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Abstract

As part of the Copernicus Marine Service, WAVERYS is the multi-year wave reanalysis that provides global wave data with a
fine grid resolution of 1/5°. This wave reanalysis covers the period 1993-2019 and disseminates 3-h integrated wave parameters
describing the sea state at the ocean surface. The wave model used is the version 4 of the model MFWAM, which is driven by sea
ice fraction and wind provided by the atmospheric reanalysis ERAS. The WAVERYS includes the assimilation of altimeter wave
data and directional wave spectra provided by Sentinel-1. The wave reanalysis includes also wave-current interactions by using
3-h surface current forcing provided by the ocean reanalysis GLORYS. This paper highlights the assessment of wave parameters
provided by the WAVERYS. The validation has been performed with independent altimeter significant wave heights and buoy
wave data. The results show the good accuracy of scatter index of SWH (significant wave height) which is 8.7% in comparison
with HY-2A altimeter. Moreover, we point out that scatter index of SWH from the WAVERYS is improved by about 9% with
respect to the ERAS wave dataset. We also indicate the good accuracy of swell propagation thanks to the assimilation of
directional wave spectra. An analysis has been conducted for wave-current interactions and also discussions about extreme
values and trend of time series are suggested.

Keywords Wave reanalysis - Wave hindcast - Global wave modelling - Wave climate - MEWAM, CMEMS, wave spectra
assimilation, wave-current interactions

1 Introduction seas, forecasts and analyses in real time as well as multi-year
products (MYP). These latter are generally called reanalysis in

The Copernicus Marine Environment Monitoring Service  case of data-assimilated models, or simply hindcasts when

(CMEMS) is a free and open-access European service whose
mission is to provide scientifically qualified and systematic
information on the physical and biogeochemical state of the
oceans. One aspect of the service is the dissemination of ocean
products derived from in situ and satellite observations or
numerical models (see http://marine.copernicus.eu/). These
products cover, for the global ocean and European regional
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deprived of assimilation system. The use of models is partic-
ularly relevant for waves, as in situ observations provide
scarce and inadequate spatial coverage and satellite observa-
tions has low temporal resolution with failures for near-shore
and high latitude.

Learning from historical sea states is crucial for various
ranges of activities that are at the heart of CMEMS benefits.
Spatial distribution of waves allows the drawing of safer, eco-
efficient shipping routes (Cavaleri et al. 2012; Roh 2013). The
knowledge of extreme sea states and their occurrence are crit-
ical for dimensioning off shore structures and maritime ves-
sels (Sarpkaya 2012; Szelangiewicz et al. 2014; Barbariol
et al. 2019).The wave energy potential is another interesting
resource for sustainable, clean energy development, and wave
hindcasts may help to determine the best possible exploitation
sites (Gunn and Stock-Williams 2012). Ocean waves also act
on living organisms and biogeochemical resources in the sur-
face layer through turbulence and transport wave-related pro-
cesses (Chatelain and Guizien 2010; Rohrs et al. 2014),
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making them relevant for monitoring and managing marine
habitats and aquaculture. Moreover, long past series allow us
to understand the role of waves in global climate variability,
which eventually leads to more realistic scenarios within the
climate projection framework (Lemos et al. 2019), and even-
tually a better coastal management for the near future.

Wave climatology efforts have been proposed from the
2000s onwards. Since the quality of wind forcing is critical
for modelling waves (Durrant et al. 2013; Stopa 2018), the
availability of a new state-of-the-art atmospheric reanalysis of-
ten makes the production of a wave reanalysis attractive. We
can cite among them the ones carried out by the European
Centre for Medium Range Weather Forecasts (ECMWF) with
the ECWAM third-generation wave model (Hasselmann et al.
1988; Bidlot et al. 2007) coupled within their Integrated
Forecasting System (IFS), like the 1.5° ERA40 reanalysis
(Uppala et al. 2005), the 1° ERA-Interim reanalysis (Dee
et al. 2011), and more recently the 0.5° ERAS reanalysis
(Hersbach et al. 2020). The WAVEWATCH3 model (Vinet
and Zhedanov 2011) was also used to produces several global
wave hindcasts, like the latest ones from the NCEP/NOOA
reanalysis project (Chawla et al. 2013) forced by the CFSR
atmospheric reanalysis (Saha et al. 2010), and from the Japan
Meteorological Agency (Mori et al. 2017), driven by the JRA-
55 atmospheric reanalysis (Kobayashi et al. 2015).

These wave reanalysis often exhibit strengths,
weakness, and differences, notably on variability and
extreme aspects, as shown by Caires et al. (2004) in their
intercomparison exercise. The authors identified notably
the Tropics and the Southern Ocean as problematic areas
due to poor physical process knowledge and lack of avail-
able data. Global wave reanalyses are generally well-suited
in describing the open ocean, but generally fail at the coast,
often due to a lack of resolution. This lack of resolution
affects both the representation of coastal winds and wave
processes such as bottom friction, wave breaking, island
shadowing, and fetch length. An approach proposed by
the GOW?2 reanalysis of Perez et al. (2017) to overcome
this difficulty is to use a refined multi-scale grid at the
coast and in the Southern Hemisphere for better
interaction with ice. Another failure pointed out by
Minguez et al. (2012) concerns the representation of cy-
clones and their effects, which is very limited due to the
coarseness of the spatiotemporal resolution used for the
global models. Being nevertheless of secondary impor-
tance compared to the accuracy of atmospheric forcing
and bathymetry, the refraction effects on waves due to
large-scale currents are well-known (e.g. Irvine and
Tilley 1988 for the Agulhas current, and Mapp et al.
1985 for the Gulf Stream). Ardhuin et al. (2017) have
demonstrated the action of currents on wave fields at scales
smaller than 100 km, with an amplification of the extreme
events crossing small current structures. The use of surface
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currents affects the waves at the sea surface which, in turn,
impact the atmospheric boundary layer and thus improves
the estimate of winds.

This paper focuses on the first 1/5° global wave reanalysis
produced by CMEMS which is called WAVERYS
(WAVeReanalYSis). The WAVERYS is driven by the
ERAS5 10-m wind and sea ice fraction, as well as
GLORYS12 oceanic currents (Lellouche et al. 2018). The
period covered is the 1993 to-present altimetry period, which
allows for the reanalysis system to assimilate data from past
satellite missions, starting from Topex-Poseidon until
Sentinel-3A mission. To better describe the propagation of
swell wave systems, the WAVERYS assimilate directional
wave spectra from synthetic aperture radar (SAR) provided
by Sentinel-1A and -1B satellite missions. The WAVERYS
v1.0 has been disseminated since December 2019, but this
paper uses the version vl1.1 that corrects some issues related
to data assimilation (see Law-Chune et al. 2019).

The paper is organized as follows. Section 1 describes the
WAVERYS model configuration, its set-up and the selected
input data. Section 2 concerns the validation of integrated
wave parameters. This has been performed using SWH (sig-
nificant wave height) from HY-2A satellite and also buoys
data in deep ocean and coastal areas. Section 3 presents the
impact of wave-current interactions on mean parameters, as
well as extreme value and trends for mean parameters.

2 System description
2.1 Wave model and set-up

The wave reanalysis is performed with the MFWAM wave
model updated for CMEMS global system in 2018, namely
MFAM V4. MFWAM is based on ECWAM computing code
IFS-38R2 (ECMWF 2012) with different source terms related
to dissipation by wave breaking and swell damping induced
by air friction at the sea surface. The dissipation by white-
capping used in MFWAM is ST4-like as described in
Ardhuin et al. (2010). The model has been upgraded with
adjustments of the dissipation source term and also improve-
ment on drag coefficient by using a Philips spectrum tail for
high-frequency waves. The setting parameters of the dissipa-
tion terms are given in Table 2 in appendix. The non-linear
source term uses the DIA approach developed by Hasselmann
and Hasselmann (1985). The wind input term is based on the
source term given by Bidlot et al. (2007) modified by a shel-
tering effect for short waves and negative input term of swell
damping induced by air-sea friction (Ardhuin et al. 2010). The
model MFWAM is set with reduced latitude-longitude grid
and includes island obstructions scheme which induces a bet-
ter wave propagation around islands, mostly in the Pacific
Ocean.
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The bathymetry is generated by using 2-min gridded global
topography data from ETOPO2/NOAA (National
Geophysical Data Center 2006). The native model grid has
equal spacing of 1/5° between latitudes. Along the equator,
the distance is fixed with grid size 1/5° and the number of
points on each latitude towards the poles is reduced to main-
tain as much as possible an equal physical distance between
them (Bidlot 2012a). The wave spectrum is discretized in 24
directions and 30 frequencies starting from 0.035 up to
0.58 Hz. A minimum water depth is set at 5 m, which is more
than sufficient at the 1/5° global resolution to represent
shoaling effects.

2.2 Winds

The WAVERYS is forced by 10-m wind and sea ice fraction
provided by the ERAS climate reanalysis produced at the
ECMWEF (Hersbach et al. 2020). These data were obtained
from the MARS archive with an average native resolution of
31 km and have been interpolated to fit the wave model grid
size of 0.2°. Besides, although hourly analysis fields are avail-
able, a 3-h forcing has been selected for consistency with
surface current forcing and data assimilation window. It has
been demonstrated that the ERAS5 has improved the quality of
winds by 20% in comparison with ERA-Interim. Belmonte
Rivas and Stoffelen (2019) also showed that the ERAS per-
formance is close to current operational IFS-ECMWF
forecasts.

2.3 Assimilation system

The assimilation system implemented in the MEWAM model
jointly uses SWH provided by altimeter missions and the di-
rectional wave spectra from Sentinel-1 mission through the
synthetic aperture radar (SAR). The first part of the assimila-
tion consists in performing an optimal interpolation of SWH
as developed by Lionello et al. (1992) with a distance of in-
fluence of the observation up to 600 km. The assimilation is
performed sequentially every 3 h, and there is no correction
applied for the wind input. The model and observation errors
are considered equal for the optimal interpolation. Then, a
scaled analyzed wave spectrum in frequency range is carried
out by using empirical growth laws depending on the wave
physics of the model (Lionello et al. 1992). As this is derived
from wind wave growth power law relation, this correction
affects more the wind sea part of the spectrum than the swell.

The second part of the assimilation system consists in the
assimilation of SAR wave spectra, which is implemented fol-
lowing several procedures. The first procedure performs a
partitioning principle to split the first guess and observes wave
spectrum into several partitions or dominant wave trains.
Then, the mean energy and the two-wave number components
of each partition are computed, and a cross assignment

between observed and modelled wave partitions is performed.
This cross-association consists in selecting observed and
modelled wave partitions which are close to each other de-
pending on a threshold normalized distance of the components
of wave number, as developed in Aouf et al. (2006, 2016).
Afterwards, an optimal interpolation is applied to mean ener-
gy and wave number components of the associated partitions.
Finally, an analyzed wave spectrum is reconstructed by super-
posing the analyzed partitions while respecting the validity of
frequency cut-off for SAR wave spectra. A bilinear interpola-
tion between analyzed partitions is also applied to avoid inco-
herent gaps in the analyzed spectrum.

2.3.1 Altimeter data

The assimilation of altimetry data allows to significantly im-
prove short-term forecasts (Abdalla and Janssen 2017) and the
WAVERYS takes advantage of most of historical altimeter
wave data. Appendix 2 provides additional information on
their spatial and temporal coverage. The altimeter wave data
have been reprocessed by CERSAT-IFREMER (Queffeulou
and Croizé-Fillon 2016) in the frame of GlobWave project
supported by the European Space Agency. The assimilation
of SWH is performed over the entire period with a time step
and a centred assimilation window of 3 h.

2.3.2 Wave spectrum data

Since the EnviSat satellite mission, it has been demonstrated
that the SAR detects accurately wave spectra related to swell
systems with wavelength on average greater than 200 m
(Hasselmann et al. 2013). This cut-off related to wavelength
is variable and depends on the satellite along track and the
wave directions. In the WAVERYS, we used SAR wave spec-
tra, which are provided by European Space Agency (ESA) in
the frame of Sentinel-1 (S1) missions, supported by the
Copernicus space program. Two satellites SIA and SI1B are
currently flying and providing level 2 SAR wave products.
The SAR directional wave spectra are processed by instru-
ment processing facility (IPF) versions 2.8 and 3.0 which is
upgraded with significant improvement in capturing wave
systems (Hajduch et al. 2020). The wave spectra from S1A
starts from March 2016, while those from S1B satellite starts
from August 2018. The level 2 SAR wave spectra from S1 has
been improved with an upgraded processing which gives bet-
ter flags to remove corrupted data. A quality control procedure
for SAR wave spectra has been implemented by considering
thresholds on retrieved SAR wind speed, normalized variance
of images, and signal to noise ratio. We also used the variable
wavelength cut-off provided in the level 2 products. Figure 1
shows a polar plot of SAR wave spectrum on 14 May 2018 at
6:00 (UTC). We can see clearly at least 3 wave systems with a
strong swell propagating to the north-east direction.
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Fig. 1 Sentinel-1A SAR directional wave spectrum at position with
longitude of 198.2° W and latitude of 42° S on 14 May 2018 at 06:00
(UTC). The colourbar indicates the density of energy (m%*/Hz/°) in
frequency and direction. Directions are in the oceanographic convention
(direction towards)

Such wave partitions are assimilated to correct the uncer-
tainties of low-frequency part of the wave spectrum computed
from the wave model. The WAVERYS is the first available
global wave reanalysis that assimilates SAR wave spectra
measured from space. The assimilation of these data makes
it possible to very effectively control long swells, typically
those generated in the Southern Ocean (Aouf et al. 2018; Le
Traon et al. 2019).

2.4 Ocean currents

Any horizontal current shear involves wave refraction and
modification of wave frequencies according to the laws of
optics and Doppler effect. In the case of upstream flow relative
to the direction of the waves, the breaking or reflection of
wave trains can even occur (ECMWF 2012). To provide the
most realistic and accurate sea state, the WAVERYS takes
into account 3-h surface currents provided by the global phys-
ical reanalysis of CMEMS, namely GLORYS12V1
(Drévillon et al. 2018). GLORYS12 currents are interpolated
on the 1/5° native grid of the wave model. Taking into account
ocean currents has shown very positive results for wave fields
interacting with high-energy current systems such as the
Agulhas currents (Aouf et al. 2019).

2.5 Output parameters
The WAVERYS provides users with 17 integrated wave pa-

rameters describing sea state such as SWH, mean and peak
wave periods, and dominant wave direction. The wave
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reanalysis includes the partitioning on wave spectra and pro-
vides also mean parameters for wind-sea and primary and
secondary swell wave systems. Directional wave spectra are
saved only on a very limited number of points of the domain
for validation purpose and not distributed because of the large
volume of data they generate. The WAVERYS also provides
boundary conditions for regional CMEMS wave reanalysis
such as IBI and Mediterranean domains.

3 Validation

Statistical parameters on the difference between observed
(Obs) and reanalyzed (Model) wave variables were computed
with the following definitions:

» Average differences or bias:
bias = Model(z)—Obs(z)

* Root mean squared deviation (RMSD):

/-

RMSD = 1/ (Model()-Obs(1))*

e Scatter index (SI):

Obs(?)

SI =

* HH index: Mentaschi et al. (2013) highlighted some con-
cerns with RMSE-derived metrics that favour negatively
biased models. These authors suggest the use of the unbi-
ased HH metric:

I

\/ ((Model(1)-Obs(1))?
Model(1) Obs(1)

HH =

We will use from time to time this diagnostic, although we
will favour more the SI because of its widespread use that
allows for a direct comparison with other studies.

3.1 Open Ocean validation
3.1.1 Comparison with altimeter HY-2A

The HY-2A satellite of the Haiyang series is China’s first
ocean dynamic environment satellite. The HY-2A is equipped
with an altimeter which provides SWH every 7 km on ground
tracks. As the HY-2A is not assimilated in the WAVERYS, it
is then well-suited for the validation of SWH. Level 2 wave
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data from the HY-2A have been processed by the French
Space Agency CNES. The data have been downloaded from
AVISO+ web portal. A quality control based on thresholds for
backscattered signal section (00), SWH, and standard devia-
tion of SWH has been applied for the HY-2A level 2 data. By
using the ocean flag provided in the level 2 data, SWH from
the HY-2A covers all ocean basins and gets close to the coast
line until 7 km.

3.2 Method

SWH from H2A was first recalibrated with respect to Jason-2,
one of the most stable altimetry missions (see Appendix 3).
Validation with altimeter HY-2A was performed globally on a
grid size of 0.5° and a time window of 3 h. The procedure
consists in computing super-observations by averaging SWH
of the HY-2A in a box of 0.5° grid size and considering the
nearest SWH from the WAVERYS. The validation period
starts from January 01, 2014, until December 26, 2018.
SWH outside the range [0.5-16] m are discarded to avoid
corrupted data in the analysis; the same is done for model
equivalents.

3.3 Comparison to ERA5 wave dataset

As the HY-2A is not used in the assimilation of the ERAS
wave reanalysis, this is a good opportunity to check the per-
formance of both wave reanalysis in terms of analyzed SWH.

The ERAS is a coupled system forced with 10-m neutral
winds to which are added effect of turbulence related to wind
gust and atmospheric boundary layer stability (ECMWF
2015). However, the winds seen by the two systems should
be relatively similar. The two systems are more differentiated
by their grid resolution and wave physics. The ERAS has a
coarser grid resolution of 0.5°, while the WAVERYS has a
finer grid size of 0.2°. The WAVERYS includes wave-current
interactions but without any coupling with an atmospheric
model like ERAS. The two-wave reanalysis systems are also
quite different in terms of dissipation by white-capping terms.
The WAVERYS is based on ST4-like physics while the
ERAS uses ECWAM-IFS41R2 physics developed from
Bidlot et al. (2007). It is admitted that this latter is less skilled
for swell propagation.

4 Results

Figure 2 shows scatter plots of SWH from the two-wave re-
analysis (WAVERYS and ERAS) and the altimeter HY-2A
during the period 2014 to 2018. The linear regression shows a
better slope of 0.97 for the WAVERYS in comparison with
0.93 for ERAS. This is explained in particular for the high
order quantiles (higher than 95th for heights above 6.5 m)

which are underestimated in the ERAS compared to the HY-
2A. The good agreement up to the 99.9th percentile between
the observation and WAVERYS shows the good accuracy of
SWH that can lead to better analysis for studies related to
climate averages and statistical distributions in open ocean.
The series being arranged in chronological order along the
altimeter tracks, the very high correlation of 0.98, show that
the wave reanalysis reproduced in a very realistic way the
different wave systems encountered following the satellite
tracks. The bias of SWH is reasonably small, less than 5 cm,
which is for instance less than 5% for SWH range of 1 m. The
WAVERYS shows a global positive bias of SWH of 4 cm and
a root mean square error (RMSE) of difference of 22 cm,
whereas the ERAS indicates a zero overall bias and an
RMSE of 24 cm. The scatter index (SI) of SWH gives the
dispersion between model and altimeter data. We found re-
markably a better ST of SWH for the WAVERYS of 8.66% in
comparison with 9.55% for ERAS. Considering all the points
of the series, the improvement of the WAVERYS compared
to the ERAS is equal to 9.3% in terms of SI and 9% in terms of
HH.

A kernel density Gaussian estimator was applied to the
SWH series to estimate its probability density function
(PDF) of SWH. The left side of Fig. 3 shows these PDF
estimates for the two-wave reanalysis and the altimeter HY -
2A. The PDFs of the models fit well with the one from the
altimeter HY-2A, except in the SWH range of 1.75-2.50 m
where models are overpopulated compared the satellite data.
These height ranges correspond to those most frequently en-
countered waves in the global domain, with occurrences
around 45% for the HY-2A, 48% for the WAVERYS, and
50% for the ERAS. In this range of SWH, we can easily see
that WAVERYS pdf is closer to the one of the altimeter HY-
2A. It can also be noted that waves between 0.5 and 1 m have
a higher population in the HY-2A than in the models. For
example, waves of about 0.75 m represent 10% of the popu-
lation in the observations, whereas they represent only 5% of
the population in the models. The difference in density for
small waves can be explained by a lack of resolution and
realism in the wind forcing for small scales (1/4° of resolu-
tion), but also by the limitation of growth and conservation of
these short scales in the wave model physics, all the more so
with meshes of resolution no more precise than 1/5°. It is also
worthy to mention the increase of uncertainties of retrieval for
small SWH (< 1 m) for satellite altimetry.

The right panel of Fig. 3 shows the cumulative distri-
bution of normalized bias, SI, and HH index for the
WAVERYS with respect to the HY-2A. It can be seen,
for example, that 80% of the WAVERYS domain has an
SI and normalized bias of less than 10% and 3%, respec-
tively. The median value of the WAVERYS domain is
less than 7% for SI, and only 10% of the domain has SI
values below 4%.
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Fig. 2 Scatter plots of SWH from altimeter HY-2A and the models (left
panel for ERA5 and right panel for WAVERYS). The colourbar repre-
sents the density of points. Statistical parameters are given, as well as the

Figure 4 presents global bias and SI maps for SWH
obtained by the WAVERYS and ERAS. In the following,
only data between latitudes 70° S and 80° N have been
kept, in order to remove uncertainties related to points af-
fected by the sea ice as obtained from the ERAS (Hersbach
et al. 2020). The remaining Polar Regions are those where
the bias of SWH reaches roughly 80 cm as illustrated in
Fig. 4. Other ocean regions show a bias of SWH about 20—
40 cm, like the inner seas and complex coastal areas. This
is mainly because of uncertainties related to the wind forc-
ing and lack of coastal grid resolution in the wave models.
Interestingly, the southern mid-latitude band (30° S—-60° S)
and the North Atlantic are low biased of roughly — 10 cm

PDF Significant wave height (models) vs (HY2A)

slope and intercept associated with the linear regression. Cross marks
represent quantiles vs. quantiles values, and the pink ones refer to highest
quantiles (99-99.9th percentiles)

for the ERAS, which explains an overall zero bias in Fig. 2,
due to latitude compensation for bias. However, the
WAVERYS shows a better feature with a small slightly
positive bias of SWH for these areas. The average SWH
bias of the WAVERYS remains below 10 cm overall, ex-
cept in the storm track zone where it can reach 15 cm,
likely related to strong wind conditions.

SI maps for SWH clearly show that coastal regions record
the highest values ranging between 16 and 20%. We can also
remark that for closed seas such as the Mediterranean Sea,
Japan, and Java Sea where the winds can change rapidly, the
SI of SWH remains reasonable with range between 12 and
15%.
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Fig. 3 Left panel shows the probability density function for SWH from
HY-2A, ERAS, and WAVERYS. Right panel displays the normalized
and cumulative histograms of the mean scatter index and the mean
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Fig.4 Bias maps of SWH (left panels) and SI maps of SWH (right panels) in comparison with HY-2A during the period starting from 2014 until 2018. a

and b stand for ERAS while ¢ and d indicate WAVERYS

In deep ocean, the SI of SWH indicates remarkable values
which range between 6 and 10%. As seen previously in Fig. 2,
the WAVERY'S shows smaller SI of SWH in comparison with
the ERAS. This is particularly noticeable in Fig. 3 for the
western boundary currents, the Agulhas current, and the pe-
riphery of the Indian basin, as well as for the equatorial Pacific
current. This is mostly induced by accounting large-scale cur-
rents (see Section 4.1).

By splitting the SI scores by latitudes (not shown), we
can easily see that the pole regions beyond 70° record
values of SI of SWH between 12 and 14%. The pole areas
are also subject to increase of errors for the retrieval of
SWH from the HY-2A. The presence of more coastlines
for the northern hemisphere degrades the SI values com-
pared to the southern hemisphere (about 10% for northern
mid-latitudes vs. about 7% for southern mid-latitudes).
Similarly, the presence of coastlines plays an important
role in the latitude-integrated results, with SI values be-
tween 10 and 15% for the longitudinal bands (—90° E, —
60° E) (American continent), (0° E, 60° E) (Europe and
Africa), and (100° E, 150° E) (Indonesia and Australia),
whereas SI remains roughly around 8% elsewhere,

notably around 7% in the Pacific because of the wide
extent of the basin.

Figure 5 shows the performance of the ERAS and
WAVERYS in terms of HH index of SWH for several ocean
areas of significant interest. The Indonesian region indicates
the higher HH index of SWH with 22.5% of the WAVERYS
whereas the ERAS scores 17.7% for this region. As previously
illustrated, this region forms a complex ensemble of small seas
and archipelagos subjected to complex oceanic flow and tides,
the latter not being taken into account carefully in both model-
ling systems. It can be mentioned that WAVERYS scores are
also always better than those of the ERAS, regardless of the
ocean region. Apart from wave physics and resolution, the
absence of Jason-3 and Sentinel altimetry data in the ERAS
may handicap its results for the most recent years compared to
the WAVERYS (see Fig. 14). This underlines the need for
reanalyses to integrate as much reliable data as possible as
soon as they become available. However, when we consider
only the year 2014 where both the ERAS and WAVERYS are
using the same data, the comparison with the HY-2 A indicates
that the WAVERYS has globally a better SI of 8.6% with
respect to 9.8% for ERAS. The improvement is also clearly
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Fig. 5 HH index of SWH
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brought to light in Fig. 5 for ocean regions affected by cur-
rents. These results demonstrate that the WAVERYS is one of
the best databases for the description of past sea states current-
ly available for users.

4.1 Coastal validation
4.1.1 CMEMS buoys

The coastal validation was performed thanks to a set of
wave buoys obtained from the CMEMS in situ Thematic
Assembly Centre (TAC) product (Alfonso et al. 2019).
This product includes wave observations aggregated and
validated from the Regional EuroGOOS consortium
(Arctic-ROOS, BOOS, NOOS, IBI-ROOS, MONGOOS)
and Black Sea GOOS, as well as from National
Oceanographic Data Centres (NODCs), Global Ocean
Observing Systems (GOOS: Argo, GOSUD,
OceanSITES, GTSPP, DBCP), and the Global
Telecommunication System (GTS) used by the Met
Offices. Figure 6 provides information on the spatial dis-
tribution of the data, as well as the available measurement
time over the period 1993-2019. The buoys are mostly
located near the coasts. The longest data series, more than
5 years, cover the east coast of Australia, Western Europe,
and the west and east coasts of the USA. On the other hand,
only short-period measurements, less than 6 months are
available in South America, India, and the Mediterranean
Sea around Italian coasts.
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4.1.2 Method

Only buoys data that have passed all quality control procedure
in real time are used in the following (quality control code
equals to 1, see the related CMEMS product’s QUality
Information Document-QUID). Co-location between obser-
vation points and model points is achieved by spatially inter-
polating the model at the observation points and then tempo-
rally interpolating the observations on the model temporal axis
to perform the comparison each of 3-h time step

4.2 Results

Figure 7 top panel shows a map that exhibits SI obtained for
SWH and mean wave period (MWP) computed from the sec-
ond moment at the in situ platform locations. MWP calcula-
tion is sensitive to a high-frequency cut-off which is around
0.4-0.5 Hz for buoys. In the WAVERYS, MWP calculation
uses the entire spectral range of the model and this could lead
to some discrepancies with buoys.

The average SI for the WAVERYS computed from the
wave buoys is 20.7% for SWH and 14.8% for MWP. The
results on SI can vary from one region to another, depending
on specific local wave regime that dominates the area. For
example, the North West American and Hawaiian coasts have
respectively SI scores of 15.8% and 12.8% for SWH and
13.1% and 12% for MWP. This points out a good accuracy
for long swell-dominated ocean regions. More precisely,
when we consider the Hawaiian NDBC buoy 215 NM
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Fig. 6 Spatial distribution of

CMEMS wave buoys for SWH 60°N
and duration of measurements in

months. Time series less than a 40°N
seasonal cycle (1 year) are

marked by a square instead of a 20°N
circle
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south-southwest from Hilo (51002), the SI of the peak period
for waves larger than 150 m of wavelength is remarkably
small, 9.4% for the year 2017. This result is typically achieved
through SAR directional wave spectrum assimilation. Some
buoy clusters on the other hand give larger SI values for SWH,
more than 30%, likely because very coastal location such as in
the Gulf of Alaska, in the Azores, in the Cap Verde Islands,
and in the North Sea and some other locations off Italy coasts.
From a global perspective, the best SI scores are obtained in
tropical latitudes with 14.5% for SWH and 11.5% for MWP,
where swells play again an important role in presence of weak
winds.

The bottom panels of Fig. 7 are Taylor diagrams for SWH
and MWP where the buoys are grouped by regions. In order to
study coastal situations only, only the buoys where the local
depth is less than 200 m have been selected.

For SWH, three groups of buoys can be identified. The
first group are the ones already identified with the less
skilled performance (the ones in Azores, North Sea, and
Gulf of Alaska). This group performs with a correlation of
0.8 for normalized standard deviations of the order of 20%.
It can be seen that the WAVERYS buoy equivalents in the
Azores have too much variability with respect to the data,
while the ones in the North Sea do not have enough. The
second group of buoys has a correlation about 0.9 for stan-
dard deviations of the order of 10%, and encompasses
tropical regions as well as Mediterranean and Baltic seas.
The third group collects the remaining measurement points
that perform best with correlation of 0.98 for a variance
ranging between 5 and 10%. One can note that the variance
for the better group is lower than the one of the data. The
lesser performance for the first group of buoys is more
likely related to imprecise bathymetry data and shelter ef-
fect that complicated coast lines induce. Further efforts at
this level will be considered in future versions of
WAVERYS with improved bathymetry.

For MWP, only the North Sea records a correlation of 0.7.
The other measurement points have correlations between 0.8
and 0.9 for variances of the same order of the data, except in

tropical areas where the variance is underestimated by about
15%.

Few buoys record mean wave direction (MWD), and Fig. 8
shows the results obtained by the WAVERYS in terms of
mean differences, RMSD, and correlation coefficient with ob-
servations. MWD represents the average direction where most
of the wave energy propagates. Deviations from observations
can therefore give an indication of poor directional spread, and
sometimes errors induced by multi-modal wave systems.
Concerning mean differences, following the convention of
CMEMS wave files (0° = North, 90° = East), a positive (resp.
negative) difference means waves arriving too far from the
right (resp. left). The biases of wave direction are on average
small of roughly 5°, and the strongest biases concern the
Azores and the Canarias Islands, with more than 20° of devi-
ation. It can be noted that the western North Atlantic and the
Gulf of Mexico have positive directional biases, while they are
negative biased further south in the Caribbean Sea (amplitude
range < to 10°). The biases of MWD for the European coasts
alternate between positive and negative, which underlines the
variability of the wave systems encountered in this ocean area.

With regard to RMSD of MWD, the ocean areas with sat-
isfactory results less than 30° are located in the Bay of Biscay,
off shore of Ireland, and in the Caribbean. The less precise
areas in terms of variability are again the Cape Verde and
Azores islands, with RMSD around 80°.

For the correlation coefficient of MWD, high and mid-
latitudes indicate a better values (greater than 0.6) compared
to the tropics (smaller than 0.5). This is surprisingly the oppo-
site of what we have found for SWH. It is probably related to
the presence of stronger winds in higher latitudes, which in-
duce better capturing of direction for dominant wind-sea wave
systems. Note that the MWD has been treated as a scalar for
correlation, which can lead to errors when wave trains oscil-
late around the north. In other respects, very small correlations
(> 10 0.2) are found in the tropical Atlantic, French Polynesia,
Hawaii, and off CA, USA.

Table 1 compares the statistical scores obtained between
the WAVERYS and ERAS for SWH whenever the
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Fig. 7 Top panel: mean SI scores obtained by WAVERYS for each
CMEMS wave buoy, for SWH (a) and MWP (b). Bottom panel: Taylor
diagram obtained by classifying results by region or basin. Results

comparison is feasible for the 1993-2018 period. It shows that
the WAVERYS is always better than the ERAS compared to
buoys, regardless of the coastal situation, region, or latitude. It
can be noted that the wind measurements from most of in situ
buoys were assimilated in ERAS, which suggests a reliable
wind sea for both systems near the buoys.

We have also examined the comparison with the buoys
through wave rose diagrams. These diagrams are useful tools
to visualize the dominant wave regimes, and whether the wave
model is able to reproduce them or not. We show as
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obtained for SWH (¢) and MWP (d). Only coastal buoys, i.e. buoys
positioned on a layer of water less than 200 m deep, are used in Taylor
diagrams

illustration two cases were the model performs satisfactorily
as illustrated in Fig. 9.

The first example is a mooring off shore of north-western
tip of California. The regular wave regime measured by the
buoy is a swell propagating towards the south-east and spread-
ing over about 90° on each side. Sixty-percent of the occur-
rences occur in a 30° cone centred in the south-east direction.
Focusing on these wave systems, the overall height distribu-
tion 1s about 50% of waves between 2 and 5 m, 35% of waves
between 1 and 2 m, and 10% of waves between 0.5-1 m.
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Waves between 5 and 10 m represent only a small fraction of
the occurrences. The WAVERYS reproduces relatively well
the observed wave regimes, although the model is more
constrained towards the south to south-cast directions (25%
of the occurrences, against 20% for the buoy), with less direc-
tional spreading. Waves propagating eastward disappear
completely in the WAVERYS for instance. Finally, the
WAVERYS seems to produce more waves in the 1-2-m range
than what is measured by the buoy.

The second example comes from a buoy situated in the
Baltic Sea, at Huvudskar (Sweden). The wave rose scored
by the buoy consists of a dominant west to south-west regime
with a directional spread of 30° which represent 45% of the

total recorded occurrences. A second wave regime propagates
north-eastward for about 35% of the total occurrences. The
other propagation directions are less frequent, and one can
mention the presence of waves smaller than 20 cm propagat-
ing towards directions between the west-northwest to the east-
northeast, more likely due to local wind sea system. The wave
rose obtained with the WAVERYS gives again fewer occur-
rences in the dominant wave direction observed by the buoy.
A more scattered sea state is obtained by the reanalysis, with
an increase of occurrences in non-dominant directions (from
the buoy record point of view) by a few percent. Small waves
below 20 cm are also more present in the WAVERY'S, prob-
ably induced by uncertainties related to local wind forcing.
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Table 1 Comparison of equivalent statistics for SWH obtained by
WAVERYS and ERAS using in situ buoys. Only the strictly
concordant points between the two reanalyses over the 1993-2018 period
were used

Zone Statistics WAVERYS ERAS wave
Global Bias (cm) —0.046 -0.055
ST (%) 19.588 21.279
Correlation 0.959 0.953
Shelf Bias —0.024 -0.019
SI 24.782 26.768
Corr. 0.941 0.931
Open Sea Bias —0.066 —0.088
SI 16.167 17.672
Corr. 0.968 0.964
High Latitudes Bias —0.064 -0.102
ST 18.512 19.894
Corr. 0.965 0.962
Mid-latitudes Bias —0.043 —0.046
SI 20.507 22.306
Corr. 0.956 0.949
Tropics Bias —0.033 —0.036
SI 13.922 15.658
Corr. 0.938 0.922

Most of the measurement points have demonstrated the
good performance of the WAVERYS in reproducing local
wave regimes with wave roses.

5 Features of WAVERYS
5.1 Impact of ocean currents

An interesting feature of the WAVERYS is the forcing by
ocean currents. Four years (2014-2017) of a twin experiment
without including oceanic currents (WAVERYS NOCUR)
has been produced to study their impact on the system perfor-
mance and thus identify the areas concerned by wave-current
interactions. Figure 10 shows a percentage gain map obtained
on the SWH HH index between the WAVERYS and this
WAVERYS NOCUR simulation. The gain is measured with
the similar validation procedure than in Section 2.1, with the
HY2-A altimeter as supporting data. The improvement in
large current structures such as equatorial currents, western
boundary currents, and ACC are clearly visible with a gain
of around 20 to 40% in these areas.

In terms of SWH, SI values, including oceanic currents,
lead to an average improvement for SWH by 3.2% for the
global ocean, by 4.7% for the Equatorial band, and by
11.6% for the Agulhas Current area. This demonstrates the
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relevance of accounting ocean currents at global scale in order
to better forecast the sea state, as already advocated by (Bidlot
2010, 2012b). Despite an overall improvement, ocean regions
directly concerned by strong currents are the most improved
ones, notably when currents are flowing along with, or oppo-
site to swell regimes, such as the Agulhas Current, the North
Brazilian Current, and the East Pacific and Atlantic Equatorial
currents. SI improvement can even reach 25% locally in those
situations. Benefits from western boundary currents like the
Gulf Stream; the Kuroshio; and, their southern counterpart,
the Antarctic Circum polar Current (ACC) are clearly
highlighted with SI improvements always greater than 15%.
The Indian Ocean appears to be a special place for wave-
current interactions in comparison with other ocean basins,
probably because of its northern land border, which channels
typical coastal flows that southern swells encounter on their
way to the coast, as in the Mozambique Channel, the Bay of
Bengal, and the West Timor Sea. There is no visible degrada-
tion caused by currents on the SI and HH of the SWH (nega-
tive values in Fig. 10 are identified as noise in areas
depopulated by currents). We can nevertheless add that the
normalized RMSE improvement map (not shown), which
contains some of the biases, shows degradations of a few
percent in the following areas: Arabian Sea, east of the
Philippine, eastern Timor Sea, and to lesser extent in upwell-
ing zones such as Peru-Chile and Gulf of Guinea. These zones
have been identified in Mercator systems as biased zones for
currents by comparison to surface drifters (Marie Drevillon,
personal communication).

But one can ask what the impact of ocean currents on wave
parameters is? The left panels of Fig. 11 shows the average
differences obtained in terms of SWH, WMP, and MWD be-
tween the WAVERYS and WAVERYS NOCUR simula-
tions. The differences for each wave parameter show nearly
similar structures that reflect the global ocean circulation. In
the path of noteworthy currents, the refraction of wave trains
introduces typical “positive/negative” differences on each side
of oceanic flows, related to current-induced horizontal gradi-
ents. The differences are of the order of a few centimetres for
SWH, a few tenths of seconds for WMP, and a few degrees for
WMD. As seen previously, the Indian Ocean is the most af-
fected by wave-current interactions, where the differences
reach a maximum of 15 cm for SWH, 1.2 s for MWP, and
15° for MWD, respectively, for the most concerned places.
Similar ranges are also seen for the North Brazilian Current.
For the open ocean, the use of surface currents is accompanied
by a slight global strengthening of SWH and periods. For
directions of wave origin, the upper branches of the western
ocean circulation (Gulf Stream, Kuroshio, ACC) seems to fold
the wave trains towards the equator, while the lower branches
of the subtropical gyres cause poleward deviations.

Swells are an interesting case study for current-wave inter-
actions because their stability allows them to propagate over
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Wave rose at mooring 46022 (-124.52W 40.72N)

Fig. 9 Wave roses computed from CMEMS wave buoys (left) and
WAVERYS (right). The radial scale gives the frequencies of occurrence
of wave height/direction (note that the scale is not linear). Directions are
given in the oceanographic convention (i.e. direction of propagation). A

thousands of kilometres for time period of roughly 10 days,
and thus to encounter several current systems. Nevertheless,
the longer the wavelength, the less sensitive the wave trains to
currents are. The right panels of Fig. 11 examine the

Fig. 10 HH index percentage
gain map for SWH between a 4-

Wave rose for WAVERYS at mooring 46022 (-124.52W 40.72N)
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red point shows the buoy location on the left maps. Top: mooring no.
46022 in California ocean region, bottom: HuvudsarkOst mooring in the
Baltic Sea

occurrences of differences for the primary swell partition be-
tween the WAVERYS and WAVERYS NOCURR. The oc-
curring criteria for the differences are the following: greater
than 10 cm for SWH (b), greater than 1 s for the MWP (d), and

year WAVERYS period (2004—
2017) compared to an identical
run without oceanic currents
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Fig. 11 On the left panels: average differences between WAVERYS and
a similar run without currents for a significant wave height (SWH), ¢
mean wave period (MWP), e mean wave direction (MWD).
WAVERYS_NOCUR is taken as a reference, so that the positive
values for SWH or period (resp. direction) correspond to an increase

greater than 5° for the MWD (f). Results show that wave-
current interactions meet these criteria for about 60% of oc-
currences in large-scale currents. Eastern shore currents, in-
land seas, and the open ocean (apart from equatorial currents)
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(resp. deviation to the right) of WAVERYS with respect to it. On the
right panel: probability of occurrence (in %) where the differences for the
primary swell between WAVERYS and WAVERYS NOCUR exceed a
certain threshold: b 0.1 m for SWH, d 0.5 s for MWP, f 15° for MWD

produce weaker occurrences of the order of 10-20%.
Occurrences of period differences greater than 1 s are rather
localized at the equator and related to the crossing of the equa-
torial belt by subpolar swells. For difference in swell periods,
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the Indian Ocean is again very marked in terms of occurrences
due to the refraction of the southern ocean swells by complex
coastal circulations in the northern part of the basin. For swell
directions, a difference of more than 5° has an occurrence of
30% in the very vicinity of the currents. Interestingly, it is
possible to spot in Fig. 11f refraction artefacts caused by the
bending of swells by equatorial currents.

As waves evolve on oceanic flows, both width and vortic-
ity of the encountered oceanic structures condition the
resulting deflection angle (Gallet and Young 2014). It should
be noted that the WAVERYS’ resolution allows it to integrate
equatorial eddies, but eddies smaller than 50 km shall not be
well-introduced, notably for higher latitudes where the local
Rossby radius shrinks. It must be kept in mind that apart from
the equator, the effect of refraction by the mesoscale activity is
underestimated in WAVERYS.

5.2 Climatology, trends, and extreme events

It is admitted that a minimum period of 20 years is necessary
to investigate wave extremes (Mazas and Hamm 2011). With
more than 25 years of wave products, the WAVERYS can be
helpful to analyse past wave climate and to diagnose mecha-
nisms that drive changes in wave climate projections.

Figure 12 shows the climate characteristics of the
WAVERYS for SWH and WMP, namely the climate mean,
the 90th percentile, and the trend of the total time series. On
these maps, the poles have been deliberately omitted due to
poorly represented ocean-wave-ice interactions.

Concerning the climate mean, the typical global distribu-
tion of waves is found, with the highest waves (greater than
4 m) situated in the westerly wind track, the lower waves (2 m)
in the trade wind system, and the weaker ones encountered in
semi-enclosed seas or in equatorial belt. The longest waves,
with average period of 14 s, are representative of the most
important distances travelled by polar origin swell. They are
found in the eastern side of subtropical basins, more likely in
the south Pacific and Indian oceans due to reinforce winds and
extended fetch. Fetch also conditions periods elsewhere, with
variation from 6 to 8 s for closed seas to sub-basin scale
propagation.

The 90th percentile (the maximum value for 90% of occur-
rences) is a good proxy for the maximal values that can real-
istically occur for waves. Patterns are nearly identical to the
average distribution of SWH, with values of 7 to 8 m for
subpolar depressions, and waves of about 2 to 3 m at the
equator. In terms of MWP, we can see casily that fetch-
limited areas and enclosed seas are more affected by shorter
waves with range between 6 and 8 s. For the longest wave
maximums they are slightly increased from 14 to 15 s in
comparison with the climate averages for the longest waves.
In other respects, waves of range between 10 and 12 s are
likely to occur in most of the open ocean.

With regard to SWH, trends over the whole time series are
of the order of =1 cm per year, which is relatively small
compared to the typical range of sea waves (order of 1 m).
Positive SWH trends are found mostly in the tropical belt, as
well as in the Atlantic Ocean, North Indian, and Western
Pacific, which indicates presumably strengthening of the trade
winds and cyclonic activity. The trend map of SWH for the
ERAS over the same years (visible in Appendix Fig. 17)
shows identical patterns to that of the WAVERYS. The nota-
ble difference being that the trends in North Indian are rather
negative for the ERAS, which suggests differences in wave
train patterns related to monsoon or cyclones. Timmermans
et al. (2020) recently showed trend of SWH obtained from
running with the ERAS forcing a wave hindcast (no data as-
similation) with the stand-alone version of the ECMWF wave
model (ECWAM) equipped with ST4-like physics close to the
WAVERYS. Those authors attributed the negative SWH
trends in the Central Pacific to changes in extra-tropical storm
tracks. Aarnes et al. (2015) also showed that the ERA-Interim
had erroneous trend due to assimilation of irregular altimeter
data; both the ERAS and WAVERYS may show similar,
smaller effects, but this is beyond the scope of this study.

Trend patterns for MWP are strongly correlated to the ones
for SWH. It can be seen for instance the increase of the aver-
age wave periods by a few tens of milliseconds per year in the
Atlantic, Indian, and West Pacific oceans. Figure 12 f also
reveals a more pronounced negative trend for wave period at
the equator, on the eastern edges of the basins, particularly in
the Pacific Ocean. These locations are identified as seas where
the longest swells occurred. More investigations are needed to
understand the causes of such trend. MWP’s trends for the
ERAS (Fig. 17) are similar to those of the WAVERYS, except
that the lengthening of periods are less pronounced in North
India and Indonesia.

In other respects, it may be interesting for users to know
how the WAVERYS behaves in extreme event conditions
such as cyclones, as they are also suggested to impact the
trends in Tropics. Cyclone modelling has always been a chal-
lenging task because of the sensitivity of the coupling process-
es between the ocean, waves, and the atmosphere. For in-
stance, the main driving force of cyclones comes from evap-
oration and heat fluxes which are mainly limited by the sea
surface roughness, and thus the waves. But intense spiral
winds generated by cyclones spatially modify the fetch and
create a complex sea composed simultaneously of energetic
wind-sea and swell (Li et al. 2012; Young 2017). We were
interested in looking at cyclonic events from 2012 to 2018 on
the basis of the IBtracks data (Knapp et al. 2010).

The top panel of Fig. 13 illustrates the SWH map of the
WAVERYS during cyclone Claudia (Indian Ocean) on
December 10, 2012, at 0:00 UTC. At this date, the event is
at its peak with wind speed greater than 50 m/s, and SWH
from the WAVERYS of about 8 m near the cyclone eye. The
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Fig. 12 Climate statistics for SWH (left panel) and MWP (right panel) time series. Panels consist of climate mean (a, b), 90th percentile (¢, d), and trends

(e, f)

range of modelled SWH is between 4 and 6 m within a radius
of 5° from the cyclone eye.

The middle panel of Fig. 13 shows the difference of SWH
modelled by the WAVERYS and ERAS for the same date. It
can be easily seen that the impact of the cyclone Claudia is
enhanced in the WAVERY'S with respect to the ERAS, with a
difference of SWH ranging between 30 and 60 cm near the
cyclone eye. In fact, for all the cyclonic events that we have
looked at, SWH from the WAVERYS is always larger than
the one provided by the ERAS, except in a crown located in
the immediate vicinity of the eye. This is also illustrated by the
bottom panel of Fig. 13.

@ Springer

This panel indicates the PDF of SWH for the WAVERYS
and ERAS computed from a 5°x5° sliding sub-domain
centred on the trajectory of each cyclone over 2012-2018.
This represents more than 515 events for 4113 days of data.
Due to the size of the 5°%5° sub-domain, only a quite local
response to the cyclone is expected, so that long cyclonic
swells are not considered. From the two PDF curves, we can
see that on one the hand, the WAVERYS produces fewer
SWH cases in the range of 1-2.5 m than the ERAS. On the
other hand, the WAVERYS gives more cases than the ERAS
for larger SWH between 2.5 and 8 m, which is more related to
cyclonic wave range.
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Fig. 13 Top: SWH map during hurricane Claudia for WAVERYS. The
trajectory of the cyclone is overlapped with colour scale corresponding to
the wind speed at 10 m. Middle: difference of SWH between WAVERY'S
and ERAS. Bottom: PDF of SWH for WAVERYS, ERAS, and their
difference (in green) on a 5° sliding box around the trajectory of all the
cyclones available for the IBtracks database for 2012-2018

This section on cyclones is intended to be illustrative
and calls for a more in-depth study to qualify the two
reanalyses with respect to extreme events. We believe that
the WAVERYS can be an interesting source to study cy-
clones on multi-year scales, but the temporal resolution of
the atmospheric forcing and the coupling with ocean ther-
modynamics remain crucial points to be addressed in fu-
ture versions to better capture these phenomena.

6 Discussion and conclusion

This paper presents the WAVERYS, the first global wave
reanalysis of the CMEMS. The products describe past sea
states from 1993 to 2019 with a spatial resolution of 1/5°
and 3-h mean wave parameters and wind-sea/swell
partitioning parameters. The quality of the WAVERYS has
been assessed by (i) comparing the analyzed SWH with SWH
from the altimeter HY-2A as independent data in open ocean
during the period of 2014-2018; (ii) comparing the mean
wave parameters with CMEMS in situ buoy measurements
(coastal data validation during the period of 1994-2019).

For the open sea, the WAVERYS performs globally with a
scatter index of 8.8% with relatively low biases of about 3 cm.
This represents 8.3% of improvement in comparison with the
ERAS wave reanalysis.

Because of the limitation of the 1/5° spatial resolution and
the complexity of the ocean-wave interactions near the coasts
(e.g. instability of currents, and tides), the system performs
less well in shallow waters and in semi-enclosed sea, where
the scatter index of SWH can reach 18%. Nevertheless, the
validation has shown the good contribution of oceanic cur-
rents for the sea state accuracy in current-dominated ocean
areas such as the Agulhas Current, the North Brazilian
Current, with local SI improvements up to 40%. More gener-
ally surface currents have a significant impact on the propa-
gation of swell, whose rays are bent when encountering large
current systems. It can nevertheless be pointed out that the
resolution of application of the currents (1/5° although they
have been modelled at 1/12°) limits the best use of typical
local eddy scale outside the tropical zone. Similarly, interac-
tions with the tide are another source of missing diffusion
(Ardhuin et al. 2012) and could greatly contribute to improve
the wave forecast on shelf.

Direct comparison with wave buoys revealed the good de-
scription of some typical local regimes for the WAVERYS.
The good results from sites exposed to long swells, like the
North West US coasts and Hawaii, can be particularly men-
tioned. However, the WAVERYS has difficulty in reproduc-
ing exactly the variability observed by the buoys in coastal
areas. This limitation could be due to uncertainties in wind
forcing variability. A potential room for improvement on this
point would be to use wind gust forcing as suggested in recent
works (Timmermans et al. (2020), J.R. Bidlot personal
communication).

The wave climatology of the WAVERYS is in good
agreement with what is described in the literature, and
relatively close to the one from the ERAS wave data.
The use of the WAVERYS wave products can contribute
to wave climate trends in several ocean regions. There is
still a need of dedicated validation for extreme wave
events such in cyclone conditions. Furthermore, the
space-time resolution of wind forcing may not be good
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enough to accurately reproduce extreme events in terms of
intensity and variability.

The WAVERYS is planned to be updated (version 2) next
year with several noticeable improvements, like a refinement
in spatial and temporal resolution (1/10°, 32 directions), as
well in bathymetry. Better assimilation scheme, combining
directional wave spectra from different sensors such as the
SAR of Sentinel-1 and SWIM of CFOSAT, will be imple-
mented. We will also include directional wave spectra from
the SAR of Envisat mission (2002-2012) in the assimilation
system. The CMEMS foresees temporal extensions of
reanalyses every 6 months. Useful information for users is
already available on the QUID document of the
WAVERYS, available on the CMEMS website.
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Appendix 2: Assimilated altimetry data

Figure 14 shows for each altimetry mission the period of
application for the WAVERYS. It can therefore be seen that
the most constrained periods are between the years 2002—
2006 (5 altimeters) and 20162018 (4 altimeters + SAR sen-
tinel 1). Figure 15 shows an illustration of the spatial coverage
of the assimilated altimeter data over the course of a day.
Because of the orbits’ offset and entanglement, the mesh can
be more or less loose or tightened over an area within a day.

Fig. 14 List of assimilated
satellite data and their period of
use. Altimeters are in blue and
SAR is in red
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the WAVERYS product, which was the first step to the writing of this
article. CNES provided us with level 2 wave data of the HY-2A mission.
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Appendix 1: ST4 physics settings

Table 2 settings for ST4
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Fig. 15 Map of all the SWH
altimetry tracks assimilated in the
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Appendix 3: Correction of HY-2A SWH

In this section, we implemented a comparison between the
Jason-2 and HY-2A significant wave heights. The analysis
is performed at crossovers of ground tracks of the two altim-
eter missions with a time window of 2 h. We computed super-
observations in a box of grid size of 0.5° for the comparison
between the Jason-2 and HY-2A. It has been collected 6192

data during the period January to June 2015. Figure 16 shows
the scatter plot of SWH from the Jason-2 and HY-2A. It is
easy to see that there is a strong underestimation of SWH of
HY-2A in comparison with Jason-2. The bias increases for
high waves. We then computed an orthogonal linear regres-
sion which gives the a and b coefficients of 0.944 and — 0.01,
respectively. This relation is used in order to remove the bias
of SWH for HY-2A.

Fig. 16 Scatter plot of SWH from calibration
Jason-2 and HY-2A. The 12 T T T T T T T T T T
colourbar indicates the density of ) 100
data, while the purple dashed line 1"r & |
shows the orthogonal linear re- g
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Appendix 4: ERA5 SWH and mean wave
period trends

ERAS5 B trend coeff for VHMO over 199301-201912
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Fig. 17 Trends for SWH and MWP for ERAS, calculated over the same period and following the same method as in Section 3.2 (compared to Fig. 12e

and f for WAVERYS)
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