ocean
and in the South Atlantic are missing. Spectral buoys measure the 3D
translation of a sea surface water particle within the time through
equipped instrumentation such as accelerometers, GPS, tilt, pressure,
angular rate or acoustic sensors. These measures are then processed to
obtain the directional wave spectrum.

Information regarding ID, distance to the coast, coordinates, depth,
number of available years, frequency range, Rawness Level (RL) and the
estimating method are available in Table 1. The RL represents the grade
of the post-processing available from buoy data. We classify RL in five
categories (from 0 to 4, the lower the level the rawer the information):
3

Level 0: no post-processing. The data provided are directly the raw
outputs of the buoy, such as the acceleration of the 𝑥, 𝑦, 𝑧 axes.

Level 1: basic post-processing. The data provided are the BIG 3
(Heave, Pitch and Roll).

Level 2: medium post-processing. The data provided are the First
Five (the frequency spectrum, 𝑆(𝑓 ), and the four lowest Fourier coef-
ficients of the directional distribution of the wave energy (𝑎1, 𝑎2, 𝑏1,
𝑏2)).

Level 2.1: medium-high post-processing. First Five provided in polar
coordinates (𝑟1, 𝑟2, 𝜃1, 𝜃2) which depend on 𝑎1, 𝑎2, 𝑏1, 𝑏2.

Level 3: high post-processing. The Disp-Dir (MWD(f) and
disprMWD(f)) is provided. The MWD(f) is the mean wave direction
that depends on the frequency and the disprMWD(f) is the direc-
tional dispersion associated with the MWD, which also depends on the
frequency.

Level 4: full post-processing. 𝑆(𝑓, 𝜃) is provided.
Each database requires a different method to estimate the 𝑆(𝑓, 𝜃).

Concerning the NOAA database, the reference manual is used (Brown
et al., 2001). The CDIP provides all the levels, except for the 2.1. Thus,
we use the already compiled directional wave spectrum. Chile also
provides the already compiled 𝑆(𝑓, 𝜃), whereas the WAFO2 toolbox
with MEM method starting from the BIG 3 is used for Puertos del
Estado. Concerning the buoys of AGL and CEFAS, we consider the Disp-
Dir data, hence the method proposed by Mitsuyasu et al. (1980) is
implemented.

3. Comparison between the hindcast and the buoy directional
wave spectra

Directional wave spectra from buoys differ from each other in
frequency, direction and time resolution. We scale the 𝑆𝐵(𝑓, 𝜃) to
3-hourly timing and also the frequency and directional bins to be
homogeneous with the 𝑆𝐻 (𝑓, 𝜃). In addition, a preprocessing of the
𝑆𝐵(𝑓, 𝜃) is required in order to properly compare both databases.
First a quality control in the spectral data of the buoy is conducted.
The institutions provide the 𝑆𝐵(𝑓, 𝜃) and the already computed bulk
parameters (e.g 𝐻𝑠𝑖 and 𝑇𝑝𝑖 ). Time comparison between 𝐻𝑠𝑖 and 𝑇𝑝𝑖
against 𝐻𝑠𝐵 and 𝑇𝑝𝐵 (computed from 𝑆𝐵(𝑓, 𝜃)) is performed. Outliers

2 http://www.maths.lth.se/matstat/wafo/
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Table 1
Selected directional wave buoys. First column is the ID of the buoy. Second column is the distance from the shore in [Km]. Third and fourth columns are the latitude and the
longitude; the 5th is the water depth [m]. The 6th column represents the available years; the 7th is the frequency range; the 8th column is Rawness Level (RL) of available
processed spectrum data and the last column (9th) is the used method of compilation.

ID Dist.[Km] LAT [◦ ] LON [◦ ] Depth [m] NYears f [Hz] RL Method

CDIP 106 6.2 21.67048 −158.117 200 19 [2001–2019]

0.025–0.58 0–4 [no 2.1] O’Reilly et al. (1996)CDIP 121 1.5 13.35417 144.7883 200 16 [2003–2018]
CDIP 154 55 40.96887 −71.1268 50 10 [2009–2018]
CDIP 163 1.3 7.0835 171.3918 553 9 [2011–2019]
CDIP 189 7 −14.2732 −170.501 55 6 [2014–2019]
CDIP 188 7.3 19.779 −154.97 345 7 [2012–2018]
CDIP 187 11.7 21.01857 −156.422 200 6 [2014–2019]
CDIP 197 9 15.26803 145.6623 488 4 [2015–2018]

CEFAS 6201058 45 51.9525 2.1087 41 4 [2016–2019] 0.05–0.26 3
Mitsuyasu et al. (1980)CEFAS 62046 28 57.9667 −3.3333 54 12 [2008–2019]

CEFAS 62047 45 56.12028 −7.06139 97 11 [2009–2019]
CEFAS 62048 30 57.29217 −7.9142 100 11 [2009–2019]
CEFAS 62288 16 50.7462 0.754 43 17 [2003–2019]
CEFAS 62289 58.5 53.5307 1.055 22 17 [2003–2019]
CEFAS 62293 39 54.919 −0.7487 66 14 [2006–2019]

Chile Corral 8 −39.55 −73.41 150 2 [2012–2013] 0–0.64 4 –
Chile Lebu 11.6 −37.59 −73.76 150 2 [2011–2012]

NOAA 41008 36 31.4 −80.868 14.9 10 [2006–2018] 0.033–0.47 2.1
MEM (Brown et al.,
2001)

NOAA 41009 34 28.508 −80.185 42 7 [2012–2018]
NOAA 41013 50 33.436 −77.743 23.5 16 [2003–2018]
NOAA 41036 52 34.207 −76.949 – 10 [2006–2015]
NOAA 42060 114 16.413 −63.354 1507 6 [2013–2018]
NOAA 44009 30 38.457 −74.702 30 8 [1997–2018]
NOAA 44014 92 36.606 −74.84 47 19 [1998–2018]
NOAA 44025 43 40.251 −73.164 36.3 21 [1997–2018]
NOAA 44027 28.4 44.283 −67.3 185.3 4 [2015–2018]
NOAA 44066 140 39.618 −72.644 78 6 [2013–2018]
NOAA 46015 24 42.771 −124.843 400 11 [2008–2018]
NOAA 46041 31.5 47.353 −124.742 128 16 [1998–2018]
NOAA 46042 46 36.785 −122.398 1645.9 20 [1998–2018]
NOAA 46061 6.8 60.238 −146.833 222 5 [2014–2018]
NOAA 46073 270 55.031 −172.001 3051.5 5 [2014–2018]
NOAA 46076 31 59.502 −147.99 195.1 4 [2015–2018]
NOAA 46087 10.46 48.493 −124.726 260.6 14 [2004–2018]

PE Bilbao 32 43.64 −3.09 870 5 [2005–2009] 0–0.5 1,3
MEM (WAFO Group,
2011)

PE Cadiz 54.5 36.48 −6.96 450 6 [2003–2008]
PE Gata 20.3 36.57 −2.32 536 5 [2004–2008]
PE Villano 32 43.5 −9.21 385 9 [1998–2007]

AGL IEO 48 43.906 −3.808 2850 7 [2009–2015] 0.06–0.51 1,3 Mitsuyasu et al. (1980)
l

are identified if the value of 𝐻𝑠𝐵 and 𝑇𝑝𝐵 are more than 30% higher
r lower than the 𝐻𝑠𝑖 and 𝑇𝑝𝑖 . The 𝑆𝐻 (𝑓, 𝜃) within a radius of 0.25[◦]
around 25 Km) are then spatially interpolated to the same coordinates
f the buoys. The spatial interpolation is carried out using the inverse
istance weighting (Lu and Wong, 2008), choosing the hyper parameter
p) as 1 and d as the Euclidean distance.

Hourly sea states, with energy (averaged in directions and frequen-
ies) lower than 0.001 [m2∕(Hz rad)] are not considered. Once the
𝐵(𝑓, 𝜃) has the same resolution in time, frequency and directions,

he comparison with the hindcast is possible. The approaches and the
etrics to compare both datasets are shown in Fig. 2. The matrices
epicted in Fig. 2 are the 𝑆(𝑓, 𝜃), while the vectors are the 𝑆(𝑓 ) and the
(𝜃). The metrics in normal font are scalars, ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑜𝑣𝑒𝑟𝑙𝑖𝑛𝑒𝑑 are vectors and
atrices in bold. Four different approaches to compare the directional
ave spectrum from the hindcast against in situ data are proposed

aking into account its complexity.
Fig. 2 first panel, shows the global approaches (hereinafter 𝐺𝐴𝑎

nd 𝐺𝐴𝑏). It is computed comparing the time averaged spectra (𝑆(𝑓 ),
𝑆(𝜃) and 𝑆(𝑓, 𝜃)) of the hindcast against the one of the buoy. The
econd panel illustrates the matrix approach (hereinafter MA) which

compares the frequency-direction bins of the spectra at each time step.
The third panel depicts the polar approach (hereinafter PA), which
s computed comparing every frequency-direction bin through time.
he fourth approach (1D Spectrum (hereinafter 1DS)) compares the

1D frequency spectrum (𝑆(𝑓 ), Eq. (2))) through frequencies and the
4

direction spectrum (𝑆(𝜃), Eq. (3)) through directions at each time step.
Each approach is useful to understand a different characteristics of the
directional wave spectrum. GA, MA and 1DS are more practical for
engineering applications, providing a quick and understandable view of
the hindcast performance for time varying sea states. The performance
of the 𝑆(𝑓, 𝜃), 𝑆(𝑓 ) or 𝑆(𝜃) with multiple sea and swells, however,
might be hardly understandable. PA thus overcomes this issue. This
approach provides wave climate information and makes more easily
comprehensible not only in which frequencies and directions bin the
energy is over or underestimated by the hindcast, but also if the
climate pattern is followed during the time record. Fig. 2 also illustrates
the metrics computed for each approach. A total of eight different
metrics are analysed. The metrics are a function of the number of
compared data (N), which depend on the dimension considered for
the comparison. Concerning 𝐺𝐴𝑎, 1DS and PA the metrics shown from
Eq. (4) to Eq. (7) are evaluated. In these equations ⃖⃖⃗𝐵 and ⃖⃖⃖⃗𝐻 appear.
These can represent different variables. For 𝐺𝐴𝑎 and 1DS they are
𝑆𝐵(𝑓 ) and 𝑆𝐻 (𝑓 ) or 𝑆𝐵(𝜃) and 𝑆𝐻 (𝜃). The number of data are 𝑁 =
ength of frequency (32) or 𝑁 = length of directions (24), respectively.

Concerning the PA they are the frequency-direction bins through time.
Therefore the number of considered data are 𝑁 = length of time.

1. SI: Scatter Index:

𝑆𝐼 =

√

1
𝑁

∑𝑁
𝑖=1(𝐵𝑖 −𝐻𝑖)2

√

1
𝑁

∑𝑁
𝑖=1 𝐵

2
𝑖

(4)

The metric ranges from 0, indicating identical data, to ∞.
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Fig. 2. Summary of the used approaches and metrics for the comparison of the 𝑆𝐻 (𝑓, 𝜃) against 𝑆𝐵 (𝑓, 𝜃).
2. RMSE: Root Mean Square Error:

𝑅𝑀𝑆𝐸 =

√

√

√

√
1
𝑁

𝑁
∑

𝑖=1
(𝐵𝑖 −𝐻𝑖)2 (5)

RMSE ranges from 0 to ∞.
3. BIAS:

𝐵𝐼𝐴𝑆 = 1
𝑁

𝑁
∑

𝑖=1
(𝐵𝑖 −𝐻𝑖) (6)

BIAS ranges from −∞ to ∞.
4. Pearson: Correlation Coefficient (Ccoef):

𝐶𝑐𝑜𝑒𝑓 = 1
𝑁 − 1

𝑁
∑

𝑖=1

(

𝐻𝑖 − �̄�
𝜎𝐻

)(

𝐵𝑖 − �̄�
𝜎𝐵

)

(7)

Ccoef does not describe the error between the buoy and the hind-
cast, but describes the correlation between the two. The correlation co-
efficient ranges from −1 to 1. A value of 1 implies a perfect concordance
between the buoy and the hindcast.

Eq. (8) to Eq. (10) are used to compute the metrics for 𝐺𝐴𝑏 and MA.
These metrics, also depend on the number of considered data, more
precisely frequencies and directions are simultaneously compared: 𝑁
= length of directions (24) and M = length of frequencies (32).

5. NRMSE Matrix: Normalized Root Mean Square Error of a Ma-
trix (Echevarria et al., 2019), calculated at 3 h time resolution:

𝑁𝑅𝑀𝑆𝐸𝑚𝑎𝑡𝑟𝑖𝑥

=

√

√

√

√

√

1
𝑀𝑁

𝑀
∑

𝑖=1

𝑁
∑

𝑗=1

(

𝑆𝐵(𝑖, 𝑗) − 𝑆𝐻 (𝑖, 𝑗)
)2 ∗ 100∕max(𝑆𝐻 (𝑓, 𝜃))

(8)

NRMSE metric ranges from 0 to ∞.
5

6. SI Matrix: Scatter Index expanded to the frequency-directional
spectrum. This index was proposed for the 𝑆(𝑓 ) by Garcia-Gabin
(2015).

𝑆𝐼𝑚𝑎𝑡𝑟𝑖𝑥 =

√

1
𝑀𝑁

∑𝑀
𝑖=1

∑𝑁
𝑗=1

(

𝑆𝐵(𝑓𝑖, 𝜃𝑗 ) − 𝑆𝐻 (𝑓𝑖, 𝜃𝑗 )
)2

√

1
𝑀𝑁

∑𝑀
𝑖=1

∑𝑁
𝑗=1

(

𝑆𝐵(𝑓𝑖, 𝜃𝑗 )2
)

(9)

This metric ranges from 0, indicating identical spectra, to ∞.
7. Pearson Matrix:

𝐶𝑐𝑜𝑒𝑓𝑚𝑎𝑡𝑟𝑖𝑥

=

∑𝑀
𝑖=1

∑𝑁
𝑗=1(𝑆𝐻 (𝑓𝑖, 𝜃𝑗 ) − 𝑆𝐻 (𝑓, 𝜃))(𝑆𝐵 (𝑓𝑖, 𝜃𝑗 ) − 𝑆𝐵 (𝑓, 𝜃))

√

∑𝑀
𝑖=1

∑𝑁
𝑗=1(𝑆𝐻 (𝑓𝑖, 𝜃𝑗 ) − 𝑆𝐻 (𝑓, 𝜃))2(

∑𝑀
𝑖=1

∑𝑁
𝑗=1(𝑆𝐵 (𝑓𝑖, 𝜃𝑗 ) − 𝑆𝐵 (𝑓, 𝜃))2)

(10)

Ccoef matrix value has the same meaning of the Pearson coeffi-
cient of Eq. (7). 𝑆(𝑓, 𝜃) represents the directional wave spectrum
averaged in frequencies and directions.

4. JONSWAP fitting

A mathematical relation for the high frequencies tail of the spectrum
(when 𝑓 > 𝑓𝑝) was proposed by Phillips (1958). This relation is based
on an ‘‘equilibrium range’’ in the wave spectrum, since the wave break-
ing is highly dominated by the gravity acceleration (g) and frequency
(f). The proposed relation follows:

𝛷(𝜔) ∼ 𝛼𝑔2𝜔−5 (11)

where 𝛼 is the Phillips constant, 𝜔 is the angular frequency in [rad/s]
which can be replaced by the frequency (𝑓 = 𝜔

2𝜋 ).
Many studies since Phillips (1958) confirmed the shape of the tail

is modelled by 𝑓−5 (e.g Pierson (1976), Hasselmann et al. (1973),
Holthuijsen (2007)).

Literature offers plenty of theoretical wave spectra. The JONSWAP
(JOint North SeaWAve Project, Hasselmann et al. (1973)) spectrum is
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Fig. 3. Frequency spectra from 3 h sea state of the hindcast (blue), the best fit 𝛾 JONSWAP (green) and standard JONSWAP (𝛾 = 3.3, red).
one of the most used in engineering studies. The JONSWAP spectrum
is the result of a multinational project to characterize theoretical wave
spectra function based on experiments conducted in the Southeast part
of the North Sea. Although the JONSWAP spectrum is valid for not
fully developed sea states, it is often used under fully developed sea
states (Holthuijsen, 2007). The general expression of the idealized
JONSWAP is (Hasselmann et al., 1973):

𝑆𝐽𝑂𝑁𝑆𝑊𝐴𝑃 (𝑓 ) = 𝛼𝑔2(2𝜋)−4𝑓−5 exp

[

−5
4

(

𝑓
𝑓𝑝

)−4
]

𝛾
exp

[

− 1
2

(

𝑓∕𝑓𝑝−1
𝜎

)2
]

where,

𝜎 =

{

𝜎𝑎, 𝑓 ≤ 𝑓𝑝.
𝜎𝑏, 𝑓 > 𝑓𝑝.

(12)

The original equation contains five parameters, 𝑓𝑝, 𝛼, 𝛾, 𝜎𝑎 and 𝜎𝑏.
𝑓𝑝 represents the peak frequency (at the maximum of the spectrum), 𝛼
is the Phillips constants, the remaining three parameters 𝛾, 𝜎𝑎 and 𝜎𝑏
define the shape of the spectrum. The 𝜎𝑎 and 𝜎𝑏 define the left and right
sided widths of the spectral peak, respectively. The peak-enhancement
factor (𝛾) characterizes the JONSWAP spectrum, 𝑆𝐽 (𝑓 ), controlling the
sharpness of the spectral peak. Goda (1988) proposed a formulation
which depends only on the 𝐻𝑠 and 𝑇𝑝, which is widely applied in the
marine engineering community:

𝑆 (𝑓 ) = 𝛽 𝐻2𝑇 −4𝑓−5 exp [−1.25(𝑇 ⋅ 𝑓 )−4] ⋅ 𝛾exp [−(𝑇𝑝⋅𝑓−1)
2∕2𝜎2] (13)
6

𝐽 𝐽 𝑠 𝑝 𝑝
in which

𝛽𝐽 = 0.0624
0.230 + 0.0336𝛾 − 0.185(1.9 + 𝛾)−1

[1.094 − 0.01915 ln(𝛾)],

𝜎 =

{

𝜎𝑎 = 0.07, 𝑓 ≤ 𝑓𝑝.
𝜎𝑏 = 0.09, 𝑓 > 𝑓𝑝.

𝛾 ∈ [1, 7]

(14)

Although Goda (1988) showed that in different regions of the world
the peak-enhancement factor should vary, it is in general considered
with its mean value (𝛾 = 3.3). The value of 𝛾 that best fits the 𝑆𝐽 (𝑓 )
for each sea-state of 𝑆𝐻 (𝑓 ) can be estimated minimizing the SI between
the two spectra (Eq. (15)), in which the number of data considered (N)
is the frequencies (32). We refer to the estimated peak-enhancement
factor as 𝛾𝑏𝑒𝑠𝑡. We estimate the performance of the fitting using the
scatter index as follows:

𝑆𝐼 =

√

1
𝑁 ⋅

∑𝑁
𝑖=1(𝑆𝐻 (𝑓𝑖) − 𝑆𝐽 (𝑓𝑖))2

√

1
𝑁 ⋅

∑𝑁
𝑖=1 𝑆𝐻 (𝑓𝑖)2

(15)

SI compares the 𝑆𝐽 (𝑓 ) with the 𝑆𝐻 (𝑓 ) along the frequencies.
Fig. 3 illustrates four examples of the JONSWAP spectrum using

𝛾𝑏𝑒𝑠𝑡 (green line, hereinafter best JONSWAP), the usual 𝛾 = 3.3 (red
line, hereinafter standard JONSWAP) and the frequency spectrum from
the hindcast (blue line). These examples are intended to show the
most common real case studies that appear in wave climate. Overall,
we found that the best JONSWAP spectrum has similar peak energy
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and area to the one of the hindcast, whereas the standard JONSWAP
overestimates the peak energy. The fitting and its performance are
computed at each time step (3-hourly sea state over 30 years, from
1989 to 2018) for each of the 11643 studied locations. From this study
we can also analyse when the spectral shape of 𝑆𝐻 and 𝑆𝐽 differs even
f the bulk sea state parameters are similar. Fig. 3 (panel (a), AS7, Asia,
alaysia [2.5◦, 96◦]) shows a good shape agreement between the best

ONSWAP and the hindcast frequency spectrum with 𝛾𝑏𝑒𝑠𝑡 ∼ 3.3. Panel
b) (CA3, Central America, Cuba [21.25◦, −75.75◦]) however, shows
hat the standard JONSWAP overestimates the energy peak and the
est JONSWAP, with 𝛾 ∼ 1.3 models better the shape of the hindcast.
anels (c) and (d) of Fig. 3 illustrate the problem of the multi-peaked
pectra. Only the peak with highest energy is well represented by
he best JONSWAP (AFR10, Africa, Madagascar [20.75◦, 72.75◦] and
1, Europe, Island [64◦, −22.5◦]), thus a multimodal theoretical wave
pectrum would be preferred.

The spectral shape is a basis parameter concerning ocean related
ngineering studies. Nonetheless, differences in shape cannot be ap-
reciated comparing only 𝐻𝑠. Indeed, the 𝐻𝑠 between the standard
ONSWAP, the best JONSWAP and the hindcast spectrum is similar
espite their shapes being different.

The evaluation of the JONSWAP performance is carried out with
he SI (Eq. (15)). This metric can vary from 0 (no error) to ∞ (high
rror). In order to facilitate the understanding of the global results, five
ualitative SI ranges are defined based on the analysis of the differences
n the area, energy peak, 𝐻𝑠, 𝑇𝑒, Pearson coefficient and kurtosis for
ifferent values of the SI for 60 locations. The area represents the
ifferences between the area under the curves. The energy peak is
he difference between the magnitude of the maximum energy. 𝛥𝐻𝑠

is the difference in significant wave height. 𝛥𝑇𝑒 is the difference in
he energetic period. Pearson coefficient represents the capacity of the
est JONSWAP to follow the pattern of the hindcast spectrum and,
he kurtosis represents the sharpness or the broadness of the spectrum.

e set the upper limit of the SI to 1, as SI > 1 provides more than
0% of error in all the metrics except for the 𝛥𝐻𝑠, which does not
epend on the shape of the spectrum, then having high values of SI
oes not undermine the 𝐻𝑠. SI ranging between 0–0.2 results in errors
ower than the 15%, 0.2–0.4 errors between 15%–20%, 0.4–0.6 errors
etween 20%–30% and between 0.6–0.8 30%–40%. Therefore, the final
anges are: 0 ≤ 𝑆𝐼 ≤ 0.2 Very good, 0.2 < 𝑆𝐼 ≤ 0.4 Good, 0.4 < 𝑆𝐼 ≤ 0.6

not good, 0.6 < 𝑆𝐼 ≤ 0.8 Poor and 0.8 < 𝑆𝐼 ≤ 1 Very poor.
Note that the qualitative ranges developed here are specifically for

the comparison between the hindcast and the fitted JONSWAP spectra.
These ranges are intended as a guide to understand the fitting of
the JONSWAP spectra. Therefore, similar ranges do not apply to the
comparison between the buoy data and the hindcast

5. Results & discussion

5.1. Comparison of the hindcast spectra with buoy observations

Before assessing the suitability of the JONSWAP spectrum from
the GOW2 hindcast, we compare the hindcast spectra data against
measured spectra from buoys to evaluate the reliability of 𝑆(𝑓, 𝜃). The
comparison is done according to the approaches described in Section 3
(Fig. 2).

Fig. 4 depicts a comparison of the spectral data at two of the
analysed buoys: AGL IEO [43.906◦; −3.808◦], Santander (ES) in the Eu-
ropean Atlantic Ocean and CDIP 154 [40.96887 ◦; −71.1268◦] Rhode
Island (US) in the US Atlantic Ocean. Top panels, (a) and (c), represent
the averaged directional wave spectrum. On the right (left) there is
the GOW2 hindcast (buoy). Lower panels, (b) and (d), represent the
averaged frequency spectrum (left) and the averaged direction spec-
trum (right). Concerning AGL IEO buoy (panels (a) and (b)) the main
direction where the energy comes from is 270–330[◦] for both the
hindcast and the buoy. The buoy shows a higher directional dispersion
7

a

than the hindcast for energy coming from 180–270[◦]. The hindcast
does not include this energy, nor the one from 0–30[◦]. Similar be-
haviour can be seen in panel (b) (right), where the direction spectrum
is illustrated. The hindcast overestimates the energy from 300[◦] and
underestimates the one coming from 0–30[◦] as the one coming from
180–270[◦]. In contrast, the frequency spectrum (panel (b), left) shows
a good agreement with a minor underestimation of the energy. CDIP
154 is shown in Fig. 4, panels (c) and (d). This location shows three
energy peaks at 135, 180 and 195[◦]. The hindcast does not entirely
follow this behaviour, showing peaks of energy at 180 and 195[◦], but
not the one at 135[◦]. In contrast to AGL IEO, the directional spread of
the buoy is well described. Concerning the frequency spectrum, panel
(d), it can be seen a good agreement between the hindcast and the
buoy. The direction spectrum also shows a good agreement even if
the peaks of energy are not represented, the energy distribution and
magnitude is similar and the directional spread is well represented.

Showing the mean wave climate conditions of these locations leads
to a better understanding of the performance of the hindcast through
the approaches shown in Fig. 2.

Fig. 5, panel (a), illustrates the 1DS for the 𝑆(𝑓 ) of the buoy of
DIP 154. Left axis (blue) illustrates the hourly RMSE values, right
xis (red) represents the monthly-averaged hourly RMSE. The RMSE
or both, 𝑆(𝑓 ) and 𝑆(𝜃) (not shown), is low for the whole time record
ith some peaks for specific hourly sea states. The monthly average
f the RMSE stays under 1 [m2 s] and 0.1 [m2∕rad] for the frequency

and direction spectra, respectively. Fig. 5(b) shows the time-averaged
RMSE of the 𝑆(𝑓 ) for each buoy. RMSE does not exceed more than 1.5
[m2 s] for most of the locations. The highest values are found for the
buoys located in Chile, Northern Ireland and Spain.

Fig. 6 shows a monthly comparison using the MA between the
hindcast and six of the selected buoys, one per database. For these
locations, the monthly 𝑆(𝑓, 𝜃) of the hindcast performs well, the nRMSE
stays always under 9% and the Pearson coefficient stays above 0.8
(except for CDIP 154 in September). In general, there are no significant
variations of the nRMSE and the Pearson coefficient within the year.
The most fluctuating locations seem to be CDIP 154 and Villano. Villano
has a peak of nRMSE and a local minimum of the Pearson coefficient in
October. Regarding CDIP 154, the nRMSE fluctuates during the whole
year, it starts at around 6% and fluctuates until October, where it
stabilizes around 6% again. The lowest and the highest values are
reached in July (3%) and in September (9%), respectively. The Pearson
coefficient fluctuates a little until September, where it falls from 0.9 to
0.6. After this month, it rockets again to a value above 0.9. The rest of
the buoy locations present a more stable pattern within a year.

The last shown approach is the polar approach (Fig. 7). Concerning
the BIAS of CDIP 154 (Fig. 7, upper panels), the hindcast can achieve
the same directional dispersion as the buoy. The energy in the peak
direction is underestimated and the energy in the secondary directions
is overestimated. The buoy has more energy than the hindcast for
lower periods, while the hindcast overestimates the energy for higher
periods. The Pearson coefficient and the SID show that the higher the
energy the higher the agreement. The SID and the Pearson coefficient,
regarding the Santander IEO buoy (Fig. 7, lower panels), show, as for
the CDIP 154, higher accordance where the energy is higher. The BIAS
shows that the hindcast overestimates the energy coming from the
peak direction (315–345◦) whereas underestimates the energy for the
secondary directions, due to the lower directional spread.

The approaches and the metrics illustrated in Fig. 2 are computed
for each buoy. Table 2 summarizes three approaches for the comparison
of the hindcast against 39 buoys. The first column shows the 𝐺𝐴𝑏, the
econd column the MA (time-averaged), in the last column is depicted

the 1DS for 𝑆(𝑓 ) spectrum (time-averaged). Table 2 summarizes the
data of 1DS 𝑆(𝑓 ), MA and 𝐺𝐴𝑏 approaches. Regarding the 𝐺𝐴𝑏, nRMSE
s small for most of the buoys, it remains lower than 15%. The highest
alues are found in Bilbao, Gata, NOAA 46080 and Lebu. The SI metric

lso shows good agreement. Concerning the MA, the nRMSE remains
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Fig. 4. Panel (a)–(b): AGL IEO ([43.906◦; −3.808◦], Santander (ES)) and Panel (c)–(d): CDIP 154 ([40.96887 ◦; −71.1268◦], Rhode Island (US)). Top panels represent the time
averaged 𝑆(𝑓, 𝜃), on the left (right) is depicted the buoy (hindcast). Bottom panel represents the time averaged frequency spectrum, on the left, and on the right the direction
spectrum, blue line is the buoy, orange line is the GOW2.
Fig. 5. Panel (a) illustrates the values of the RMSE metric for hourly data (blue line), hourly monthly average (red line) computed with the 1D Spectrum approach for the 𝑆(𝑓 )
for the location of CDIP 154. Panel (b) depicts the total average of the RMSE for all the locations concerning the 𝑆(𝑓 ).
low, with maximum in Gata, Bilbao and CEFAS 62046. The Pearson co-
efficient stays above 0.5 for almost every location, the minimum value
is found again in Gata and CDIP 163. The SI metric is low, between
0.4–0.7, with the worst values in NOAA 41009, CEFAS 6201058 and
CDIP 163. 1DS for 𝑆(𝑓 ) shows, overall, a SI that ranges between 0.4–1,
8

the worst results are in Gata with 1.045, CDIP 121, CEFAS 6201058 and
NOAA 41009. In contrast, the Ccoef is high, it stays over 0.7 for almost
every location. Table 2, overall, shows a good agreement between the
directional wave spectrum of the hindcast and the buoy. These results
lead to the main analysis of this study, the suitability of the JONSWAP
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Fig. 6. Matrix approach, red asterisked line is the matrix Pearson coefficient for the monthly mean 𝑆(𝑓, 𝜃), blue 𝑥 crossed line represents the matrix nRMSE for the monthly mean
𝑆(𝑓, 𝜃).
Fig. 7. Polar approach (BIAS, Pearson and SI) computed for the locations of CDIP 154 (upper panel) and Santander (IEO) (lower panel). The bar graphs illustrated below the polar
graph and on its left represent the values of the polar graph averaged on the frequencies and direction respectively, the bar on the right is the colorbar.
spectrum worldwide over 30 years (3-hourly data) in nearshore and
offshore locations. The best fit of the JONSWAP spectrum is computed
finding the value of the 𝛾 which minimizes the SI between the hindcast
and the JONSWAP spectrum.

5.2. Analysis of the JONSWAP suitability

After the validation of the directional wave spectrum, of the GOW2
the hindcast, the suitability of JONSWAP spectrum is analysed at global
scale.
9

Fig. 8, panel (a), shows the 30-years averaged 𝛾𝑏𝑒𝑠𝑡. In general,
the estimated 𝛾 varies from 1 to 2. The highest values of the peak-
enhancement factor are found along with Central America (Pacific
Coast 𝛾 ∼ 2), in Hudson Bay, Bering Sea, Baltic sea, on the East Coast
of the Cantabrian Sea, Central East Africa at the latitude of Angola,
Mozambique Channel, Bengala Gulf, Indonesia, Ojotsk Sea and in the
Gulf of Carpentaria. In the rest of the world the 𝛾𝑏𝑒𝑠𝑡 is low, close
to 1. Standard deviation of the 𝛾𝑏𝑒𝑠𝑡 is illustrated in Fig. 8 panel (b).
The higher 𝛾𝑏𝑒𝑠𝑡 the higher the standard deviation. In these regions,
the standard deviation is higher than 1 [m2∕Hz], while in the rest of
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Table 2
GA_b: global approach (b), comparison of the time-averaged directional wave spectra, MA: matrix approach, comparison of the directional wave
spectrum through the frequency-direction bins, the time-averaged values are shown and 1DS: 1D spectrum approach for the 𝑆(𝑓 ), the values
shown are time-averaged. The illustrated metrics are: nRMSE: Normalized Root Mean Square Error, SI: Similarity Index and Ccoef: Pearson
coefficient.
Approaches 𝐺𝐴𝑏 MA 1DS (S(f))

Buoys Metrics

nRMSE SI nRMSE SI Ccoef SI Ccoef

CDIP 106 4.0272 0.38 9.331 1.256 0.472 0.870 0.851
CDIP 121 8.3152 0.61 10.662 1.306 0.533 0.933 0.844
CDIP 154 5.9304 0.36 11.673 1.018 0.536 0.683 0.809
CDIP 163 10.852 1.1 11.102 1.544 0.273 0.866 0.844
CDIP 187 7.4832 0.42 10.584 0.841 0.632 0.486 0.882
CDIP 188 9.5221 0.42 10.635 0.813 0.655 0.457 0.893
CDIP 189 9.126 0.65 8.376 1.180 0.459 0.561 0.823
CDIP 197 11.598 0.68 10.508 1.340 0.403 0.805 0.872

CEFAS 6201058 5.7442 0.37 8.842 1.580 0.500 0.989 0.792
CEFAS 62046 11.676 0.56 15.483 0.953 0.461 0.674 0.776
CEFAS 62047 7.1198 0.6 6.344 1.020 0.688 0.522 0.888
CEFAS 62048 5.3909 0.4 6.372 0.923 0.706 0.467 0.910
CEFAS 62288 6.2987 0.39 12.676 1.212 0.504 0.882 0.756
CEFAS 62289 15.055 0.66 8.322 1.322 0.594 0.790 0.822
CEFAS 62293 10.248 0.49 8.496 0.981 0.630 0.610 0.832

Chile Corral 4.7854 0.65 5.718 1.392 0.684 0.748 0.832
Chile Lebu 5.2939 1.04 5.703 1.734 0.642 0.737 0.865

NOAA 41008 8.9685 0.74 8.570 1.765 0.497 0.813 0.779
NOAA 41009 8.4939 0.69 7.620 2.062 0.530 0.910 0.825
NOAA 41013 12.603 0.53 8.428 1.205 0.570 0.616 0.836
NOAA 41036 9.774 0.45 9.359 1.160 0.571 0.599 0.813
NOAA 42060 11.451 0.5 10.767 1.049 0.577 0.580 0.830
NOAA 44009 14.664 0.63 7.909 1.630 0.519 0.793 0.811
NOAA 44014 12.637 0.69 7.982 1.244 0.583 0.662 0.842
NOAA 44025 12.832 0.6 8.519 1.389 0.523 0.723 0.797
NOAA 44027 9.0823 0.45 9.423 1.446 0.534 0.836 0.779
NOAA 44066 11.112 0.53 8.797 1.323 0.586 0.706 0.813
NOAA 46015 11.379 0.62 7.696 1.447 0.573 0.664 0.804
NOAA 46041 7.2877 0.64 6.423 1.369 0.641 0.581 0.865
NOAA 46042 7.8314 0.76 6.179 1.468 0.595 0.567 0.859
NOAA 46061 13.222 0.78 7.722 1.768 0.513 0.869 0.797
NOAA 46073 11.272 0.45 8.028 1.208 0.618 0.586 0.850
NOAA 46076 11.879 0.63 7.938 1.461 0.523 0.629 0.830
NOAA 46087 8.8711 0.64 9.043 1.321 0.527 0.755 0.779

PE Bilbao 42.839 0.9 14.071 1.078 0.350 0.892 0.518
PE Cadiz 5.3204 0.51 13.042 1.159 0.451 0.835 0.662
PE Gata 27.5 0.81 15.899 1.189 0.242 1.045 0.403
PE Villano 4.488 0.31 8.323 0.981 0.626 0.628 0.832

Santander IEO 4.6468 0.43 5.360 1.284 0.716 0.652 0.876
p
a

the world it is lower, around 0.1–0.3[(m2∕Hz)2]. The skewness of the
gamma best is also analysed through the estimation of the asymmetry
coefficients Bowley–Yule index (Galbraith and van Norden, 2018) and
Fischer skewness index (Doane and Seward, 2011). Both indices show
a clear right-skewed distribution.

The resulting value of the 𝛾 parameter under storm conditions is
also an engineering required parameter. Thus, the 𝛾𝑏𝑒𝑠𝑡 associated with
the wave flux above quantile 0.999 is studied (Fig. 9 panel (a)). These
values are higher than the total average of 𝛾𝑏𝑒𝑠𝑡 overall for the West
art of the continents, Caribbean Sea, East Coast of Madagascar, East
oast of Australia, East Coast of India and overall the Pacific Islands.

n contrast for enclosed seas such as Persian Gulf, Red Sea, Mexican
ulf, Northern Sea, Yellow Sea, Andaman Sea, Gulf of Carpentaria
nd Australia (except the East Coast). In these regions the storms are
ot associated with a high 𝛾, but with a lower 𝛾, meaning a broader

frequency spectrum. These regions are also the ones which have lower
standard deviation. Panel (b) illustrates the averaged 10 maxima 𝛾𝑏𝑒𝑠𝑡.

nly East part of the continents seems to not reach the top values
lose to seven, showing values of 𝛾𝑏𝑒𝑠𝑡 around 4. This behaviour can be
xplained because the western part of the continents have a rougher
ave climate than the eastern part, as a result of longer generation

etches (Young, 1999).
In order to show regional climate issues, two regions are illustrated
10

n Fig. 10. The first one is the North-East Atlantic Ocean (Fig. 10
anel (a)) including also two enclosed Seas, the Mediterranean Sea
nd the Baltic Sea. This region is selected because the 𝛾𝑏𝑒𝑠𝑡 and its

standard deviation is low, whereas the averaged 10 maxima are high
(approximately 7). The latter is in the South-West Pacific Ocean (Fig. 10
panel (b)) covering the Australian Coast and New Zealand. Concerning
the 10 maxima over 30-years, the Australian continent shows on the
East coast lower values of 𝛾𝑏𝑒𝑠𝑡 than on the West coast. However, larger
SI values indicate bad performance of the JONSWAP (e.g. multi-peaked
or broad spectra). In Fig. 10 panel (a), the average 𝛾𝑏𝑒𝑠𝑡 is around 1–
1.8 in the majority of the locations, while the values are higher in
some areas of the Baltic Sea and the Adriatic Sea. The value of the
SI is for most of the locations between 0.2 and 0.4, except for UK the
coast that goes from the Celtic Sea to Denmark and Southern Norway
as for Morocco and Canary Islands, where the value of SI is over 0.4.
Fig. 10 panel (b) shows low 𝛾𝑏𝑒𝑠𝑡 for the East Coast, including the coast
of New Zealand. In this area, the SI is high, meaning that the JONSWAP
represents badly the real sea state condition. In contrast, the West coast
shows higher values, going from 1.6 to 1.8, and lower the value of
SI, which ranges 0.2–0.4 in the Southern area. The highest values of
𝛾𝑏𝑒𝑠𝑡 are reached in the Gulf of Carpentaria and on the West coast of
Indonesia. The Gulf of Carpentaria shows values of 𝛾𝑏𝑒𝑠𝑡 ranging from 2
to 3, while in the West coast of Indonesia from 2 to 2.4. For the former
the values of SI are low, whereas for the latter, the values of SI are

included between 0.4 and 0.2.
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Fig. 8. Average 𝛾𝑏𝑒𝑠𝑡 (panel (a)) and total standard deviation of the 𝛾𝑏𝑒𝑠𝑡 (panel (b)).
So far we have shown the performance of the JONSWAP considering
the climatic conditions during the whole 30-year period. In addition to
this analysis, it is important to have a climate point of view showing
the yearly variation of the 𝛾𝑏𝑒𝑠𝑡 from 1989 to 2018. Larger variations
between years are found in the West coast of Central America, Adriatic
Sea, Baltic Sea and in the Gulf of Carpentaria (Fig. 8, panel (b)). In
these areas the 𝛾𝑏𝑒𝑠𝑡 oscillates from 2 to 3. In the rest of the regions,
the 𝛾𝑏𝑒𝑠𝑡 has lower fluctuation. Although the yearly mean 𝛾𝑏𝑒𝑠𝑡 has
low fluctuation in some specific areas, the yearly maximum value of
𝛾𝑏𝑒𝑠𝑡 presents higher fluctuations (not shown). The areas in which the
difference in the maximum 𝛾𝑏𝑒𝑠𝑡 is higher, are found in the West Coast
of South America at the latitude of Peru and Chile, the West Coast of
Australia (region of Western Australia), the Northern shore of Norway,
the coast of Portugal, Northern Spain, India, Western Africa, East Coast
of North America and the West Coast of New Zealand. For example,
in 1989 the maximum value of 𝛾𝑏𝑒𝑠𝑡 is around 7 in Western South
America, while in 1990 the maximum is around 5. In general, there
is a downturn in 1990, while in 1991 the values grow again. Also the
standard deviation of the 𝛾𝑏𝑒𝑠𝑡 oscillates during the years in the same
regions mentioned before. Europe from 1993 to 1998 has the smallest
values of SI, whereas the West coast of India has a fluctuating trend. SI
remains stable with small fluctuations during the years for the majority
of the areas of the world. The highest values of the SI (meaning bad
representation of the real sea state) are on the North-West Australian
Coast and around the whole coast of India (Fig. 11). India has also the
highest oscillation of this parameter. The biggest difference between
11
the year 1989 and 2018 concerning the mean value of 𝛾𝑏𝑒𝑠𝑡 are found
in the West Coast of Central America. In 1989 the average value goes
from 2.2 to 3, whereas in 2018 it ranges only 2.2 to 2.5. In contrast,
the standard deviation does not show relevant interannual variability
(not shown). We also study the monthly and seasonal variation of the
𝛾𝑏𝑒𝑠𝑡 (not shown). The highest monthly changes are situated in Central
East Pacific Ocean (2.6 (April) to 1.6 (September)), Northern Baltic Sea
(2.8 (April) to 1.2 (Dec)), Sea of Okhotsk (2.8 (Mar) to 1.2 (Dec)), Bay
of Bengal (2.8 (February) to 1(July)), Central West Indian Ocean (2.8
(April) to 1.5 (December)) and in the Bering Sea (2.4 (March) to 1
(August)). Concerning the seasonal variation, the higher the standard
deviation the higher the seasonal variation. Seasons are considered
as: DJF (December, January and February), MAM (March, April and
May), JJA (June, July and August) and SON (September, October and
November). Southern Hemisphere shows similar values through sea-
sons, whereas in the Northern Hemisphere the most different seasons
are MAM and SON.

Fig. 11 illustrates the percentage of the time in which the SI is ≤
0.4. The SI for the 𝛾𝑏𝑒𝑠𝑡 stays over 60% in the Southern area of South
America, South Africa, Northern East Madagascar, Southern Australia
and New Zealand, the Gulf of Carpentaria, the East Coast of the Asian
continent, Indonesia, Bering Sea, Gulf Of Alaska, East Coast of the
Central and North America, Baltic Sea, Mediterranean Sea, Red Sea and
the Persian Gulf. The highest percentage of time (over 80%) where SI
≤ 0.4, is in the Japan Sea, the Persian Gulf, Mediterranean Sea, Baltic
Sea and the Caribbean Sea. It means that in these regions the use of
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Fig. 9. Total averaged 𝛾𝑏𝑒𝑠𝑡 associated with a wave flux over quantile 0.999 (a). The averaged 10 maximum 𝛾𝑏𝑒𝑠𝑡 during the 30 historical years analysed.
Fig. 10. Total mean 𝛾𝑏𝑒𝑠𝑡 (coloured dots) and Scatter Index (size of the dots). Small dots: SI > 0.4, medium dots 0.2 ≤ SI ≤ 0.4 and big dots SI ≤ 0.2.
the JONSWAP spectrum is appropriated. The regions in which the SI is
higher than 0.4, the JONSWAP spectrum is not recommended. Fig. 11
depicts the 30-years averaged SI. Enclosed and semi enclosed seas have
a lower SI, meaning good suitability of the JONSWAP spectrum.

6. Conclusions

The results presented here show a detailed analysis of a compre-
hensive JONSWAP climate assessment and best fitting on the coastal
12
region worldwide. We apply a method to compute 𝛾𝑏𝑒𝑠𝑡 minimizing the
SI between the JONSWAP and the hindcast frequency spectrum. To
perform the study of the JONSWAP climate assessment, it is necessary
to have a reliable global hindcast directional wave spectrum. Four
approaches are proposed to validate the directional wave spectrum fol-
lowing climate and engineering points of view: the global, the matrix,
the polar and the 1D spectrum approach. The comparison is carried
out with 39 buoys worldwide, overall the hindcast directional wave
spectrum shows a good agreement with the buoy data. Concerning the
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Fig. 11. Percentage of the time in which the SI metric is ≤ 0.4.
matrix approach (for monthly comparison) the Pearson coefficient is
very high, above 0.8 and the nRMSE is below 9%. The polar approach
indicates low errors in the hindcast and the same directional dispersion
as the buoy. The Pearson and the SI metric coefficients show that
the higher the energy the higher the agreement. An extension of this
study in areas with waves induced by tropical cyclones and in highest
latitudes where the ice coverage information is relevant would be
desirable.

The JONSWAP climate analysis, overall, shows that the 30-years av-
eraged global 𝛾𝑏𝑒𝑠𝑡 is lower than the standard JONSWAP (𝛾 = 3.3), with
a global estimated value of about ∼1.54. As the peak-enhancement fac-
tor of the JONSWAP spectrum represents the sharpness of the spectral
peak, the 30-years averaged conditions are associated with a broader
JONSWAP spectrum. 𝛾𝑏𝑒𝑠𝑡 associated with the most energetic sea states
(above the quantile 0.999 of the wave energy flux) presents values
lower than the standard JONSWAP, such as Caribbean, East coast of
South America, Southern Mediterranean Sea, East coast Africa, Mada-
gascar and Australia (Fig. 9(b)). In contrast, in the West Coast of Central
America, the Coast of Angola, and the northern Baltic Sea the value of
𝛾𝑏𝑒𝑠𝑡 associated with the most energetic events presents values around
3 ∼ 3.4. In these regions, the energetic events show the need to be
represented with sharp spectra. The value of 𝛾 significantly increases
for the averaged 10 maximum 𝛾𝑏𝑒𝑠𝑡 during the 30 historical years
analysed. The value of 𝛾𝑏𝑒𝑠𝑡 are around the top value (i.e. 7) along
the West coast of the continents (in these regions the stormy wave
conditions are associated with very sharp spectra), whereas the East
part of the continents shows lower values, closer to 2∼3.3. Variations
within the months and seasons are found not very significant, whereas
interannual variations are stronger in Pacific Coast of Central America.

The global study shows that the JONSWAP spectrum is suitable in
some regions of the world. SI under 0.4 for more than 60% of the time
seems to be a good indicator of the suitability of JONSWAP. For the lo-
cations where the above condition is met the JONSWAP spectrum, with
the best estimated local 𝛾, can be used. The 𝛾 estimates depend on the
studied sea state conditions. Average sea state conditions have lower
values of 𝛾, whereas conditions associated to the highest sea conditions
(e.g annual maxima) show higher values. There are some locations in
which the fitness of the JONSWAP spectrum is not recommended due
to multiple factors, such as the presence of high energetic swells and
the concurrence of different wave systems (e.g. wind sea and multiple
swells). According to these criteria, in regions as the West Coast of
Central America, the North-East coast of Brazil, the Gulf of Guinea,
India and the North of Western Australia, the JONSWAP spectrum is
not recommended (Fig. 11). Understanding the wave systems is still
an open issue and, multiple studies are carried out partitioning the
13
directional wave spectrum. Once the wind sea, primary and secondary
swells are identified, then the wave systems can be processed, com-
bined and analysed (e.g. Portilla-Yandún (2018), Portilla-Yandún et al.
(2015), Hanson et al. (2009), Portilla-Yandún et al. (2009)). Further
global studies to characterize coexisting climate wave systems would
provide useful information. The use of partitioned spectral data can
help to improve the fitting of multi peaked theoretical frequency spec-
tra. One of the oldest double peaked theoretical frequency spectrum
is the one of Ochi and Hubble (1977), successively Torsethaugen and
Haver (2004) proposed another double peaked theoretical frequency
spectrum. This is a current and still an open research topic, new studies
such as Akbari et al. (2020), proposes a Gaussian model to fit the
primary system and a JONSWAP spectrum to fit the secondary systems.

We found that the JONSWAP spectrum is suitable in the Mediter-
ranean Sea, Baltic Sea, Red Sea, Persian Gulf, Caribbean Sea, Gulf of
Carpentaria, the West Pacific Ocean (except for some coastal regions in
Australia and New Zealand) South Africa, and East coast of Madagascar.
In these areas, the SI is lower than 0.4 for more than 70% of the his-
torical period. In other regions, such as Northern Brazil, the coast from
Mauritania to Nigeria, India, Central America, Northern West Australia,
Northern Sea, East coast of Africa, and West coast of Madagascar, the
JONSWAP spectrum performs badly, with SI lower than 0.4 only for
the 35% of the time or lower.

Two specific coastal regions are studied, Oceania and Europe. Re-
garding Europe, overall in the Mediterranean Sea, Portugal, and North-
ern Spain, Baltic Sea, Island and West Ireland the JONSWAP spectrum
seems to perform well. Concerning Oceania, the performance of the
JONSWAP spectrum is worse than in Europe. To conclude, the per-
formance of the JONSWAP spectrum variates for each region of the
world, and a fitting of the real wave conditions for a specific location
is desirable. Overall, the JONSWAP spectrum with the best 𝛾 is suitable
(where the SI ≤ 0.4 for more than 60% of the total time) for the 37.7%
of the coasts worldwide.
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