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ABSTRACT ARTICLE HISTORY
A long-term multi-parameter skill assessment of a 5-MHz Coastal Received 3 June 2018
Ocean Dynamics Applications Radar (CODAR) SeaSonde High- Accepted 21 April 2019
Frequency radar (HFR) network deployed along the Galician
Coast (NW Iberian Peninsula) was attempted for 2014-2016. To
this aim, wave estimations from two HFR sites, obtained directly by
the CODAR radar proprietary software, were independently vali-
dated against hourly in situ observations from two moored buoys
for two different periods. The accuracy assessment of significant
wave height (Hs) revealed a consistent agreement with Pearson’s
correlation coefficients (r) above 0.75 and normalized root mean
squared errors below 0.4. An overall slight overestimation of H;
radar estimations was evidenced, likely due to spurious contribu-
tions to the directional spectra. The seasonal analysis revealed that
the performance of this low mono-frequency radar was more
precise for high-sea states during wintertime, whereas the quality
and availability of radar data decreased under summer less ener-
getic conditions, in accordance with previous works. In the case of
the centroid wave period, HFR performance was consistent
through the different years, with r values emerging in the range
of 0.61-0.74. The directional accuracy was moderately good, with
NW and W-NW as predominant sectors. Despite r values above
0.74, a tendency for CODAR HFR-derived incoming mean wave
direction to be aligned more perpendicular to the coast compared
to offshore in situ data was also observed. Furthermore, the rela-
tionship between the North Atlantic Oscillation (NAO) and HFR
wave estimations was explored. A subtle but statistically signifi-
cant connection was found, with H; and centroid wave period
being positively correlated with NAO daily index.
Complementarily, the skill of the Galician HFR system was evalu-
ated under positive and negative NAO conditions in order to
elucidate whether the radar accuracy is or is not NAO-phase
dependent. No substantial differences could be found for each of
the three parameters analysed as HFR accuracy remained mostly
unaffected by swings in the NAO index. Finally, it can be con-
cluded that properly treated CODAR radar-derived wave estima-
tions can be potentially employed for operational coastal
monitoring across a wide range of sea states.
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1. Introduction

Single-point in situ marine devices present some instrumental limitations in terms of
spatial resolution and areal coverage and are also subject to costly repairs. For this
reason, noticeable efforts have been devoted over the last decades to the development
of alternative land-based remote-sensing techniques such as High-Frequency radars
(HFR). This consolidated cost-effective technology is based on measurements of the
radiowave-backscattered signal from ocean surface gravity waves in the 3-30 MHz range
of the electromagnetic spectrum along with the subsequent analysis of the Doppler-
shifted echoes (Crombie 1955; Prandle 1991). HFR systems have proved their capability
to provide reliable directional wave and wind information along with surface current
vector maps in the near real time for a variety of temporal scales and spatial resolutions
(Graber and Heron 1997; Fernandez et al. 1997; Barrick 1977; Barrick, Evans, and Weber
1977). As a consequence, the HFR network has grown worldwide rapidly, becoming an
essential component of coastal ocean observation systems (James et al. 2019; Rubio
et al. 2017; Quentin et al. 2017).

According to the methodology used to isolate the ocean sector where scattering
occurs, HFR systems can be differentiated into two major types: i) beam-forming radars,
which electronically point linear phased arrays of receive antennas toward a sector of
the ocean; and ii) direction-finding radars, which measure the return signal continuously
over all angles, exploiting the directional properties of a collocated three-element
receive antennae system and the Multiple Signal characterization (MUSIC) algorithm
(Schmidt 1986) in order to determine the direction of the incoming signals. Whereas
Pisces (Shearman and Moorhead 1988) belongs to the first type, Coastal Ocean
Dynamics Applications Radar (CODAR) systems (Barrick, Evans, and Weber 1977) and
Ocean State Monitoring and Analysing Radar (OSMAR-S) systems (Zhou, Roarty, and Wen
2015) are direction-finding radars. On the other hand, the WEllen RAdar (WERA) systems
(Gurgel et al. 1999) has both phased-array and direction-finding options.

Robust surface current measurements can be derived from the Doppler shift of the
dominant first-order peak in the radar echo spectrum (Crombie 1955). Wind measurement
requires a mix of first- and second-order information (Wyatt 2018; Wyatt et al. 2006). The
directional wave spectrum and derived parameters such as local significant wave height,
centroid wave period and mean wave direction can be determined from the
weaker second-order sea-echo Doppler spectrum by adopting two main approaches: full
integral inversion or fitting with a model of ocean wave spectrum (Lipa and Nyden 2005).
A variety of inverse techniques have been developed over the last years (Barrick 1977;
Wyatt 1990; Hisaki 2006). Direction-finding HFR systems provide wave measurements at
specific ranges (assuming the homogeneity over the whole of each range), whereas
phased-array HFR systems estimate wave maps with similar spatio-temporal resolution
as for current measurements.

The second-order scattering-based methods significantly rely on the echo quality
which varies with sea state (Wyatt et al. 2005). Since the wave data is dependent upon
the occurrence of both Bragg and larger surface gravity waves, there is a minimum
threshold for sea states in which reliable wave parameters can be determined. Below
such sensitivity threshold, the lower-energy second-order spectrum is closer to the noise
floor and more likely to be contaminated with spurious contributions that might result
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in wave height overestimation or limited temporal continuity in wave measurements
(Lipa and Nyden 2005; Tian et al. 2017; Lipa et al. 2018). During extreme weather events,
there is also a limiting factor for HFR accuracy as the wave height increases and exceeds
the saturation limit defined (on an inverse proportion) by the radar transmit frequency. If
the radar spectrum saturates, the first-order peak merges with the second-order one and
interpretation of the spectra becomes impossible with existing methods (Forney, Roarty,
and Glenn 2015). In this context, recent efforts have focused on the improvement of
multiscale wave height estimation for highly variable sea states by using dual-frequency
HFR systems (Wyatt and Green 2009; Tian, Wen, and Zhou 2014) or by extracting wave
information directly from the first-order Bragg peaks (Zhou and Wen 2015) in order to
overcome the wave height limitation at single-frequency and to better measure low and
moderate waves, respectively.

Wave measurements derived from HFR have a broad range of potential applications
and can be used as input data for numerical models validation (Lorente et al. 2017;
Saviano et al. 2017) or assimilation into wave models such as Simulating WAves
Nearshore (SWAN; Siddons, Wyatt, and Wolf 2009) or high-resolution coastal
Wavewatch Ill (Waters et al. 2013). They can be also employed to determine a reliable
figure for available resource with regard to wave energy harvesting (Atan et al. 2016a;
Ramos, Graber, and Haus 2009) or the analysis of extreme wave height events (Atan
et al. 2015, 2016a; Lorente et al. 2018).

In order to infer how much confidence can be placed in wave parameters provided by the
present CODAR SeaSonde HFR system, their consistency and accuracy must be assessed by
means of rigorous validation studies. Previous experiments, listed in Table 1, included compar-
isons against in situ wave measurements over a variety of regions (Alfonso, Alvarez-Fanjul, and
Lopez 2006; Long et al. 2011; Toro et al. 2014; Gdmez et al. 2015; Atan et al. 2015; Lopez, Conley,
and Greaves 2016; Orasi et al. 2018). Regardless of both the manufacturer and the methodol-
ogy used to determine wave parameters, the positive contribution of commercial HFR systems
to retrieve realistic wave information has been unequivocally proven. The primary goal of this

Table 1. Review of previous studies about validation of High-Frequency radar (HFR) derived wave
height (H;) data against in situ observations. The manufactures (HFR type) and operating frequency
are provided. Skill metrics obtained during the studied period included root mean square error
(RMSE) and Pearson’s correlation coefficient (r). Note that in the case of the phased-array systems
mentioned here a number of different inversion methods have been used.

Skill metrics (H,)

Freq. Period RMSE
Reference (year) Brand HFR type (MHz) (months) (cm) r
Alfonso, Alvarez-Fanjul, and Lépez CODAR  Direction- 4.86 3 69-89  0.89-0.94
(2006) finding
Wyatt et al. (2006) Pisces Phased array 5-15 3 27-49  0.72-0.90
Wyatt, Green, and Middleditch (2011) Pisces Phased array 7-12 4 45 0.91
Long et al. (2011) CODAR  Direction- 12-13 15-26 46-77  0.85-0.91
finding
Toro et al. (2014) WERA Both 16.3 3 24-39  0.73-0.95
Gomez et al. (2015) WERA Both 12 6.5 40-69  0.78-0.92
Atan et al. (2015) CODAR  Direction- 25 3 29-40 0.69-0.84
finding
L6pez, Conley, and Greaves (2016) WERA Both 12 5 29-52  0.88-0.95
Zhou, Roarty, and Wen (2015) OSMAR- Direction- 13 3 77-93  0.67-0.74

S finding
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paper is to conduct a long-term skill assessment of CODAR SeaSonde HFR-derived wave
parameters in the Galician coast (NW Iberian Peninsula, Figure 1). This region is strongly
influenced by mid-Atlantic low-pressure systems with periodic passage of storms that give
rise to severe sea states. Therefore, a comprehensive characterization of the wave field is critical
for both marine safety and coastal engineering. To this aim, two independent validation
exercises with two HFR sites have been performed for different periods using as benchmark
quality-controlled hourly in situ wave measurements provided by Silleiro and Vilan moored
buoys, hereafter referred as to B1 and B2, respectively (Figure 1(a)). The purpose of this paper is
not to intercompare the two HFR sites but rather to evaluate the accuracy at each site on
a seasonal basis since low mono-frequency radar systems are expected to be more adequate
to properly monitor winter high waves than summer low-moderate waves, as previously
reported by Wyatt and Green (2009) and Tian, Wen, and Zhou (2014). Within this context,
a detailed quantification of the precision loss is highly required.

The present study builds on previous validation works carried out with the HFR
network (Figure 1(b)) operated by Puertos del Estado (Lorente, Piedracoba, and Alvarez-
Fanjul 2015; Lorente et al. 2016). Whilst a preliminary 4-month (November 2005 -
February 2006) accuracy assessment of HFR-derived wave data was conducted by
Alfonso, Alvarez-Fanjul, and Lopez (2006), the present research considers a much longer
period (2014-2016) and provides a deeper insight. To our knowledge, only a few studies
have previously dealt with long time series of HFR-derived wave parameters (Saviano
et al. 2019; Atan et al. 2016a; Long et al. 2011; Wyatt et al. 2006). Within this context, an
additional objective is to assess the annual and seasonal wave characteristics and the
related temporal variability under different sea states and coastal configurations.

The wintertime variability of the North Atlantic cyclonic activity is primarily modulated by
the North Atlantic Oscillation (NAO). Since the influence of NAO on waves along the Atlantic
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Figure 1. (a) General area of study and HF radar coverage area: cells emerge concentrically from
each radar site. Locations of Silleiro buoy (B1, 45 km far from shore), Vilan buoy (B2, 37 km far from
shore) and four radar sites (Sill, Fini, Vila and Prio) are marked with a filled dot and squares,
respectively. Bathymetric contours show depths at 400 and 1500 m. (b) HF coastal radar network
managed by Puertos del Estado, INTECMAR and Instituto Hidrografico de Portugal.
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coast of Europe is particularly strong in wintertime (Atan, Goggins, and Nash 2016b;
Martinez-Asensio et al. 2016), this relationship has been also explored by comparing the
daily NAO index with remote-sensed HFR wave estimations. While the NAO has a major
impact on northern latitudes, its influence on the inter-annual variations of wave height is
more subtle in the Iberian Peninsula (Castelle et al. 2017). Therefore, capturing the NAO
signal in HFR-derived measurements is particularly challenging in the Galician coast. In this
ling, it is also relevant to evaluate if HFR performance is NAO-phase dependent or by
contrast its overall accuracy remains unaffected by swings in the NAO index.

2. Instrumentation and methods
2.1. Buoy setup

The HFR footprint overlooks two deep ocean Seawatch buoys operated by Puertos del
Estado since 1998 and moored in the north-western waters of the Iberian Peninsula
(Figure 1(a)), just in the edge of the continental shelf: B1 (42°7°12'N, 9°2624"'W,
600 m depth) and B2 (43°30°N, 9°13°12"" W, 386 m depth).

Hourly-averaged quality-controlled measurements of significant wave height (Hy),
wave period at spectral peak (or peak period), and mean wave direction were provided
by a directional Waverider sensor. The quality control, defined by the CMEMS in situ
team (Copernicus Marine In situ Team 2017), was based on a battery of automatic checks
performed in real time to flag and subsequently filter inconsistent values. Some of the
tests are listed in Table 2.

Finally, it is also worthwhile mentioning the intrinsic uncertainties related to the in situ
sensors: the instrumental error was below 0.5% of measured H; values after calibration,
according to the manufacturer. B1 presented some occasional gaps in the wave data supply
during spring-summer 2015 (Figure 2(a)). The rest of the 3-year study period the data provision
was almost 100%. B2 buoy had a more erratic performance in terms of data availability, which
generally fluctuated between 60%-100% during 2014 and 2015 years (Figure 2(b)).

2.2. Climate indices

The NAO index refers to changes in the atmospheric sea level pressure difference between
the Azores and Iceland (Hurrel 1995). Daily climate indices associated with the NAO and
spanning the 3-year period (2014-2016) were freely downloaded from the National Oceanic

Table 2. Automatic quality-control checks defined by the Copernicus Marine In situ Team and
performed in real time to in situ wave measurements.

Check Description

Global range test  Gross filter based on observed values for waves. It needs to accommodate all of the expected
extremes encountered in the study region.

Spike test Based on the difference between sequential measurements. For the significant wave height,
wave period and wave peak period, a value is flagged when the difference exceeds 3 m, 4
s and 15 s, respectively, for the Atlantic ocean.

Stuck value test A wave parameter should not remain in the same value for more than 12 hours with more than
50% of data not null and valid.

Rate of change in  Based on the difference between the current value with the previous and next ones.

time
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Figure 2. (a) Data supply (in percentage) of significant wave height on a quarterly and annual basis
during 2014-2016: B1 buoy availability (blue column), HFR availability (Sill site, red column) and
concurrent time periods (green column). (b) Data supply (in percentage) of significant wave height
on a quarterly and annual basis during 2014-2015: B2 buoy availability (blue column), HFR
availability (Vila site, red column) and concurrent time periods (green column).

and Atmospheric Administration (NOAA) Climate Prediction Centre (http://www.cpc.ncep.
noaa.gov/products/precip/CWlink/pna/nao.shtml). The daily NAO index is constructed by
projecting the daily (00Z) 500 mbar height anomalies over the Northern Hemisphere onto
the loading pattern of the NAO and then normalized by the standard deviation of the
monthly NAO index from 1950 to 2000.

2.3. High-frequency radar set up

The CODAR SeaSonde long-range 5-MHz HFR system used in this work was deployed in Galicia
in November 2004. It is composed of four sites from south to north (Figure 1(a)): Silleiro (Sill)
and Finisterre (Fini), operated by Puertos del Estado; Vilan (Vila) and Prior (Prio), operated by
Instituto tecnoloxico para o control do medio marifio (INTECMAR). Each single radar site is
configured to estimate both radial currents moving towards or away from the site and waves.
Each site operates at a central frequency of 4.86 MHz, providing current vectors which are
representative of the upper 2 m of the water column. The maximum horizontal range is set to
200 km, and the nominal range and angular resolutions are 5.1 km and 5°, respectively.

HFR wave parameters included significant wave height, centroid wave period and mean
wave direction. Such data were retrieved from five individual range cells, 5.1 km wide, which
extended radially from an origin at the onshore radar site of Sill —42.°6'N, 8°53"24""W- (Vila
—43°9'36"'N, 9°1236"'W-) to a distance 25.5 km offshore. As previously stated, homogeneity
over the whole of each range is assumed in CODAR Seasonde HFR systems.


http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
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The outermost HFR radar range cell (cell 5) of Sill and Vila radar sites (Figure 1(a)) was
selected to perform an independent comparison against B1 and B2 buoys, respectively, as it
presented the highest percentage of captured data. Since B1 (B2) buoy is 45 (37) km from
shore, we can derive that remote-sensed wave estimations are representative of a region 20
(12) km from the B1 (B2) buoy, setting up the context for the discussion of results. The wave
parameters used in this study, based on 30 min averaged backscatter data, were obtained
directly by the CODAR radar proprietary software (SeaSonde Radial Suite: Release 6, update 5)
which performs a least squares fitting technique between the second-order radar spectrum
and a Pierson-Moskowitz with cardioid directional function model. Wave data were collected
from 1 January 2014 to 31 December 2016 (2015) in the case Sill (Vila) site. HFR data were
subsequently subsampled at 60-min interval in order to provide consistency in the temporal
resolution of the data for validation and analysis. In this framework, the quality control used for
the in situ wave observations was also applied to CODAR HFR-derived estimations.

Wave data supply from Sill site was irregular during 2014-2016 (56%, Figure 2(a)), with
a maximum (minimum) around 80% (30%) during wintertime (summertime), giving evi-
dence of the existence of a minimum threshold for sea states in which reliable wave
parameters can be derived. The 3-year time-averaged data availability was around 57%
for this site. In the case of Vila site, data provision was significantly limited during
2014-2015, ranging from 5% (summer 2014) to 60% (winter 2014), with a rather poor
20% of overall availability for a 2-year study period (Figure 2(b)). It is worth mentioning
that during part of the study period, this radar site operated freely as it could not be properly
maintained due to severe economic restrictions. In addition, its radar band was occasionally
congested with industrial interferences, which constituted the main source of error and
gave rise to noisy HFR wave estimations, as observed in early February 2014 (Figure 3(b)).
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Figure 3. Three-month validation of hourly significant wave height estimations provided by High-
Frequency radar (red line) against in situ observations (blue line). (a-b) Sill radar site against B1 buoy:
time series comparison and best linear fit (red line) of scatter plot, respectively; (c-d) Vila radar site
against B2 buoy: time series comparison and best linear fit (red line) of scatter plot, respectively. Skill
metrics are gathered on the right. N represents the number of hourly observations. Dashed black
lines represent the result of perfect agreement with slope 1.0 and intercept 0.
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2.4. Wave parameters validation

The HFR-buoy agreement has been evaluated by means of time series comparison and
the subsequent computation of a set of statistical metrics: histograms, bias, Root Mean
Squared Error (RMSE), RMSE normalized by the mean of the observed data (RMSEy),
Pearson’s correlation coefficients (r), quantile-quantile (QQ) plots, the best linear fit of
scatter plots and wave roses. All correlations cited in the manuscript were significant at
the 90% confidence level (Emery and Thompson 2001, p. 253) unless otherwise indi-
cated. Annual and quarterly results have been gathered in Taylor diagrams (Taylor 2001),
which provide a concise statistical summary of the accordance between both data sets.
In terms of characterizing wave height events, we adopted the criterion defined by Atan
et al. (2015) where high (extreme) H; events occur between the 90" and 99" (99" and
100”‘) percentiles; hereafter, referred to as P90-P99 (P99-P100), respectively. In order to
conduct the preliminary skill assessment, the radar range cell geographically closest to
each buoy location was selected for each HFR site (Figure 1(a)) and hourly estimations at
the selected Sill (Vila) cell were compared with in situ data from B1 (B2) moored buoy.
The 3-month wintertime (JFM) comparisons reveal the significant skill of both Sill and
Vila radar sites (especially the former), with moderate RMSEy, (around 0.20) and r values
above 0.90 (Figure 3). The HFR system appears to properly capture the main peaks of H
(above 10 m). Equally, the slope and intercept values derived from the best linear fit are
close to 1 and O, respectively. According to these preliminary results, which are in line
with previous validations reported elsewhere (Long et al. 2011; Atan et al. 2015; Lépez,
Conley, and Greaves 2016), we can state that HFR performance seems to be rather
consistent and within tolerance ranges. Therefore, it might act as a useful ancillary tool,
especially in locations where in situ measuring devices cannot be deployed (such as
harbour entrances) or when in situ wave observations are temporarily unavailable, as
occurred with the B2 buoy during February 2014 (Figure 3(b)).

3. Results and discussion
3.1. Significant wave height

In this section, a long-term skill assessment has been conducted to infer the overall
accuracy of CODAR HFR-derived estimations of Hs. There is a reasonable similarity
among Sill radar site and B1 buoy hourly observations for the selected 3-year period
(Figure 4(a)). This statement is supported by the skill metrics gathered on the right side,
with an RMSEy of 0.27 and r above 0.8. The main wintertime H, peaks, which lie in the
range 6-12 m, are fairly well captured despite some occasional and time-limited gaps in
the time series. According to the negative bias, HFR seems to slightly overestimate the
wave height across a wide range of sea states.

The 2-year time series comparison of Vila site and B2 buoy reveal significant gaps in
the data provision (Figure 4(b)), with only a 20% of available concurrent data (Figure 2
(b)). The radar site exhibits some spike-like fluctuations and an Hs overestimation in high
sea-states, especially during February 2014 and winter 2014-2015, as reflected by higher
than expected RMSE and RMSEy. Although r value is still satisfactory (0.75), it is reason-
able to assume that the discriminating algorithm defined in the quality-control protocol
(Table 2) should impose tighter thresholds for this radar site. However, the main
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Figure 4. Validation of hourly significant wave height estimations provided by High-Frequency radar
(red line) against in situ observations (blue line) for the period 2014-2016. (a) Sill site against B1
buoy; (b) Vila site against B2 buoy. Skill metrics are gathered on the right. N represents the number
of hourly observations.

drawback lies with the potential removal of accurate data and the reduction of the
already time-limited data availability. Notwithstanding, the r values obtained for both
radar sites are in accordance with previous results reported in the literature (Table 1) and
also in line with the skill metrics described by Alfonso, Alvarez-Fanjul, and Lépez (2006)
with the same HFR system, taking into account that here a longer time period was
considered.

Additional statistical indicators have been computed and illustrated in Figure 5.
A histogram, showing the number of hourly Hs observations per class interval (Figure 5
(a)), exhibits a Rayleigh-like distribution clustered around 3.5 m mean (Sill site) and slightly
shifted to lower values in the case of B1 buoy (3.14 m). Both datasets show similar positive
skew and variability, with the standard deviation emerging in the range 1.35-1.53 m for
the 2014-2016 period. The results derived from the best linear fit of scatter plot show that
the slope is close to 1 and the related coefficient of determination R? (0.73) is significantly
high (Figure 5(b)). Based on the QQ plot (Figure 5(c)), it can be concluded that Sill wave
height estimations are consistent despite the slight overestimation observed for high-sea
states, especially for extreme H, events (99™"-100'" percentiles).

The 2-year comparison of Vila site and B2 buoy wave height estimations shows similar
results for the histogram (Figure 5(d)). The scatter presents higher dispersion and lower
(but still statistically significant) R? (0.56), despite the robust parameters derived from the
best linear fit: the slope and intercept are close to 1 and 0, respectively (Figure 5(e)).
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Figure 5. Histogram, best linear fit (red line) of scatter plot and QQ plot of significant wave height:
(a-c) Sill radar site against B1 buoy, for the period 2014-2016. (d-f) Vila radar site against B2 buoy,
for the period 2014-2015. In the QQ plot, 5-99.9% quantiles were established (red-filled dots).
Dashed black lines represent the result of the perfect agreement with slope 1.0 and intercept 0.

Finally, the overall HFR overestimation of wave height events above percentile 80 is
clearly evidenced in the QQ plot presented in Figure 5(f).

Since CODAR long-range HFR systems (such as the 5-MHz one used here) do not face
problems related to radar spectral saturation during storm peaks, a plausible cause for
the detected overestimation in H; measurements could lie in the assumptions made in
the inversion method. The Pierson-Moskowitz fit-to-spectrum model has demonstrated
its validity to describe unimodal energy spectra in wind-dominated seas and also in
swell-dominated seas (Long et al. 2011; Orasi et al. 2018), while there is scientific
evidence this can be different under some combination of bimodal sea-states or when
winds blow from land (Lipa et al. 2018). Therefore, the use of an unimodal model under
some combination of bimodal sea states might result in significant overestimation of the
wave height when the swell is present. In this context, it seems reasonable to suspect
that complex met-ocean conditions (such as multimodal sea-states) can impact in
uncertainties related to HFR wave estimations. Moreover, the assumption of homoge-
neity over the whole of each circular range cell in CODAR Seasonde HFR systems could
also partially explain the differences detected due to relevant bathymetric variations in
coastal areas.

In addition, a portion of the discrepancies observed in H; measurements in this tidally
dominated region could be also partially attributed to the hydrodynamic modulations of
waves by periodic underlying currents. Barrick and Lipa (2015) reported inertial oscilla-
tory modulations in both the Galician HFR and B1 buoy H; measurements, the latter
being in phase but weaker than those from the radar. In this context, Lipa et al. (2014)
had previously described the significant tidally forced modulation of wave parameters



9218 (&) P.LORENTE ET AL.

(including wave period and direction) at high latitudes, becoming strongest when tidal
currents and waves oppose each other. The waves-current interaction remains as
a subject for future investigations.

On the other hand, shallow water is known to impact on radar sea-echo by increasing
the second-order spectral energy (relative to the first-order) and decreasing the satura-
tion limit on wave height as water depth decreases (Lipa et al. 2008). For a radar transmit
frequency of 5 MHz (the case here studied) the depth at which shallow water effects
become significant is 35 m. In this study, the outermost HFR range cell selected was
25.5 km offshore from the coast (Figure 1(a)), far enough to ensure the assumption of
deep water is adequate.

Taylor diagrams provide a concise statistical summary of how closely hourly HFR-
derived H, estimations match with in situ observations (red-filled squares), considered
here as the reference points of perfect agreement (Figure 6). According to the annual
skill metrics, HFR sites performance is consistent, with annual r values above 0.8 and
RMSE below 80 cm (Figure 6(a)) and slightly better skill metrics for 2014 than for the rest
of years considered. The analysis on a quarterly basis reveals interesting seasonal
differences: the best skill metrics are recurrently obtained in winter and autumn when
severe weather episodes usually take place (Figure 6(b)). As previously mentioned, in
low sea states the second-order spectrum of this low-operating frequency HFR is closer
to the noise floor. This fact explains the lower than average HFR data availability (Figure
2) and accuracy (Figure 6(b)) during summertime for both Sill and Vila radar sites.
Therefore, a multi-frequency HFR with the capability of switching transmit frequency
from 5 to 13 MHz could enhance the measuring performance of widely changing H;,
particularly for low and moderate wave heights (Tian, Wen, and Zhou 2014; Chen et al.
2013; Wyatt, Green, and Middleditch 2011; Wyatt and Green 2009; Lipa and Nyden 2005).

The seasonal features of the wave field have been also assessed by means of the
combined use of in situ and remote-sensed wave estimations. Table 3 summarizes the
time-averaged statistical information and percentiles used in this study. Winter is
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Figure 6. (a) Annual and (b) seasonal Taylor diagrams of significant wave height derived from the
comparison of Sill (Vila) radar site against B1 (B2) buoy for the period 2014-2016 (2015-2016).
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Table 3. Quarterly statistical metrics of significant wave height obtained for each instrument for the
periods 2014-2016 (B1 and Sill) and 2014-2015 (B2 and Vila). N, SD, P90 and P99 represent the
number of hourly observations, standard deviation and percentiles 90 and 99, respectively.

Season Instrument N Mean (m) SD (m) P90 (m) P99 (m)
Winter B1 buoy 4804 3.94 1.52 5.98 8.91
(J-F-M) Sill site 4804 423 1.66 6.35 9.39
B2 buoy 1462 414 1.68 6.21 9.49
Vila site 1462 4.59 1.71 6.97 9.89
Spring B1 buoy 2901 2.37 0.76 3.40 4.69
(A-M-J) Sill site 2901 2.56 0.99 3.89 5.21
B2 buoy 605 232 0.67 3.16 3.87
Vila site 605 2,61 0.91 3.91 5.20
Summer B1 buoy 2088 2.07 0.59 2.81 4.1
(J-A-S) Sill site 2088 243 0.97 3.73 4.97
B2 buoy 476 1.55 0.50 2.23 2.7
Vila site 476 2.18 0.67 2.99 4.15
Autumn B1 buoy 4224 3.30 1.07 4.80 6.33
(O-N-D) Sill site 4224 3.72 1.29 5.50 7.11
B2 buoy 976 3.22 1.09 4.69 5.68
Vila site 976 3.53 1.02 4.81 6.24

characterized by H, around 4 m and presents the highest variability, with the standard
deviation above 1.5 m. On average, wave height events in Galicia are defined as high
(extreme) when H exceeds 6.3 (9.4) m. During autumn high-sea states were also
observed, with mean H; and standard deviation around 3.5 m and 1 m, respectively.
By contrast, spring and summer are defined by moderate wave height episodes, with H
emerging in the range 1.55-2.61 m and the related standard deviation is below 1 m.

3.2. Wave period

Since CODAR SeaSonde HFR systems output a period that represents the centroid of the
model being fitted to the second-order Doppler spectrum, when comparing it against
in situ measurements, the SeaSonde’s centroid period falls in all cases between the buoy
s dominant and average period (Long et al. 2011). This fact is relevant to properly
interpret the results obtained from the long-term validation of these HFR-derived period
estimations, as buoy peak period data were used in this work.

There is a reasonable similarity between Sill radar site and B1 buoy for the period
2014-2016, as illustrated by an RMSEy and r values of 0.17 and 0.65, respectively (Figure 7
(a)). According to the positive bias, HFR centroid period estimations are lower than peak
period in situ measurements, as previously mentioned. The 2-year time series comparison of
Vila site and B2 buoy shows again considerable gaps in the data provision, some spike-like
fluctuations and lower periods during summertime (Figure 7(b)); Nevertheless, the r value is
moderately high (0.69) and the RMSEy, is low (0.25).

Complementary skill indicators are depicted in Figure 8. The histogram of hourly
wave period estimations per class interval reveals the discrete distribution of values
provided by B1 buoy, rather symmetrical, centred around 12 s and slightly shifted to
higher values (Figure 8(a)). HFR-derived centroid period estimations present
a continuous statistical distribution, similar to B1 in terms of mean value (11.38 s) and
standard deviation (2.04 s) but, as expected, shortened for the highest wave periods. The
best linear fit of scatter plot exhibits moderate skill metrics: the slope is above 0.5 and
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the associated R? (0.43), albeit significant, is lower than the obtained for H, (Figure 8(b)).
According to the QQ plot, there is a clear HFR underestimation of wave periods
comprised between 80" and 100" percentiles but a consistent Sill performance for
the rest of percentiles is evidenced (Figure 8(c)).

The 2-year comparison of Vila and B2 buoy wave period estimations reveals similar
statistical distributions for both datasets, as reflected by the similar histograms and the
corresponding metrics, with the mean wave period around 10.45 s (Figure 8(d)). The
scatter presents lower dispersion and higher slope and R% 0.57 and 0.48, respectively
(Figure 8(e)). Finally, the under prediction of the highest wave periods (above percentile
80) is not as marked for this radar site as the observed for Sill site (Figure 8(f)).

The Taylor diagrams of wave period illustrate that both Sill and Vila performances are
rather alike, consistent and stable through different years, with r values emerging in the
range 0.61-0.74 (Figure 9(a)). The quarterly analysis confirms that there are no significant
disparities among seasons (Figure 9(b)), conversely to the results previously obtained for
the significant wave height.

The seasonal features of the wave period in Galicia have been gathered in Table 4.
Winter is characterized by the longest time-averaged wave periods, according to the
in situ observations (above 13 s). HFR-derived centroid wave period estimations show
both lower temporal variability and mean values, not only during wintertime (around 12
s) but also for autumn and spring. By contrast, a slight HFR overestimation is evidenced
for summertime when the wave period precisely reaches its minimum value: mean
values provided by Sill site and B1 buoy were 10.16 s and 10.09 s, respectively.

The most common wave conditions in Galicia have been characterized by determin-
ing the ranges of wave heights and periods that represent the majority of sea states
(Figure 10). The scatter plots relating the significant wave height and period were
computed for both in situ (B1 and B2 buoys) and remote-sensed estimations (Sill and
Vila sites). Some similarities are observed between the scatter plots, despite the higher
(lower) dispersion of HFR estimations for wave height (period). In addition, a linear
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Figure 9. (a) Annual and (b) seasonal Taylor diagrams of wave period derived from the comparison
of Sill (Vila) radar site against B1 (B2) buoy for the period 2014-2016 (2015-2016).
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Table 4. Quarterly statistical metrics of wave period obtained for each
instrument for the periods 2014-2016 (B1 and Sill) and 2014-2015 (B2 and
Vila). N and SD represent the number of hourly observations and the
standard deviation, respectively.

Season Instrument N Mean (s) SD (s)
Winter B1 buoy 4804 13.18 2.19
(J-F-M) Sill site 4804 12.07 1.82
B2 buoy 1462 13.26 249

Vila site 1462 11.34 1.82

Spring B1 buoy 2901 10.67 2.28
(A-M-)) Sill site 2901 10.67 1.94
B2 buoy 605 10.78 239

Vila site 605 9.26 1.59

Summer B1 buoy 2088 10.09 2.08
(J-A-S) Sill site 2088 10.16 1.91
B2 buoy 476 9.31 2.21

Vila site 476 9.57 1.56

Autumn B1 buoy 4224 12.63 2.29
(0O-N-D) Sill site 4224 11.71 1.99
B2 buoy 976 11.94 2.38

Vila site 976 10.62 1.55

relationship between both parameters has been evidenced: extreme wave height events
(above 9.4 m) also present the longest wave periods: 16-20 s and 13-16 s for buoys and
HFR sites estimations, respectively. Conversely, low sea-states (below 3 m) are associated
with the shortest wave periods (5-7 s). Based on the density distributions, it can be

(a) B1 (b) sill
15 15
£ 3
£10 fi £10
o il &
7] | 1 o 1.0
= =
g 5 |I| I i g 5
© H
s ..I||' "'“' i S 08 o
0 0 2
0 5 10 15 20 25 0 5 10 15 20 25 0.6 _E"
Wave period (s) Wave period (s) e
-+
=
(c) B2 (d) Vila 0% g
15 15 Y 8
— —_ -
é é 0.2 g
- -
5 10 £ 10
= x 0
& '|| I e
v 5 ,-|| v 5
3 ‘ ||| : ®
s l|| 2
0 0
0 5 10 15 20 25 0 5 10 15 20 25
Wave period (s) Wave period (s)

Figure 10. Scatter plots of significant wave height and wave period for a) B1 buoy and b) Sill radar
site for a 3-year period (2014-2016); ¢) B2 buoy and d) Vila radar site for a two-year period
(2014-2015). Centroid wave period and peak period data from radar sites and buoys, respectively,
were used.
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stated that the most usual wave events in the Galician coastal region are defined by
wave heights and periods in the ranges 2-5 m and 8-15 s, respectively.

3.3. Mean wave direction

In terms of mean incoming wave direction, the concordance between B1 buoy and
Sill radar site for the 3-year period analysed is noticeable, with NW and W-NW as the
predominant sectors and residual waves coming from the NW-N and W-SW directions
(Figure 11(a,b)). Such spatial distribution appears to be clearly influenced by the
Galician coastline morphology and the periodic passage of cold fronts from the
North Atlantic ocean. The seasonal analysis reveals that the most relevant wave
height events (H; > 5 m) usually take place during wintertime (Figure 11(c,d)) and
to a lesser extent in autumn, with both instruments indicating a predominant north-
westerly origin. By contrast, spring-like waves present a broader directional distribu-
tion and the three sectors from the second quadrant are almost equally prevalent
(Figure 11(e,f)). During summer, the wave roses look rather alike: wave height events
reach an annual minimum (H; < 3 m) and, again, the prevailing incoming wave
direction is the NW sector (Figure 11(g,h)). The global and seasonal skill metrics
confirm the consistency of this HFR site performance, with r and RMSE values lying in
the ranges 0.55-0.79 and 20° - 25° respectively.

The main buoy-radar discrepancy lies in the underestimation (overestimation) of
the number of wave events from the NW (W-NW) sector detected in remote-sensed
observations. Such disagreement is even more pronounced for Vila site, as evidenced
in Figure 12 (right column). A portion of the directional uncertainties can be attrib-
uted to wave propagation perpendicular to the direction of the HFR measurement.
Previous researches indicated that substantial improvements in accuracy are feasible
if two HFR sites are employed to survey the same patch of the ocean from two
different directions (Toro et al. 2014; Gurgel, Essen, and Schlick 2006; Wyatt 1986.).
Spurious contributions to the directional spectra (likely due to systematic radio
interferences) might contaminate the radar backscatter signal and eventually lead
to non-accurate mean wave direction estimations (Wyatt et al. 2003; Lépez, Conley,
and Greaves 2016). Such directional biases could be also enhanced in low sea states
(Hs < 2 m) as a consequence of the aforementioned frequency limitations of a 5-MHz
HFR system (section 3.1) and the subsequent collection of noisy estimations. This
statement is supported by the lower-than-usual seasonal r values obtained in sum-
mer for Sill and Vila sites: 0.55 and 0.40, respectively.

Furthermore, a tendency for CODAR HFR-derived mean wave direction to be aligned
more perpendicular to the coast compared to offshore in situ data has been previously
reported (Kohut et al. 2008). Since the Galician coastline and the related depth contours
present a north-south orientation (Figure 1(a)), such tendency might partially justify the
recurrent HFR overestimation of wave events coming from the westernmost sector.
Finally, the distance between the B1 buoy and the selected radar range cell is non-
negligible (20 km). In this context, spatially variable wind directions and short-fetch
conditions can play a role in the differences obtained.
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3.4. NAO

The North Atlantic Oscillation (NAO) is a significant driver of climate variability in the
Northern Hemisphere, particularly during the boreal winter months when the atmo-
sphere is dynamically most active. Swings in the NAO index produce changes in the
storms track and subsequently in the wind speed and direction over the Atlantic that
alter the transport of heat and moisture. Previous studies have investigated the link
between winter H; variability in the Iberian Peninsula and the NAO index by means of
wave buoy measurements and hindcast modelling (Semedo 2005; Almeida et al. 2011;
Martinez-Asensio et al. 2016). When winter NAO is in its positive phase, storms usually
track northeast of Europe and enhanced westerly winds induce higher than average
waves in the northernmost Atlantic Ocean. Conversely, in the negative-NAO phase, the
track of the storms is more zonal and south than usual due to a weakened Azores High.
Thus, the trade winds, mid latitude westerlies, are slower and produce higher than
average H; in the Iberian Peninsula.

Such relationship has been qualitatively explored here by comparing the daily NAO index
during both winter seasons (JFM) and the entire period (2014-2016) against remote-sensed
wave estimations provided by Sill radar site (Figures 13 and 14, respectively). Vila site has not
been used due to the aforementioned limited data availability. The scatter plots shown in
Figure 13 reveal that winter NAO index is predominantly positive (90% of the time) during
the analysed period 2014-2016. During the positive-NAO phase, there seems to be an
overall tendency for higher wave height events, as reflected by the statistics (Figure 13(a)).
Likewise, wave period values are higher during positive NAO (Figure 13(b)) since the storms,
tracking towards the north of Europe, drive longer period swell from the northwest (mean
incoming angle of 303°, clockwise from true north). By contrast, negative-NAO storms have
associated shorter period swell arriving to Galicia from a more westerly direction, with
a mean incoming angle around 278, as indicated in Figure 13(c).

The daily evolution of both NAO index and anomalies of peak wave height (relative to
the mean value) estimated at Sill radar site during the 3-year study period are exhibited
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Figure 13. Scatter plots of a) significant wave height, b) centroid wave period and ¢) mean wave
direction provided by Sill radar site, as a function of the winter (JFM) North Atlantic Oscillation (NAO)
daily index, for the 3-year period 2014-2016. Statistical metrics for negative and positive phases of
NAO are gathered on top boxes. N and SD represent the number of daily values and the standard
deviation, respectively.



INTERNATIONAL JOURNAL OF REMOTE SENSING . 9227

(a) r=0.30 (Raw)

I Daily NAO index
—— Daily H, max Sill

|
MR

I Daily NAO index
———  Daily H, max Sill

5 T T T T
a| (©)r=0.36 (Raw) || Daily NAO index
3 —— Daily-averaged T,, sill
2
1 | ) ) | ]l ‘ | ‘ !
i ik § ! ; [ MR | 1PEN 1 i
0 i | J H ) i
-1 I " ' ‘ ) ! ' | !
2 f ’ \ ‘
-3
-4
-5 1 M L 1 N
5 T T T T
4 | (d) r=0.68 (30-day moving mean) Bl DailyNAOindex
3 —— Daily-averaged T, sill
" /
1
0
o A
-2 \
3 ./
-4
-5 L 2 N 2 A
\g \g Y b o o A
& K5 & S & S &
& S S S S ) N
< N N o
¥ ¥ ¢ »
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in Figure 14(a). There seems to be a direct relationship between the two variables with
strongly positive winter NAO indices corresponding to higher than average Hs estima-
tions and vice versa, strongly negative-NAO indices corresponding to lower than aver-
age H, radar measurements in the Galician coast. The positive r value, albeit moderate
(0.30), is still statistically significant. After applying a 30-day moving average to smooth
out the natural data scatter, such relationship becomes stronger at monthly timescale
and the correlation increases up to 0.67 (Figure 14(b)). This finding is not in complete
agreement with similar researches previously focused on the Iberian Peninsula. Semedo
(2005) and Almeida et al. (2011) reported a negative correlation between the winter
NAO index and the significant wave height recorded by in situ devices in Portugal.
Martinez-Asensio et al. (2016) computed winter (DJFM) regression coefficient between
NAO index and hindcasted Hs anomalies for the period 1989-2009, showing a moderate
and positive correlation for the northern coast of the Iberian Peninsula but an inverse
relationship for the entire Galician and Portuguese coast. Since the northern Galician
coast appeared in this work as the transition zone where the r value swung from positive
to negative, it seems reasonable to hypothesize, based on the results here presented,
that such shift in NAO influence could take place at slight lower latitudes, close to the
Portugal-Galicia border (41°N, Figure 1). Notwithstanding, additional efforts should be
devoted to shed light on this issue.

The evolution of the daily averaged HFR-derived wave centroid period appears to be
also linked to the NAO index, as stated by a positive r value of 0.36 (Figure 14(c)).
Smoothed time series, obtained after imposing a 30-day moving mean, present
a relevant connection as reflected by an r value of 0.68 (Figure 14(d)). This finding is
in close agreement with results previously reported by Martinez-Asensio et al. (2016),
where the MWP was found to be positively correlated with the winter (DJFM) NAO index
in the area between the North Sea, the Bay of Biscay and the west coast of the Iberian
Peninsula.

Notwithstanding, a significant interdependence could not be found between the
daily NAO index and the daily averaged incoming wave direction provided by Sill site
(not shown). Such lack of correlation might be attributed to the aforementioned direc-
tional biases (likely due to noisy contributions to the directional spectra) or the already
reported overall tendency for CODAR HFR-derived mean wave direction to be aligned
more perpendicular to the coast.

Therefore, the NAO has a major impact on the northernmost latitudes of Europe but
limited influence on the inter-annual variations of H, in the Galician coast where other
modes of interannual atmospheric variability, such as the East Atlantic (EA), may also
play a relevant role (Martinez-Asensio et al. 2016). Whereas the NAO index is able to
explain only a small percentage of the variation in wave height, more local factors could
be of importance in controlling storminess in the west coast of the Iberian Peninsula
(Almeida et al. 2011). In this context, there are nowadays valuable efforts to define novel
climate indexes to better explain winter wave height variability along the coast of south-
western Europe, such as the Western Europe Pressure Anomaly (WEPA; Castelle et al.
2017). The WEPA index is based on the sea level pressure gradient between the station
Valentia (Ireland) and Santa Cruz de Tenerife (Canary Islands). Future works of this nature
should address the connection between HFR-derived wave height estimations and
WEPA index and how such the latter modulates the former.
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Since HFR performance is more accurate for high sea-states (Figure 6(b)) and the
subtle but real connection between the NAO and HFR wave estimations in Galicia
(Figures 13 and 14) has been shown, it is worth attempting to elucidate whether the
skill of the HFR system fluctuates depending on the NAO phase. In terms of significant
wave height, strongly positive-NAO indices correspond to higher than average H;
estimations and vice versa. Therefore, we could a priori expect a higher skill for this
type of situation rather than for negative-NAO phase events, which have associated - on
average — calmer sea conditions. However, such a hypothesis is not supported by the
RMSEy, values shown in Figure 15, as no substantial differences in HFR accuracy could be
found between positive and negative-NAO cases for each of the three wave parameters.
Only slight discrepancies are observed in r and RMSE values, probably due to the fact
that positive-NAO events include the most extreme H (above 9.4 m) but also relatively
calm H; (below 3 m) episodes (Figure 15(a)). In the same vein, statistical metrics derived
from the comparison of centroid wave period do not allow us to postulate that HFR
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Figure 15. Best linear fit (red line) of scatter plot between B1 buoy and Sill radar-derived hourly
estimations of significant wave height (a-b), wave period (c-d) and mean wave direction (e-f), for
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accuracy is NAO-phase dependent, despite the fact that r (RMSE) value is slightly higher
(lower) for negative-NAO indices (Figure 15(c,d)). In terms of mean wave direction,
higher r is obtained for negative (0.77) than for positive (0.70) NAO events (Figure 15
(e,f)). This could be attributable to both the aforementioned directional bias in HFR
estimations (where wave events from the westernmost sector are overestimated) and
the predominant westerly direction of negative-NAO storms. In summary, no evidences
have been found of a significant link between fluctuations in HFR performance and
swings in NAO index.

4. Conclusions

Since the validity of HFR-derived wave estimations is still under scrutiny, a long-term
multi-parameter skill assessment of a 5-MHz CODAR SeaSonde HFR network deployed
along the Galician Coast was attempted for 2014-2016 in order to quantify the uncer-
tainties related to this technology. To this aim, wave estimations from two radar sites
obtained directly by the CODAR radar proprietary software, were independently vali-
dated against quality-controlled in situ hourly observations from two moored buoys for
two different periods.

The accuracy assessment of CODAR HFR-derived significant wave height revealed
a consistent agreement, with r values above 0.75 and normalized root mean squared
error (RMSEy) below 0.4, in accordance with previous results reported in the literature
(Table 1). Despite the restricted data availability, the precision of Vila site measurements
was also consistent, albeit not so high. The analysis on a quarterly basis demonstrated
that HFR performance was more accurate in winter and autumn when severe wave
height events (above percentile 90™) usually take place, with Hs usually exceeding
6 m. By contrast, the precision and availability of CODAR HFR-derived estimations during
summertime (calmer sea states) seem to be lower because the second-order spectrum is
closer to the noise floor and more likely to be contaminated with systematic interfer-
ences that result in a well-documented wave height overestimation and a limited
temporal continuity in wave measurements (Lipa et al. 2018).

A plausible cause for the detected overestimation in H; measurements could lie in the
assumptions made in the inversion method. The Pierson-Moskowitz fit-to-spectrum
unimodal model used here has previously proved its validity to properly describe wind-
dominated seas and also swell dominated seas, whereas this might be different under
some combination of multi-modal sea-states under complex met-ocean conditions (Lipa
et al. 2018). An additional factor that might contribute to the discrepancies observed in
H; in this tidally dominated region consists of the hydrodynamic modulations of waves
by periodic underlying currents, previously reported to be more intense in HFR estima-
tions (Barrick and Lipa 2015). Further investigation on waves-current interaction should
be undertaken in the future.

In the case of the centroid wave period, Sill and Vila performances were similar,
consistent and stable through different years, with r values emerging in the range
0.61-0.74. The quarterly analysis confirmed that there were not significant discrepancies
among seasons. In terms of mean incoming wave direction, the directional accuracy was
moderately good, with NW and W-NW as the predominant sectors and r values ranging
from 0.55 to 0.79. The main buoy-radar discrepancy lied in the underestimation
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(overestimation) of the number of wave events from the NW (W-NW) sector detected in
the remote-sensed observations. A portion of the observed directional uncertainties
might be attributed to: i) the fact that HFR systems can only detect wave propagation
in the radial direction, moving away or towards the radar site; ii) occasional radio
interferences, ship echoes or intense current variability that can be interpreted as
noisy contributions to the directional spectrum (Wyatt, Thompson, and Burton 1999);
iii) a tendency for CODAR HFR-derived mean wave direction to be aligned more
perpendicular to the coast compared to offshore in situ data has been previously
reported (Kohut et al. 2008). Since the Galician coastline presents a north-south orienta-
tion, such a tendency might partially justify the permanent overestimation of wave
events coming from the westernmost sector.

Despite the discrepancies mentioned, in situ buoys and HFR measurements appear to
capture similar wave features and temporal variability. Therefore, it seems reasonable to
assume that a portion of the differences could be inherently attributed to the different
sampling techniques. Whereas CODAR HFR systems provide wave data averaged over
range rings (assuming homogeneity over the whole of each circular range cell), buoys
give point measurements. In this context, coastal effects can also lead to locally varying
wave fields and make absolute comparisons between in situ and remote-sensing instru-
ments even harder.

Nevertheless, and according to these results, it can be concluded that properly
treated CODAR radar-derived wave estimations can be potentially employed for opera-
tional coastal monitoring across a wide range of sea states. The HFR system operates
within tolerance ranges and observed error levels are in line with those values previously
published. Additional development efforts should focus on the implementation of
a more refined quality-control protocol and fine-tuning in order to have the right trade-
off between confirmed outlier identification and false alarm rate (Cosoli et al. 2018;
Hisaki 2009). Dedicated emphasis should be placed on filtering spike-like fluctuations,
especially for Vila site as there is still room for improvement. Given the heterogeneity of
the Galician coast, each radar coverage area has unique characteristics in terms of
coastline morphology, bathymetry and subsequent coastal effects such as wave refrac-
tion, damping and breaking (Wyatt et al. 2005). Therefore, site-specific-tailored quality-
control methodologies based on the particular local environment are required to ensure
robust radar measurements. Ongoing actions cover the implementation and validation
of a new Doppler cross-spectra processing along with new and updated configurations
for Vila radar site (Basafiez et al. 2018). Such an approach increases the number of range
cells considered and aims to minimize the contribution of unrealistic features by better
discriminating between reliable estimations and spurious values.

The vulnerability of the parameter estimates to the aforementioned low-frequency
noise, and the subsequent gappy nature of radar-derived datasets could be reduced by
using a multi-frequency HFR system. By switching transmit frequency from 5 to 13 MHz
during low and moderate sea states (mainly concentrated during summer and spring
times), the measuring performance of widely changing Hs could be significantly
enhanced. The combined estimation based on results of both frequencies would solve
the wave height limitation at a single frequency and also reduce radio interferences in
low waves (Wyatt and Green 2009; Tian, Wen, and Zhou 2014).
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As the wintertime variability of the North Atlantic cyclonic activity is primarily modu-
lated by the North Atlantic Oscillation (NAO), its influence on the inter-annual variations
of HFR-derived daily averaged wave data has been investigated in the Galician coast for
both winter seasons (JFM) and the entire period (2014-2016). Results revealed the
moderate (but statistically significant) positive correlation between the daily NAO
index and Sill site estimations of significant wave height and centroid wave period.
There seems to be a direct relationship between the two variables with strongly
positive-NAO indices corresponding to higher than average Hs and period estimations
and vice versa. However, since NAO index appears to explain only a small percentage of
the variation in wave height, other modes of atmospheric variability and additional local
factors may be of importance in controlling storminess in the west coast of the Iberian
Peninsula (Almeida et al. 2011). Finally, the HFR system skill was evaluated under
positive and negative-NAO conditions in order to elucidate whether the radar accuracy
is or is not NAO-phase dependent. No substantial differences could be found for each of
the three parameters analysed as HFR accuracy remained mostly unaffected by swings in
the NAO index.

Future research lines might include the use in the concert of in situ and HFR wave
records as a consistent benchmark to quantitatively validate the outputs from
operational wave forecasting systems (Lorente et al. 2018). Likewise, HFR derived
wave parameters could be employed in tandem with modelling tools in order to
assess both the potential of the Galician coast for energy production and the
optimum locations for wave farms (lglesias et al. 2009; Proenca, Conley, and
Greaves 2012; Atan, Goggins, and Nash 2016b). The resource characterization is
particularly crucial as the wave climate in Galicia is among the harshest in Europe,
with an estimated annual wave energy clearly above 250 MWh m™". Finally, assimila-
tion of HFR-derived wave parameters remains as a future work line to enhance
model predictive skills and properly portray the main features of the wave field in
the Galician region.
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