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Waves from compact SeaSonde®

High Frequency radars in the
southeastern Bay of Biscay:
measurement performance
under different noise and
wind conditions
Lohitzune Solabarrieta1*, Maria Fernandes2, Irene Ruiz1,
Macu Ferrer2, Pedro Liria1, Iñaki de Santiago1, Jorge Sánchez2,
Jose Antonio Aranda3 and Anna Rubio1

1AZTI, Marine Research, Basque Research and Technology Alliance (BRTA), Pasaia, Gipuzkoa, Spain,
2Department of Oceanography, Qualitas Instruments S.A., Madrid, Spain, 3Dirección de Atención de
Emergencias y Meteorologı́a, Eusko Jaurlaritza, Basque Government, Vitoria-Gasteiz, Spain
Global concern on extreme events is increasing the need for real timemonitoring of

the wave fields in coastal areas. High Frequency (HF) radars, a remote sensing

technology widely applied to measure near real time surface coastal currents with

demonstrated accuracy, can also play a major role in the operational monitoring of

waves height, period and direction. However, the ability of HF radar to measure

waves can be jeopardized by specific ocean-meteorological and environmental

conditions. Thus, a case-to-case analysis and parameterization is necessary to

ensure the best data in each study area. In the southeastern (SE) Bay of Biscay, the

EuskOOS HF radar network, composed by two compact HF radar stations provides

hourly surface waves data in near real time. In this work, we analyze the effects of

wind and noise levels on the radar skills for wave measurement, compared with

existing in-situ data obtained by an offshore buoy. Then, the HF radar wave

measurements for 2022 are analyzed with special focus on the most energetic

observed wave events. The analysis performed versus in-situ data shows that both

stations present reliable and accurate data for waves over 1.5 m, in agreement to

what can be expected for a 4.46 MHz radar. The highest correlations are observed

for waves > 4 m significant wave height, which demonstrates the capabilities for

monitoring highly energetic events. Interference and noise detected on very precise

time slots significantly reduced the availability and reliability of the measurements.

Also, local winds blowing from land direction were found to affect the agreement

between radar and in-situ measurements. Recommendations extracted from the

analysis are provided, with the aim that they can be extended to other HF networks

for more accurate wave monitoring.
KEYWORDS

waves, High Frequency radars, noise, environmental factors, Bay of Biscay, validation,
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1 Introduction

Global concern on extreme natural events is increasing,

particularly for coastal areas that are more susceptible to these

phenomena. Extreme natural events include, but are not limited to:

heatwaves, heavy precipitation, intense storms and winds and

extreme oceanic waves. As they become more frequent, severe,

and long-lasting, coastal communities are likely to be more

vulnerable. Extreme events interact with the diverse coastal ocean

processes at different temporal and spatial scales threating

morphological dynamics and ultimately affecting human socio-

economics activities in coastal areas. In the context of the Blue

Economy development, an adequate wave monitoring for real time

assessment of coastal risk and historical data for analysis of extreme

event regime has become crucial.

Traditionally, wave measurements have primarily relied on

visual observations conducted by personnel onboard vessels and

in-situmooring instruments, with the associate scarceness of spatial

measurements, and elevated installation and maintenance costs. In

recent decades, the coverage of operational (automated and in real

time) wave measurements has increased along the coasts, thanks to

the growing number of coastal in-situ observatories and, at open

sea, thanks to consolidated wave satellite data products (e.g.

Copernicus Marine Services Global Ocean L 3 Significant Wave

Height along-track product: https://doi.org/10.48670/moi-00179).

Satellite data products exhibit decreased effectiveness as they

approach near the coastline areas, where High Frequency (HF)

radars can complete the gaps of satellite products. Wave data from

global and local models have also increased in the past decades (e.g.

the Copernicus Marine Services Global Ocean Waves Analysis and

Forecast, based on the operational global ocean analysis and

forecast system of Météo-France, https://doi.org/10.48670/moi-

00017) and they have been improved with the assimilation of the

existing in-situ and remote data.

Considerable efforts have been directed towards establishing an

operational wave monitoring system in the southeastern Bay of

Biscay (SE BoB) combining in-situ measurements and model data.

Since 2007, within the framework of EuskOOS operational

oceanography system (doi.org/10.57762/T4WH-DQ48), several

buoys have been deployed across the SE BoB, seeking a better

understanding of the wave dynamics from a more sustained and

cost-effective perspective (Solabarrieta et al., 2022). In-situ

measurements by buoys underpin operational early warning

systems from wave impact in the area (Gaztelumendi et al., 2018)

and enable to assess the performance of coastal wave models (Ferrer

et al., 2010). Nonetheless, the spatial resolution achievable through

in-situ systems is constrained by technical and economic

limitations. In 2009, a coastal-based HF radar was installed to

complete the in-situ observations and provides since then near-real-

time surface currents fields. HF radars can be separated mainly in

two types, based on the method they use to retrieve and interpret

the echoes from the sea: beam forming (BF) and Direction Finding

(DF). BF is used by phased array radars while DF is mainly used by

compact antennas. The EuskOOS SeaSonde® compact HF radar

(EuskOOS HF radar from now on) network has already been used

to study surface coastal transport processes in the area in
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combination with multisource data (Rubio et al., 2011; Rubio

et al., 2013; Solabarrieta et al., 2014; Solabarrieta et al., 2015;

Solabarrieta et al., 2016; Manso-Narvarte et al., 2018; Rubio et al.,

2018; Rubio et al., 2020; Manso-Narvarte et al., 2021). Besides

measuring sea surface water velocity [Crombie (1955), Barrick et al.,

1977, Paduan and Rosenfeld (1996) and Paduan and Graber

(1997)], the HF radar can also monitor waves (Lipa, 1978; Lipa

and Barrick, 1982; Lipa and Nyden, 2005; Gurgel et al., 2006; Wyatt,

2011; Wyatt, 2021). Although wave retrieval application is less

common than currents retrieval, especially in real time, and this

topic it is still being developed (Lopez et al., 2016), several studies

have analyzed and validated waves information from compact

(Lorente et al., 2018; Orasi et al., 2018; Lorente et al., 2019;

Saviano et al., 2019; Basañez et al., 2020) and phased array

(Wyatt and Green, 2009; Lopez and Conley, 2019; Mundaca-

Moraga et al., 2021) HF radars in the last few years.

Wave information can be retrieved from the inversion of the

second order component of the Doppler spectrum as defined in the

literature (Barrick 1986; Gurgel et al., 1999; Lipa and Nyden, 2005).

The relation between the ocean wave directional spectrum and the

received HF radar Doppler spectrum, must be inverted to obtain

wave parameters (Barrick, 1977; Green and Wyatt, 2006; Gurgel

et al., 2006). Two main methods are currently used for waves data

extraction: full integral inversion (used by phased array HF radars,

which use Beam Forming) and ocean wave spectrum model fitting

(mainly used by compact HF radars). Both phased array and

compact HF radar systems can provide wave information based

on the inversion of the second order component of the Doppler

spectrum. However, the compact station HF radar systems (the

ones analyzed in this study) also require assumptions about spatial

homogeneity of the wave field and no depth effects along the rings

centered in the stations during the ocean wave spectrum model

fitting (Lipa and Barrick, 1986; Lipa and Nyden, 2005; Lipa and

Nyden, 2005; Wyatt, 2021). Wave information from compact HF

radars incorporates therefore the area of the analyzed ring around

the station.

Environmental factors can affect currents data quality and

acquisition from HF radars (Kohut and Glenn, 2003; Yang et al.,

2018; Horstmann et al., 2019; Mantovani et al., 2020). HF radar wave

measurements use a much lower signal level retrieved from the

second order component of the Doppler spectrum than currents

(retrieved from the first order component) and they are also affected

by environmental conditions (Wyatt et al., 2010; Wyatt and Green,

2023). Indeed, wave retrieval methodology is susceptible to

electromagnetic noise of environmental or human origin and to

ocean-meteorological conditions to a greater extent than the

measurement of currents. The ability of HF radar technology in

capturing wave parameters with sufficient quality is highly dependent

on ocean-meteorological and environmental conditions (e.g.

bathymetry, coastline, radio interference, ionospheric noise,

direction and intensity of winds and currents, direction, period and

height of waves, simultaneous presence of bimodal waves and wind,

etc…) present always in the measurement area of the HF radar.

While the ability to measure bimodal seas using phased array radars

has been demonstrated (e.g.Wyatt and Green, 2022), the dependency

of ocean-meteorological conditions is even higher for compact HF
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radar stations, due to the assumption of the spatial homogeneity of

the wave characteristics along each range ring centred on the HF

radar stations. Consequently, much more comprehensive analysis,

configuration adjustments, parameterization, and validation

procedures remain imperative to enhance understanding and

optimization of the compact HF radar capabilities in providing

operational wave measurements. To assess the ability of a specific

compact HF radar to measure waves, it is therefore necessary to

characterize the study area based on these conditions.

Although the global examples of the use of HF radar to collect

operational information on ocean waves are more and more

numerous, the limitations exposed in the previous paragraphs

explain that compared to surface currents, wave information from

HF radars is usually much less common. In fact, the European HFR

Node is processing and sharing currents data from 280 HF radar

stations (both compact and phased array HF radars) all around the

world (https://www.hfrnode.eu/map/) but there is no operational

wave dataflow from these stations.

The EuskOOS HF radar network, featuring 2 compact HF radar

stations located in the SE BoB, stands as a testament to the

underutilization of wave information owing to these challenges.

The work presented in this paper is the first attempt to study the

EuskOOS HF radar historical wave measurements compared with

existing in-situ data in the SE BoB. The capabilities of compact HF

radar networks to exploit operational wave data have been analyzed,

taking advantage of the large existing worldwide HF radar network

(https://www.hfrnode.eu/map/) that could be used for real-time

wave data retrieval.

The objectives of this study for compact HF radars encompass

the following aims: (i) conducting a comprehensive analysis and

evaluation of wave measurements obtained from the EuskOOS HF

radar network under different ocean-meteorological conditions. (ii)

identifying the pertinent variables that should be taken into account

to assess periods of optimal functionality within any compact HF

radar network. (iii) identifying the potential ocean-meteorological

conditions during which the wave data derived from the EuskOOS

HF radar can offer valuable insights for operational and historical

analysis. (iv) assessing the capabilities of the EuskOOS HF radar for

monitoring intense (extreme) events.
2 Study area

The Bay of Biscay is located in the Northeast of the Atlantic

Ocean, between Brest (France) and Cape Finisterre (Spain) (Lavıń

et al., 2006) (Figure 1). The wave climate of the Bay of Biscay is tied

to its geographic position on the Northeast Atlantic, and it is

modulated by its topographic and bathymetric characteristics

(Gonzalez et al., 2004; Borja et al., 2019). Throughout the year,

the primary swell direction is from the NW, driven by the low-

pressure systems of the North Atlantic (typical winter wave field

distribution is represented by the WAM model on March 23, 2023,

in Figure 1). Seasonal variability characterizes the wave climate,

with relatively mild conditions during summer owing to the

extension of the Azorean anticyclone which buffers the intensity

of storms and extremely energetic conditions during winter
Frontiers in Marine Science 03
(Gonzalez et al., 2004). In fact, recent studies highlight the

significant increase of the winter-mean wave height and

variability over the last seven decades (Castelle et al., 2018). This

is demonstrated by the concatenation of extreme events during the

past years such as the Klaus storm (January 2009), which produced

significant wave height (hereinafter Hs) of 13 m and peak period

(hereinafter Tp) of 15 s at Bilbao-Vizcaya buoy (Lavaud et al., 2020),

and the Xynthia storm (2010), which generated storm surges up to

1.5 m or the highly energetic 2013/2014 winter, which recorded the

highest winter average wave height since 1948 (Masselink et al.,

2016). In the last few years, events with these characteristics have

generated wave overtopping of coastal structures in the study area

with damages and risk to structures and humans. Traditional in-situ

wave measurements are often damaged or they failure connectivity

during such important moments. High Frequency radars located in

the study area can help on the real time characterization of the

waves without data disruption especially during extreme events.

The historical measurements can also help on the characterization

and prediction of the increasing frequency and severity of these

extreme events.
3 Data and methods

3.1 Waves from the EuskOOS compact
HF radar

The EuskOOS HF radar network is a Seasonde® compact

CODAR system of high frequency radars, composed of two radio

stations (Matxitxako and Higer) which operate at a central frequency

of 4.46MHz, with an operational bandwidth of 30 kHz. In this study,

we use wave and wind data from each of the stations independently

(Table 1; Figure 1) in the period 2020-2022. HF radar radial data

cover a spatial range of up to approximately 180 km from the

coastline and provides information on surface currents, Hs, Tp and

wave direction (hereinafter Wdir). The network is equipped with

CODAR’s Radial Suite Release 8 update 5 software for radial and

wave data processing. As a component of JERICO-RI (https://

www.jerico-ri.eu/) the EuskOOS HF radar operates in accordance

with the best practices, standards, and recommendations outlined in

the JERICO-S3 project (see Solabarrieta et al., 2016; Mantovani et al.,

2020 and Rubio et al., 2018, for details). They are shared as part of

Copernicus Global Ocean- in-situ Near real- and delayed-time

surface ocean currents products (https://doi.org/10.48670/moi-

00041 & https://doi.org/10.17882/86236). The network has

provided surface current hourly data (with 3 hours rolling average)

since 2009, with some interruptions mostly due to maintenance stops

or malfunctioning related to severe atmospheric conditions. The

performance of this network for ocean currents measurements and

its potential for the study of ocean processes and transport patterns

have already been demonstrated by previous works (e.g., Rubio et al.,

2011; Solabarrieta et al., 2014; Solabarrieta et al., 2015; Solabarrieta

et al., 2016; Manso-Narvarte et al., 2018; Rubio et al., 2018; Rubio

et al., 2019; Manso-Narvarte et al., 2020; Rubio et al., 2020; Manso-

Narvarte et al., 2021; Ruiz et al., 2022). However, wave information

has so far remained unexploited.
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The EuskOOS compact HF radar stations, produce short time

CrossSpectra files (CSS) every 10 minutes. CSS measurements are site-

centred and include the information from ~5 km spaced circular range

cells (RC). These files are processed using the Seasonde® Radial Suite

R8u5 proprietary software, applying Pierson-Moskowitz model (Lipa

and Nyden, 2005) to the second order spectrum of the spatially

averaged wave parameters for a given range of RCs. RCs used in this

study were located between 10 and 25 km (RC2-RC5) as indicated in

Figure 1. SeaSonde HF radar wave data are typically stored in monthly

WVLM text files from each radial station. WVLM files are filtered

using all RCs and then averaged over time and range, producing hourly

wave parameters directly from the proprietary software. Those files also

include quality controlled hourly wave parameters and relevant QC

metrics, such as Spectra Counts, Doppler Bins and Vector Flags,

specifically used to discard or include data in the output quality-

controlled wave files. Only values that passed all the imposed QC

metric values by the software are available in the final WVLM text files

from each radial station. These values have been considered as hourly

wave parameters for this study. For further information on the waves
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retrieval files, the reader is referred to the CODAR support

documentation manual in www.support.codar.com, in Radial Suite 8

wave file format section (http://support.codar.com/Technicians_

Information_Page_for_SeaSondes/Manuals_Documentation_

Release_8/File_Formats/File_Wave.pdf) (accessed November

21, 2023).

At operational frequencies ranging from 3 to 10 MHz, HF radars

can measure longer waves with periods typically ranging from 5 to 20

seconds and wavelengths from 50 to 300 meters. These lower operating

frequencies enable extended range coverage but are not able to measure

lowHs waves. Due to this intrinsic limitation, for HF radar operating at

4.46 MHz, when the Hs is below 1.5 m, the second-order spectrum,

which has lower energy than the first-order one, approaches the noise

floor, and consequently, it is easily contaminated (Lipa and Nyden,

2005). As a result, sea states with Hs below 1.5 m from EuskOOS HF

radar cannot efficiently reflect the radar transmitted electromagnetic

signal and cannot properly be retrieved from the backscattered echo

(Wyatt and Green, 2009; Wyatt, 2011; Lopez et al., 2016). Maximum

Hs retrievable with 4.46MHz radars is 20m, which is out of the range of

expected Hs in the study area.
3.2 Waves from Bilbao-Vizcaya
offshore buoy

Bilbao-Vizcaya offshore buoy, integrated into the measuring

network of Puertos del Estado (http://portus.puertos.es), was

deployed in 1990 in the coastal waters of the SE BoB (Table 1;

Figure 1). It is a Seawatch directional buoy, with a diameter of 2.8 m

and anchored at a 600 m depth. It conducts measurements for 20

minutes each hour and provides hourly near real time wave

parameters (Hs, mean and peak wave period and direction),

extracted from directional spectrum [E(f, q)], as follows:
TABLE 1 Measuring system locations, network and data periods used in
this study.

Measuring
system

Location Network Data availability
for this work

Matxitxako HF
radar station

02°45.2’W,
43° 27.3’N

EuskOOS 2020-2022

Higer HF
radar station

01° 47.7’W,
43° 23.5’N

EuskOOS 2020-2022

Bilbao-
Vizcaya buoy

03° 2.81’W,
43° 38.70’N

Puertos
del Estado

2021-2022

Euskalmet
weather station

02° 45.816’ W,
43 26.25’N

EuskOOS 2021-2022
FIGURE 1

Location of Matxitxako and Higer HF radar stations (white filled dots), Bilbao-Vizcaya buoy (white filled square, and Euskalmet wind station (blue
triangle). Black inner circles represent the center of range cells (rings) RC2-RC5 for wave measurements by HF radar stations. Colored arrows over
the water area represent the significant wave height (Hs) from WAM wave model on March 23, 2023 (representative of typical winter wave field in
the study area).
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Fron
- Directional spectrum E(f , q) = S(f )D(q , f )
Where, D(q, f ) =   1

2p + 1
p  oM

n=1an   (f ) cos nq   +bn   (f ) sin

nq , and M=2 in case of a Pitch Roll buoy

- Significant Wave height: Hs = 4m
1
2
0 , mk = ∫∞f=0f

kS(F)df

- Mean wave period: Tm = m0=m1

- Peak period: Tp = 1=fp, S(fp) = maxf S(f )

- Mean wave direction: q1(f ) = atan2(b1(f ), a1(f ))
This buoy was selected for validation considering the location of

the HF radar stations (northwest from the two HF radar stations) and

its alignment with the prevailing wave direction within the study area.
3.3 Wind from Matxitxako coastal
meteorological station

Wind-fields were collected from Matxitxako meteorological

station (Table 1; Figure 1). This station is located at 433 m high,

and it is part of the hydro-meteorological network of the Basque

Country, which consists of more than 120 stations connected in

real-time. This station was selected after checking that direction

from observed wind-fields showed the best correlation to HF radar

wind direction measurements (extracted following Lipa and Nyden,

2005), when compared to simulated winds provided by available

meteorological models (e.g. the model from the Meteorological

Agency of Galicia close to Bilbao-Vizcaya buoy location).
3.4 Data analysis

Ocean-meteorological and environmental data collected during

2020, 2021 and 2022 underwent analysis and classification to

characterize the waves in the study area. 2022 was used as target

year for statistical analysis since it presented the highest data

availability from the HF radar and the offshore buoy. The

following data and parameters were used as foundational

background information to assess and optimize the HF radar data

processing configuration:

On one hand, the information on the coastline and bathymetry

in the measurements from HF radar: (i) Spatial coordinates of HF

radar measurements, (ii) HF radar operating frequency and (iii)

Antenna pattern used.

On the other hand, environmental and ocean-meteorological data

from in-situ sources (buoy and weather stations) within or near the HF

radar coverage area: (i) Spatial coordinates of the in-situ

measurements; (ii) Existing bathymetry and coastline in the

proximity of these in-situ measurements; (iii) Measurements of

significant height/peak swell, swell period, swell direction; (iv)

Measurements of wind direction and intensity; (v) Ocean-

meteorological data of waves (height, period, direction) and wind

(direction and intensity) provided by numerical models (e.g. CMEMS).

To validate and assess the wave retrieval capabilities of the

EuskOOS HF radar network, Hs, Tp and Wdir from the two HF

radar stations and from the Bilbao-Vizcaya buoy were compared on

a monthly basis. Monthly mean values of Hs were calculated for
tiers in Marine Science 05
Higer and Matxitxako HF radar stations and for Bilbao-Vizcaya

buoy. However, in calculating monthly means, only waves with

Hs>1,5m were included due to the limitations of the 4,46 MHz

radars for the retrieval of smaller waves. The statistics to analyze

and compare data were the following:

Considering two series of data, {X(ti); i= 1,…, N}, {Y(ti); i=1,

…, N},
- Mean Value of X time series: �X = oN
i=1

X(ti)

N

- Bias: bias =   �Y − �X

- Root Mean Square: RMSE =  
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oN

i=1
(Xi−Yi)

2

N

q

- Correlation Coefficient: r =   oN
i=1

((Xi−�X)   (Yi−�Y))ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oN

i=1
(Xi−�X)

2
p

 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oN

i=1
(Yi−�Y)

2
p  
Monthly winds from Matxitxako meteorological station were

plotted together with the wind direction from HF radar stations to

determine the local wind conditions throughout the year. HF radar

skills for waves retrieval in periods with different wind conditions

were also analyzed. Statistical comparisons were conducted to check

HF radar skills during specific wind directions, considering wind

sectors of 45 degrees.

Extreme wave events within the study area were defined as

instances where Hs measured by the buoy exceeded 4m for time

periods over 12h (Gorman, 2018). This threshold was applied to

showcase HF radar data available exclusively for periods when

Bilbao-Vizcaya buoy Hs > 4m.

Noise interferes widely in the quality and availability of the

wave data derived from HF radar technology. Since Matxitxako and

Higer HF radar stations experienced periodic high noise periods,

with an associated data availability decrease, a qualitative and

quantitative inspection of the wave data and spectra provided by

both stations were performed to assess the noise impact over the

wave dataset quality and availability.

4 Results

Wave data from EuskOOS HF radar network underwent

statistical analysis and later comparison with data from an in-situ

buoy. An analysis on a monthly basis was conducted, followed by

the analysis of extreme events. Moreover, the effect of different wind

and noise conditions on the data availability and accuracy

was undertaken.
4.1 Analysis of measured wave data

Monthly mean values of Hs were calculated for Higer and

Matxitxako HF radar stations and for the Bilbao-Vizcaya buoy in

2022 (Table 2). Results unveiled a clear seasonal cycle that peaks

during winter, especially in February and November. Bilbao-

Vizcaya buoy wave data represent the seasonal variations,

showing mild conditions during summer and extreme energetic

conditions during winter, as previously described by Gonzalez et al.,

(2004). The absolute minimum Hs for both HF radar stations
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andBilbao-Vizcaya buoy occurred in July. Hs monthly mean

values measured by Higer HF radar station (HS  Higer = 2.8m)

were higher than those provided by HF radar Matxitxako station

(HS  Matx = 2.18m) and Bilbao-Vizcaya buoy (HS  Buoy = 2.5m).

Higher values near Higer HF radar station can be related to the

local conditions of the data retrieval coverage area of the

station (Figure 1).
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Hs, Tp and Wdir measured by Matxitxako and Higer HF radar

stations and Bilbao-Vizcaya buoy have been plotted for each month of

2022. An illustrative example of February 2022, depicting data from

Matxitxako and Higer HF radar stations is presented in Figure 2.

Tables 3, 4 delineate the monthly statistical comparison

between Bilbao-Vizcaya buoy and both Matxitxako and Higer HF

radar stations during 2022, for Hs>1.5m. Overall, the buoy data

availability (86.4%) was higher than HF radar Matxitxako (60.31%)

and Higer (52.3%) stations, respectively. Concerning the Hs,

comparisons between Matxitxako HF radar station and Bilbao-

Vizcaya buoy (Table 3), show monthly r values up to 0.83 (and

typically over 0.6), except for January when there is a significant lack

of HF radar data (only 25.68% Matxitxako HF radar station

data availability).

In the comparison of Tp, r values vary between 0.34-0.90.

Conversely, Wdir comparisons show lower r values (0.07-0.4)

than these found for Hs and Tp, with very low minimum values

in some months (e.g. February, June, August and November).

Similarly, Higer HF radar station and Bilbao-Vizcaya buoy

comparison (Table 4) also shows r values up to 0.78 for Hs and up

to 0.85 for Tp. However, certain months present lower Hs r values, as

November, when very low buoy data availability existed, or July when

there was lowHF radar data availability. Wdir comparison shows again

low minimum values, as observed in Matxitxako HF station.
4.2 Performance of wave measurements
under variable noise conditions

Noise significantly affects both data availability and quality. For

2020-2022, monthly data availability values were plotted for all-day,
B C

D E F

A

FIGURE 2

(A, D) Hs, (B, E) Tp and (C, F) Wdir comparison for February 2022, between Bilbao-Vizcaya buoy and (A–C) Matxitxako HF radar station and (D–F)
Higer HF radar station. Black dots correspond to HF radars and red dots correspond to the Bilbao-Vizcaya buoy. Units are provided in the axis labels.
TABLE 2 Mean values of Hs>1.5m for Bilbao-Vizcaya buoy (referred as
“Buoy”) and HF radar stations (referred as Higer and Matx, for Higer and
Matxitxako HF radar stations, respectively) during 2022.

Month HS Buoy HS Matx HS Higer

Jan-22 3.15 1.70 3.44

Feb-22 3.40 3.15 3.73

Mar-22 2.78 2.64 3.33

Apr-22 2.31 2.11 2.50

May-22 1.84 1.97 1.94

Jun-22 2.00 2.10 2.39

Jul-22 1.69 1.80 1.95

Aug-22 1.83 1.43 1.75

Sep-22 2.50 1.60 1.94

Oct-22 2.08 2.33 2.50

Nov-22 3.43 3.54 4.37

Dec-22 2.21 2.17 3.05

2022 2.50 2.18 2.80
Bold values are for the whole 2022.
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night-time (6 p.m. to 6 a.m.), and day-time (6 a.m. to 6 p.m.) periods

(Figure 3). Clear differences are observed between day-time and night-

time (Figure 3) for the two HF radar stations. Data availability ranged

between 20% and 60%, reaching up to 80% by the end of 2021. Day-

time data availability ranges around 30-40% while night-time data

availability oscillates between 10% and 20%. Please note that lower data
Frontiers in Marine Science 07
availability observed in 2020 and 2021, compared to 2022, is partially

related to system failures.

SNR from the 3 loops reported by each antenna were plotted

(not shown) to understand the relation of the data availability and

noise. Daily noise level fluctuations were observed in the two HF

radar antennas, ranging from 0 to 70, with higher SNR during day-
TABLE 4 Data availability and statistical comparison of Hs>1.5m values for Bilbao-Vizcaya buoy and Higer HF radar station, during 2022.

Month
HF radar Higer
Availability (%)

Buoy
Availability (%)

Hs Tp Dir

bias RMSE (m) r Bias RMSE (m) r bias RMSE (m) r

Jan-22 42.32 100.00 0.08 1.25 0.78 -1.69 2.64 0.81 48.50 57.25 -0.23

Feb-22 78.62 96.41 0.22 0.80 0.79 -1.65 2.41 0.71 34.26 39.94 0.05

Mar-22 51.65 100.00 0.49 1.12 0.64 -2.22 2.97 0.46 29.78 40.21 0.01

Apr-22 50.36 99.71 0.33 1.00 0.76 -1.06 2.11 0.60 28.68 36.79 0.15

May-22 49.35 99.43 0.22 0.69 0.49 -0.39 1.30 0.84 36.87 43.00 0.54

Jun-22 57.10 99.71 0.32 0.87 0.50 -1.04 1.85 0.62 31.12 32.98 0.52

July-22 41.89 99.71 0.38 1.22 0.17 0.25 1.72 0.55 38.30 44.51 0.06

Aug-22 47.63 59.83 0.32 1.19 0.15 -0.50 1.21 0.85 43.22 49.29 -0.14

Sep-22 38.31 86.08 0.29 1.43 0.24 -0.79 2.45 0.19 25.75 28.83 -0.09

Oct-22 61.12 72.45 0.42 0.82 0.52 -0.99 1.49 0.78 29.60 32.88 0.28

Nov-22 76.04 10.33 1.17 2.28 -0.08 -1.55 1.81 0.85 -21.92 22.17 0.14

Dec-22 33.57 85.08 0.70 1.59 0.40 -1.41 2.10 0.58 24.24 36.81 0.46

2022 52.33 84.06 0.41 1.19 0.45 -1.09 2.01 0.65 32.69 38.72 0.15
frontier
Bold values are for the whole 2022.
TABLE 3 Data availability and statistical comparison of Hs>1.5m values for Bilbao-Vizcaya buoy and Matxitxako HF radar station, during 2022.

Month

HF radar
Matxitxako

Availability (%)
Buoy

Availability (%)

Hs Tp Wdir

Bias RMSE (m) r Bias RMSE (s) r Bias RMSE (°) r

Jan-22 25.68 100.00 -0.12 1.37 0.27 -0.37 1.78 0.85 46.06 63.31 0.41

Feb-22 88.38 96.41 -0.20 0.75 0.83 -1.61 2.22 0.79 24.97 37.37 0.04

Mar-22 61.98 100.00 -0.23 1.16 0.49 -2.71 3.71 0.34 34.99 50.02 0.20

Apr-22 63.99 99.71 -0.26 0.73 0.74 -0.56 2.34 0.55 27.80 38.50 0.51

May-22 54.95 99.43 0.10 0.71 0.58 -0.05 1.54 0.74 30.56 41.52 0.11

Jun-22 64.42 99.71 0.14 0.58 0.68 -0.51 2.14 0.45 21.92 32.96 0.04

Jul-22 56.53 99.71 0.01 0.63 0.50 1.03 2.28 0.48 37.41 49.73 0.16

Aug-22 70.01 59.83 0.05 0.53 0.81 0.26 1.58 0.72 35.43 45.88 0.05

Sep-22 46.48 86.08 -0.31 0.69 0.75 -0.70 2.21 0.54 33.20 51.41 0.20

Oct-22 60.55 72.45 0.37 0.83 0.55 -0.50 1.50 0.66 20.26 27.29 0.18

Nov-22 81.21 10.33 -0.22 0.84 0.67 -1.63 1.79 0.90 11.57 15.35 -0.07

Dec-22 49.50 85.08 0.19 0.90 0.64 -0.35 2.83 0.46 36.86 54.75 0.45

2022 60.31 84.06 -0.04 0.81 0.63 -0.64 2.16 0.62 30.09 42.34 0.19
Bold values are for the whole 2022.
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time and lower SNR during night-time. The 3 loops mean SNR for

day-time was 47 (41) and night-time 37 (35) for Matxitxako and

Higer HF radar stations respectively, showing 11-21% lower SNR

during night-time periods than day-time periods. Moreover, results

show that there is no wave data availability for SNR values below 30

for Matxitxako and Higer radar stations. Approximately 20% of the

night-time periods, SNR is below 30 in both HF radar stations,

explaining the data availability decrease observed in Figure 3. Only

5% of the time SNR are below this threshold during day-

time periods.

Hs correlations between the HF radar stations depending on SNR

intervals were computed for the whole 2022 year (Table 5). No

correlation decrease is observed for SNR over 40 values in

Matxitxako and Higer HF radar stations (r values around 0.62 to

0.92). Low correlation values are observed for data with SNR between

30-40 in Matxitxako and Higer HF radar stations. Although wave data

with SNR below the previous threshold only represent around 10% of

the whole extracted wave data, those results suggest not only wave data

availability decrease during noisy periods but also a small reduction in

data quality related to the lowest SNR values.

For intense noise periods, when data retrieval becomes not possible

(occurring 20% of the night-time periods), the interferences in the

received signal are easily visible in the spectra from the HF radar

stations and the patterns generated by the reflection of the emitted

signal become difficult to identify. Spectra from CODAR HF radar

contain three individual spectra, from two antennas and a monopole
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used for the detection of the incoming angle of the received signal

(Kohut and Glenn, 2003) (see examples in Figures 4, 5). Each spectrum

contains two main peak pairs (first and second order) in both left and

right side of the spectra, used for surface currents and wave

information retrieval, respectively (see Barrick, 1977). Visual

inspection of the spectra during systematically noisy and low noise

periods, identified by Figures 4, 5, showcase how high noise levels

prevent the correct detection of the second order peaks, which contain

the wave information. Figures 4, 5 show examples of the day-time

(clean) spectra on February 11, 2022, and nighttime (noisy) spectra on

February 10, 2022, respectively. The right side second order peaks are

clearly identified in Figure 4 (short light-blue peaks at the right side of

the right first order green peak) while the second order peaks are

shadowed by the interference noise in Figure 5 (just first order peaks

are identified, both in the left and right sides of the spectra). In both

cases, the first order peaks are clearly identified showing that the

current measurement, inferred from a much stronger signal in the

spectra, is not affected by the interference noise.
4.3 Differences between in-situ and HF
radar wave measurements under variable
wind conditions

Bias, RMSE and r values have been calculated for Hs, Tp and

Wdir, for 8 wind sectors of 45°, to investigate possible differences
BA

FIGURE 3

Day-time (6 a.m. to 6 p.m., red line) and night-time (6 p.m. to 6 a.m., black line) monthly data availability % from (A) Matxitxako HF radar station and
(B) Higer HF radar station, for 2020-2022. Blue line represents the whole data availability %.
TABLE 5 Correlation values between Bilbao Vizcaya Buoy and Matxitxako and Higer HF radar stations, for different SNR levels in 2022.

Matxitxako station Higer station

r Mean Hs Buoy mean Hs r Mean Hs Buoy mean Hs

30-40 0.183 3.19 2.075 0.280 3.404 2.320

40-50 0.773 2.31 2.337 0.815 2.530 2.283

50-60 0.844 1.818 2.028 0.928 2.245 2.307
Mean Hs values from HF radar stations and Bilbao Vizcaya Buoy are also included.
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for different wind directions (Table 6). Results for 2022 show Hs

correlation values around 0.80 for Matxitxako HF radar station and

around 0.7 for Higer HF radar station and similar results are

obtained for Tp. Overall, small but not significant differences are

observed for the different wind sections.

It is known that HF radar and in-situ wave data measurements

often reveal significant discrepancies under specific wind

conditions, although no significant differences have been

identified in Table 6 for specific angles. To delve deeper into this

investigation, monthly plots of wave height from Matxitxako HF

radar station and Bilbao-Vizcaya buoy, together with wind

direction from Matxitxako HF radar station vs. Matxitxako

meteorological station have been plotted to analyze the differences

observed under specific different wind conditions. Examples from

March 2021 in Figure 6 (northward winds and waves in same

direction) and from February 2021 in Figure 7 (southward winds

and waves in opposite directions), were examined to elucidate

these differences.

Figure 6 shows Hs and wind direction recorded during March

2021. Wave events with Hs>=5m occurred on March 14 and 27

(indicated with dashed blue vertical lines in Figure 6). These

occurrences coincided with predominant northern winds

measured by the Matxitxako meteorological station and by the

Matxitxako HF radar station. Figure 6A shows similar Hs

measurements from HF radar Matxitxako station and Bilbao-
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Vizcaya buoy on those two days, when both wave and wind

direction had the same main direction.

Figure 7 shows Hs and wind direction during February 2021. Hs

discrepancies are observed for example in Figure 7A on February 2nd

and 22nd (blue dashed vertical lines), between Matxitxako HF radar

and the Bilbao Vizcaya buoy. Similar situations have been observed in

other (not shown) months and they are related systematically to

periods when different wind conditions are measured by the HF radar

and the coastal Matxitxakometeorological station. In these situations,

wind conditions are spatially not uniform along the HF radar

measuring area and results suggest this has a direct effect on the

estimation of Hs.
4.4 Extreme events

The analysis of the HF radar capability in identifying extreme

events was made by comparing Hs, Tp, and Wdir for both

Matxitxako and Higer HF radar stations and Bilbao-Vizcaya buoy

through 2021 and 2022 (see examples for February 2022 in

Figures 8, 9). Monthly graphics indicate that as expected, the

extreme events occur predominantly from November to March

(figures not shown).

Throughout 2021 and 2022, the Matxitxako HF radar station

identified a total of 21 extreme events. The Hs exceeded 8 m for one
B

A

FIGURE 4

Day-time (6 a.m. to 6 p.m.) spectra maps from Matxitxako HF radar station at 12:00 (A) and 15:30 (B), in February 11, 2022. Lower spectra on each
(A, B) subplot, is from Loop 1, the middle spectra from Loop 2 and to upper spectra is from the Monopole antenna. Y axes show the range from
0-250 km.
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of these events (February 2021), 6 m during seven events and the

remaining events exceed 4m. The Wdir ranged between 270° and

350° being the most frequent around 300°. The Tp ranged between 10

and 18 seconds, which is consistent with the extreme events that

reach the Basque coast from the North Atlantic Ocean. Higer HF

radar station identified the same extreme events as in Matxitxako HF

radar station, showing lower Wdir variability in Higer HF radar

station than in Matxitxako HF radar station and Bilbao-

Vizcaya buoy.
5 Discussion

HF radars play a crucial role in the coastal ocean by offering

synoptic current and wave measurements across extensive areas in

near real-time. Integration of these measurements into numerical

models has the potential to greatly improve the accuracy of coastal

forecasts. Currently, HF radars are integral components of numerous

European Coastal Observatories, opening the possibility of

widespread distribution of wave data (alongside coastal surface

currents) through various channels in Europe, including

Copernicus Marine Services. Furthermore, they have the potential

to serve as a reliable complement to traditional wave monitoring

systems such as buoys and satellites, enhancing the overall wave

monitoring capabilities. Despite the utilization of HF radar wave data
Frontiers in Marine Science 10
spanning several decades, its operational availability for

complementing traditional wave datasets remains restricted due to

a range of limitations for the operational retrieval of accurate

measurement, especially for compact HF radar systems. It is

imperative to acquire a deeper comprehension of these limitations,

which are closely linked to geographical, physical, and environmental

conditions specific to each compact HF radar installation. The

analysis conducted here has contributed to this direction by

shedding light on the impact of wind and noise levels on the

reliability of wave measurements over a span of several years.

Comparisons conducted in 2022 between Matxitxako and Higer

HF radar stations and the Bilbao-Vizcaya buoy reveal monthly

mean values of r, up to 0.83 and RMSE mean values below 1m for

Hs comparison. However, this performance decreases significantly

in periods when the HF radar data availability is lower (e.g. January

2022) and in periods of unfavorable wind and noise conditions.

Those values align with previous studies using HF radar for wave

retrieval (e.g. Lipa et al., 2014; Atan et al., 2015; Bué et al., 2020).

Differences observed between HF radars and the Bilbao-Vizcaya

buoy are mainly related to different issues. On the one hand

challenges associated to the retrieval of wave data from the

spectra of the backscattered signal (limitations for waves with

Hs<1.5m related to the operating frequency and lower

performance under unfavorable noise conditions). On the other

hand, differences associated with the nature of the measurement
B

A

FIGURE 5

Night-time (6 p.m. to 6 a.m.) spectra maps from Matxitxako HF radar station (A) at 23:00 on February 10, 2022, and (B) at 02:00 on February 11,
2022. Lower spectra on each (A, B) subplot, is from Loop 1, the middle spectra from Loop 2 and to upper spectra is from the Monopole antenna. Y
axes show the range from 0-250 km.
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TABLE 6 Bias, RMSE and correlation (r) values of Hs, Tp and Wdir for Matxitxako and Higer HF radar stations and Bilbao Vizcaya Buoy, for 2022.

Matxitxako vs. Bilbao buoy

Hs Tp Wdir

2022 N Bias RMSE r Bias RMSE r Bias RMSE r

0°-45° 186 0.04 0.74 0.79 -0.06 1.94 0.78 38.57 51.77 0.07

45°-90° 418 -0.01 0.55 0.79 -0.08 2.28 0.62 31.38 45.61 0.24

90°-135° 461 -0.03 0.98 0.78 -0.69 2.21 0.64 29.68 44.43 0.24

135°-180° 412 0.02 0.85 0.80 -1.05 2.45 0.70 27.44 42.54 0.15

180°-225° 800 -0.19 0.85 0.79 -1.10 2.65 0.69 27.87 40.73 0.27

225°-270° 931 -0.03 0.89 0.69 -0.55 2.53 0.62 30.04 42.93 0.25

270°-315° 531 -0.07 0.57 0.78 -0.46 1.90 0.68 33.31 45.75 0.42

315°-360° 169 -0.08 0.58 0.85 -0.39 1.88 0.74 34.08 49.72 0.32

Higer vs. Bilbao buoy

Hs Tp Wdir

2022 N Bias RMSE r Bias RMSE r Bias RMSE r

0°-45° 155 0.35 0.86 0.74 -0.80 1.70 0.86 37.41 43.09 0.19

45°-90° 339 0.34 1.03 0.68 -0.85 1.79 0.77 33.01 38.82 0.03

90°-135° 424 0.23 0.77 0.77 -0.97 1.87 0.75 32.89 39.82 0.03

135°-180° 341 0.38 1.07 0.73 -1.31 2.31 0.75 34.33 43.19 -0.32

180°-225° 673 0.34 1.06 0.75 -1.64 2.60 0.72 31.51 37.24 -0.06

225°-270° 802 0.37 1.15 0.63 -0.73 2.01 0.76 30.36 37.58 -0.05

270°-315° 453 0.40 1.23 0.48 -0.66 1.49 0.80 31.59 38.07 0.39

315°-360° 135 0.49 1.20 0.58 -0.68 1.46 0.85 31.84 37.11 0.52
F
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N is the number of hours from each HF radar station used for comparison, during each month. 315°-360° and 0°-45° sectors represent winds from sea and 135°-180° and 180°-225° sectors
represent winds from land.
BA

FIGURE 6

(A) Wave height from Matxitxako HF radar station (black dots) and Bilbao-Vizcaya buoy (red dots) and (B) wind direction from Matxitxako HF radar
station (black dots) and Matxitxako meteorological station (red dots) in March 2021. Blue dashed lines mark March 14 and March 28 events.
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itself (spatial integration of wave HF radar data and pointwise

measurements of the offshore buoy) and the existing spatial

variability of the wave field along the RC, where we assume wave

spectra homogeneity for compact SeaSonde® HF radars.

The fact that the minimum Hs that can be measured by a radar

operating at 4.46 MHz is 1.5m (Lipa and Nyden, 2005) can explain

Hs differences measured by the HF radar when compared to the

buoy if all Hs ranges are considered (including Hs< 1.5 m, not

shown). During low energetic sea states the strength of the second-

order spectra can be very weak, and any spurious contributions to

the spectrum would have a significant impact on the ability of the

processing scheme to retrieve the correct Hs values.

Noise is a critical factor that interferes widely in the availability of

data and on its quality. In the case of Matxitxako and Higer both

stations suffer high periods of night-time noise. Noisy periods have

been identified based on the SNR from the HF radar station, from

approximately 6 p.m. to 6 a.m. (night-time) with high noise levels

(Figure 5) and low noise levels from 6 a.m. to 6 p.m. (day-time)

(Figure 4). This will affect data availability and quality during night-

time as seen in section 4.2. Noise is affecting data availability and
Frontiers in Marine Science 12
measuring values but also when interference is very significant, it may

directly not retrieve wave information. The origin of this intense

interference is still unknown. However, it seems to be local as it does

not affect to Galician HF radars (not shown) located in northwestern

Spain. We recommend doing further inspection of the data during

noisy periods before the data usage for both operational and post-

processing purpose of EuskOOS HF radar network.

Tp, and Wdir r values span between 0.34-0.85 and 0.04-0.54,

respectively. The lower r values observed for Tp and Wdir can be

related to the contribution of the errors associated with the definition of

the dominant characteristics of the waves during bimodal sea states. In

these situations, big errors are common when comparing different

datasets (Cahill and Lewis, 2014) and the differences in the

methodology used in this study between the two measuring systems

can increase the discrepancies. Consequently, the values of direction

measured by the buoy and the HF radar should be seen as a whole,

ensuring that both, compact HF radar stations and Bilbao-Vizcaya

buoy measure on the same range of Wdir values. This is the case for

this study, where HF radar stations and buoy present values between

250° - 360° (Figures 8C, 9C).
BA

FIGURE 7

(A) Wave height from Matxitxako HF radar station (black dots) and Bilbao-Vizcaya buoy (red dots) and (B) wind direction from Matxitxako HF radar
station (black dots) and Matxitxako meteorological station (red dots) in February 2021. Blue dashed lines mark February 2nd and 22nd events.
B CA

FIGURE 8

(A) Hs, (B) Tp and (C) Wdir during extreme events (Hs> 4m) from Bilbao-Vizcaya buoy (red dots) and Matxitxako HF radar station (black dots) for
February 2022.
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Hs, Tp and Wdir values present also differences between both HF

radar stations (Matxitxako and Higer). These differences are related to:

(i) themeasuring location of Bilbao Vizcaya buoy and the covering area

of the RCs from Matxitxako (closer) and Higer (no overlapping area)

stations; (ii) both HF radar stations are measuring slightly different

wave conditions, as they are set up in different coastal locations. In fact,

there is a larger (smaller) bathymetry steepness in Matxitxako (Higer)

which may explain the lower (higher) measured wave heights (to be

further investigated); and (iii) they are under environmental (noise and

wind) conditions that can present spatial variability.

Spatial heterogeneity in wind conditions can also generate

differences between HF radar and in-situ measurements. Results in

section 4.3 show that there are no significant differences for different

wind direction sections when spatially homogeneous winds affect the

study area. It has also been shown how wind can affect the HF radar

measurements and originate significant differences in the Hs

estimation, when comparing the two measuring systems in

presence of local non-homogeneous wind conditions. The area

monitored by Matxitxako and Higer HF radar stations can reach

~50 km in length and ~25 km wide. Results suggest that Matxitxako

HF radar station is highly influenced by local winds from land due to

its geographical position. We have noted that swell and wind-waves

with opposite directions (influence of local wind), can interfere in

data quality. This should be taken into consideration in other

SeaSonde® HF radar networks too, when local winds (not covering

the whole HF radar footprint) are present. Depending on the

direction and intensity, wave local conditions could spatially vary,

and this variability can be as high as the variability of the wind

direction and intensity. Since compact SeaSonde® HF radar stations

will always measure the most energetic signal, either from swell or

wind-waves, in bi-modal seas, swell conditions can be missed by the

radar in case of an intense wind-wave field. The buoy will measure

the full wave movement, whether it is swell or wind-waves or both

mixed. If the buoy is quite far from the HF radar station, this

difference can be more noticeable. The discrepancies found in this

work between HF radar and buoy measurements do not demonstrate

unavailability or malfunctioning of any of these instruments, but the

consequence of the different nature of the measurements made by

them. This highlights the importance of understanding the physical

processes behind the measured variability. We recommend analyzing
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the performance of the HF radar system under different wind

conditions. Further analysis is required to understand the

mechanism under the underestimation or overestimation of Hs

from the analyzed HF radar observed in spatially non-uniform

wind conditions. The influence of the fetch and wind duration

have not been analyzed in this work because due to the

geographical location and configuration of the study area, waves

may only be limited by fetch or wind duration during marginal time

periods. But those factors should be considered and analyzed in other

areas with different geographical configurations.

Monthly analysis of the extreme events for 2021-2022 (section 4.4)

shows that the extreme events from HF radar occur during winter

months, mainly February, March, and April, also observed by the

Bilbao-Vizcaya buoy and as previously described in the study area

(Gonzalez et al., 2004). The fact that both Matxitxako and Higer HF

radar stations identify previously known extreme events features,

together with the good agreement with the Bilbao-Vizcaya buoy

suggest that EuskOOS HF radar network is capable of measuring sea

states during extreme events. This is especially interesting as extreme

event periods are when in-situ instruments usually suffer technical

problems, being at the same time less accessible, which leads to longer

periods with no data. Further work should include the analysis of the

whole available wave time series from the EuskOOS HF radar data for

the characterization of changes in the extreme wave regime and its

variability. In the EuskOOSHF radar network, sea states with Hs<1.5m

occur commonly in the study area (according to the Bilbao-Vizcaya

buoy), this in turn limits the use of the HF radar for the

characterization of less energetic sea states.

The analysis of the EuskOOS HF radar network capabilities for

wave data retrieval under different conditions conducted in this

paper allowed us to extract some key points to be taken into

consideration for more accurate wave retrieval from HF radars:
- HF radar measurements performance for low/high Hs

waves depend on their operating frequency and should be

taken with caution during the QC process. For this reason,

we recommend checking the limitations of the HF radar

configuration to find the min/max Hs limits of the

operating frequency and comparing these values with the

Hs range values expected in the study area.
B CA

FIGURE 9

(A) Hs, (B) Tp and (C) Wdir during extreme events (Hs> 4m) from Bilbao-Vizcaya buoy (red dots) and Higer HF radar station (black dots) for
February 2022.
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- An interference and noise analysis in the frequency range of

operation of the HF radar in the study area should be done

if wave data from the HF radar want to be exploited. The

best scenario will be to analyze the noise levels prior to the

installation of any new system, to avoid interferences that

could make wave data retrieval impossible. Note that the

origin of the interferences can be environmental or human

source, and as shown in this contribution it can be strongly

variable with time. For the installed HF radar scenarios,

SNR should be analyzed to quantify and understand the

existence of noise in each HF radar station and its affection

to data quality and availability.

- Wind affects waves, and local wind spatial variability can

create differences in the data retrieval from different

measuring systems, such as buoys and HF radars. A deep

analysis of local wind effects on the wave field is

recommended prior to the analysis of HF radar wave data

against in-situ measurements.
The combination of all the previous conditions should enhance

the reliability and performance for the wave’s retrieval from

SeaSonde® HF radars and optimize the installation and

maintenance of new HF radars for wave retrieval during specific

wave/wind/noise conditions.
6 Conclusions

An assessment of the wave measurement capabilities of the

EuskOOS HF radar network has been conducted, identifying the

key variables that need to be considered when determining reliable

operational periods. Statistical validation and comparison analysis of

the HF radar performance for wave measurement versus in-situ data

(from the Bilbao-Vizcaya buoy) have demonstrated the performances

of the HF Radars for the characterization of seasonal variability of the

Hs and Tp (with much lower performances for Wdir) in the SE Bay

of Biscay; with values in agreement to independent in-situ data and

those that can be found in the literature about compact HF radar

systems. The best correlations are obtained for homogeneous wind

and favorable noise conditions. Matxitxako and Higer HF radar

stations showed as well good performance for the identification of

extreme events, also identified (with similar Hs and frequency) by the

in-situ buoy, which reveals the advantage of this technology

comparing to the problems and data availability decrease of in-situ

instruments during such extreme events. The measurements in

Matxitxako and Higer HF radar stations also accounted for the

spatial variability of the wave field in the area. Noise influence on

the quality of waves retrieval of the EuskOOS HF radar network was

also analyzed. High interference and noise detected during night-time

were observed to significantly reduce the availability and (to a lesser

extent) the reliability of the wave data. The importance of wind on the

HF radar measurements was also highlighted, as the wind directly

affects the waves and their characteristics and can explain differences

observed between in-situ and radar measurements for SeaSonde®HF

radars. Gaining a comprehensive understanding of the limitations

associated with accurate retrieval of wave data from HF radars,
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including factors related to geographical, physical, and

environmental conditions, is crucial for enhancing their reliability.

This understanding enables informed decisions regarding the optimal

location and configuration of new and existing radar installations,

ultimately boosting their operational availability for effectively

complementing standard wave data measurements.

Finally, this analysis and the obtained conclusions will be useful

for the historical wave data analysis (2009-nowadays) in the study

area. The analysis of the evolution of extreme events will specially be

interesting to see the increase of the extreme events, both in

magnitude and frequency, that is happening not only in the Bay

of Biscay but also worldwide.
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