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Abstract Severe sea states in the North Sea present a chal-
lenge to wave forecasting systems and a threat to offshore
installations such as oil and gas platforms and offshore wind
farms. Here, we study the ability of a third-generation spectral
wave model to reproduce winter sea states in the North Sea.
Measured and modeled time series of integral wave parame-
ters and directional wave spectra are compared for a 12-day
period in the winter of 2013–2014 when successive severe
storms moved across the North Atlantic and the North Sea.
Records were obtained from a Doppler radar and wave buoys.
The hindcast was performed with theWAVEWATCH III mod-
el (Tolman 2014) with high spectral resolution both in fre-
quency and direction. A good general agreement was obtained
for integrated parameters, but discrepancies were found to
occur in spectral shapes.

Keywords Windwaves . North Sea .Microwave Doppler
wave radar .MIROS radar .WAVEWATCHIII .Wave spectra

1 Introduction

The North Sea is a major world economic region where a large
range of human activities take place. These activities include

fisheries, oil and gas extraction and transport, shipping, and
offshore renewable energy production. The highly developed
industrial landscape of the North Sea implies significant cap-
ital investment and human presence and increased environ-
mental risks should an accident occur. Mobile and fixed
equipment in this area are subject to harsh environmental con-
ditions such as those of storm Britta in 2006 when several ship
and offshore platforms experienced operational difficulties
and damages due to high waves (Kettle 2015). The capability
of forecasting accurately the occurrence of these severe con-
ditions and also their magnitude is of great importance for
avoiding human and economic losses.

The sea state in the North Sea varies from gentle to severe
(Boukhanovsky et al. 2007; Reistad et al. 2011; Ponce de
León and Guedes Soares 2012). Extreme sea states generated
under hurricane force storms appear to be frequent (Behrens
and Gunther 2009), and several rogue wave events have been
recorded (Magnusson and Donelan 2013; Haver and
Andersen 2000; Haver 2000; Fedele et al. 2016).

The knowledge about extreme waves and their forecast are
very important challenges to the scientific community, for
reasons related with the scientific understanding of their
causes and how they propagate and disappear as well as for
the safety of navigation and prevention of damage to offshore
structures and ships. While the severity of a sea is usually
measured from integral parameters such as the significant
wave height (Hs), the shape of the frequency-direction spec-
trum plays an important role in the probability of occurrence
of extreme waves.

The present study analyzes sea states in the North Sea
during a period of the winter of 2013–2014 when several
storms occurred. High-resolution wave hindcasts were con-
ducted with the WW3 model (version 4.18), and integral pa-
rameters, frequency, and directional spectra were compared to
measurements obtained by a pulse-Doppler wave radar.
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Attention was focused on the comparison of the shapes of the
spectra.

This paper is structured as follows: Sect. 2 describes the
North Sea and Sect. 3 treats the details of the configuration of
the WW3 model used for the hindcast. In Sect. 4, details are
given about the wave radar and the measurements used in the
comparison. Section 5 presents the validation of the hindcasts.
Results of the comparison of frequency and directional wave
spectra between the radar and the model are given in Sect. 6,
and the conclusions are given in Sect. 7.

2 Region and period of study

The North Sea, due to its complex geometry and bathymetry
(Fig. 1), reveals complicated synoptic conditions for wind
waves. It is connected to the Baltic Sea and, by the English
Channel and the Norwegian Sea, to the North Atlantic. Due to
its geometry, severe winds from different directions have a
great impact in its coastal regions (De Winter et al. 2013).
The north part of the North Sea is characterized by deep wa-
ters, and the central and south parts are mainly intermediate
waters ranging from 50 to 75 m, where most of the offshore
platforms are located.

The period of study is a 12-day window of the winter of
2013–2014, characterized by an extraordinary duration of
storms and a clustering of deep depressions (Met Office
2014). During that winter, the combination of a very intense
polar vortex and an unusually strong North Atlantic jet stream
caused a succession of strong low-pressure systems to cross
the Atlantic (Davies 2015), which reached and impacted the
European coastal zones. According to Masselink et al. (2016),

the 2013–2014 winter was the most energetic along most of
the Atlantic coast of Europe since at least 1948. A notorious
storm of this period was the Hercules storm of January 2014,
whose effects on the Iberian Peninsula were discussed in
Ponce de León and Guedes Soares (2015).

During the 12-day period that is analyzed, an intense de-
pression passed to the north of the UK on 24 December 2013,
with a mean sea level pressure of 936 mb (Met Office 2014).
Pressures below 950 mb were reported at UK land stations.
These values are the lowest that have been observed at UK
land stations for many years. The European Centre for
Medium-Range Weather Forecasts (ECMWF) wind field
(Fig. 2) shows stormy conditions over the North Sea on 25
December 2013 at 05:00 UTC.

Because the period of this study is characterized by succes-
sive severe storms generated from low-pressure systems that
crossed the North Atlantic, the winds in the North Sea have a
predominant direction from SWand south in accordance with
the cyclonic circulation. From 05 to 06 December 2013 at
18:00 UTC, very strong winds blew from the NW along the
main axis of the North Sea, where the fetch is larger, generat-
ing significant wave heights of about 9 m at Sleipner (location
5). From 20 to 29 December 2013, the wind blewmainly from
the SW towards Norway, where the fetch is shorter. However,
in the north part of the North Sea, the wind speed and Hswere
noticeably high on 25 December 2013 (Fig. 2), reaching ap-
proximately 25 m/s and values above 8 m, respectively.

3 The WAVEWATCH III model setup

WW3 is a third-generation spectral wave model developed at
NOAA/NCEP based on theWAMmodel (Komen et al. 1994).
Ocean wave models such as WW3 are based on the spectral
energy balance (Eq. (1)),

∂F f ; θð Þ
∂t

þ ∇x∙ c!x F f ; θð Þ þ ∇ f ;θ∙ c! f ;θF f ; θð Þ ¼ S f ; θð Þ ð1Þ

where f and θ are the spectral frequency and direction; F is the
energy spectrum; c!x and c! f ;θ are the characteristic velocities
in the physical and spectral spaces, respectively; and ∇x and
∇f , θ are the gradient differential operators. S is the total source
function in which all the physical processes considered in
WW3 are represented:

S ¼ Sin þ Snl þ Sds ð2Þ

There are three main contributions to S, wind input (Sin),
wave-wave nonlinear interactions (Snl), and wave energy dis-
sipation due to wave breaking and shallow water processes
(Sds).

The hindcast was conducted using nesting of computation-
al spatial grids. The coarse grid domain was set to 80°N–

Fig. 1 The North Sea bathymetry, the WW3 output, and wave buoy
locations. 1–Gullafks, 2–North Alwyn, 3–Troll, 4–Heimdal, 5–Sleipner,
6–Mungo, 7–Ulla, 8–Ekofisk, 9–Valhall, 10–Fino1
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18°N, 90°W–30°E at spatial resolution of 0.25°, covering
almost the entire North Atlantic basin. The first nested
grid (intermediate grid in Table 1) was defined by the
following limits: 66°N–47°N, 35°W–15°E at the spatial
resolution of 0.125°. The high-resolution nested grid
was defined over the North Sea region with a resolution
of 0.0625° and the following limits: 63°N–48°N, 9°W–

9°E (Fig. 2). The wave spectrum was computed in 36
directional bands and 30 frequencies from the minimum
frequency of 0.0350 up to 0.5552 Hz. Other numerical
parameters are given in Table 1.

The hindcast was performed for 2 months and 15 days for
the winter of 2013–2014. The wave model was driven by
hourly wind fields from the ECMWF operational forecast

Fig. 2 ECMWF wind speed
(m/s) (a) and theWW3Hs (m) (b)
map from the high-resolution
nested grid on 25 December
2013 at 05:00 UTC

Table 1 Configuration of computational grids and physics for WW3

Parameters Coarse grid North Atlantic Intermediate nested grid High-resolution nested grid

Geographical limits 80°N–18°N, 90°W–30°E 66.0°N–47°N, 35°W–15°E 63°N–48°N, 9°W–9°E

Spatial resolution 0.25° 0.125° 0.0625°

Number of points (481,249) 119,769 (401,153) 61,353 (289,241) 69,649

Type of spectral model Deep water Deep water Shallow water

Propagation Spherical Spherical Spherical

Wind input (Sin) Janssen (1989, 1991) Janssen (1989, 1991) Janssen (1989, 1991)

White capping dissipation Komen et al. (1984) Komen et al. (1984) Komen et al. (1984)

Nonlinear interactions (Snl) Four wave-wave
nonlinear interactions

Four wave-wave
nonlinear interactions

Triad interactions
(Eldeberky 1996)

Bottom friction dissipation (Sbofr) JONSWAP JONSWAP JONSWAP

Wind input time step (h) 1 1 1

Wave model output time step (h) 1 1 1

Integration time step (s) 120 60 30

Wind data ECMWF operational forecast ECMWF operational
forecast

ECMWF operational
forecast

Bathymetry data GEODAS NOAA’s GEODAS NOAA’s GEODAS NOAA’s

SIN3 maximum value of
wind-wave coupling

BETAMAX = 1.40 BETAMAX = 1.40 BETAMAX = 1.40
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retrieved from the MARS archive with a horizontal resolution
of 16 km.

The bathymetric data was extracted from the ETOPO1 1
arc-minute global relief model distributed by the NOAA
National Center for Environmental Information (NCEI) and
was linearly interpolated to the three model grids.

A shallow water configuration was used in the nested grid
over the North Sea (Table 1). Regarding the physical and
numerical aspects, the following processes and parameters
were activated for the North Sea fine grid: wind input and
dissipation of energy (ST3) from WAM cycle 4 (Komen
et al. 1994), JONSWAP bottom friction formulation, the
lumped triad-interaction method based on the stochastic mod-
el of Eldeberky (1996), the discrete interaction approximation
(DIA) (Hasselmann et al. 1985), depth-induced breaking of
Battjes and Janssen (1978) with a breaking threshold of 0.73
and refraction; for the propagation of the spectral wave energy
along the geographical domain, a third-order propagation
scheme was chosen using Tolman’s (2002) averaging tech-
nique. Reflection, ice, and currents were not considered in this
hindcast.

4 Sources of measured data

4.1 Microwave pulse-Doppler radar

The MIROS SM-050 radar is a C-band (5.17 GHz) pulse-
Doppler radar that works by sending a radar signal at a fre-
quency that responds to capillary waves. The returned signal
has a Doppler shift that depends on the speed of the water
particles. After extracting an average current speed, the spec-
trum of the velocity fluctuations is transformed into a wave
energy spectrum using linear wave theory. The MIROS radar
scans the ocean surface in a semi-circle, with six antennas
covering 30° sectors each. The installation in Sleipner A ob-
serves the sector 045–225, clockwise from the north, from a
height of 76m abovemean sea level. The observation distance
is ∼450 m, and the observational footprint is 75 m deep in the
horizontal. Each sector is sampled for 2.5 min. In this partic-
ular dataset, no averaging is carried out.

Some studies comparing integral wave parameters such as
those of Dobson and Dunlap (1999) and Ribeiro et al. (2013)
found an excellent agreement betweenMIROS and buoy data.
Additionally, the data from several MIROS radar installations
has been used to perform validation studies of numerical
models, such as the validation of the NORA 10 hindcast mod-
el by the Meteorological Office of Norway (Reistad et al.
2015).

The radar also provided time series of spectrum integral
parameters with a measurement frequency of 10 min
(location 5; Fig. 1) during 12 days (20 to 31 December 2013).

4.2 Wave buoys (Joint Technical Commission
for Oceanography and Marine Meteorology project)

The study used wave buoy data from 10 different locations in
the North Sea (Fig. 1), distributed by the Joint Technical
Commission for Oceanography and Marine Meteorology
(JCOMM) project (Bidlot 2012). These moorings consist of
directional and nondirectional wave buoys transmitting hourly
data on the standard suite of meteorological parameters. The
mean wave direction was recorded in only one of the wave
buoys (location 10). The buoy time series were checked for
invalid data which were subsequently removed. The wave
buoy data was used as reference data to validate both model
and radar.

5 Validation of the hindcast

The statistical parameters employed in the validation of the
hindcast against the wave buoys were the correlation coeffi-
cient, bias, and scatter index. The bias is defined as the mean
of the residual, which is the difference between the buoy data
and model data, and the scatter index (SI) is defined as the
standard deviation of the model data from the best fit line,
divided by the mean of the observations. The model Hs of
the fine grid was validated with 10 wave buoys.

The statistical parameters (Table 2) reveal a good agree-
ment of the model results with a linear correlation for the Hs.
The correlation coefficients (CCs) were in the range of 0.850
(location 10) to 0.961 (location 2), and the SIs were in the
range of 0.111 (location 2) to 0.292 (location 10). The biases
turned out to be negative (records were taken as reference) in
five locations (3, 4, 6, 7, 9), indicating that the WW3 model
overestimates the recorded values of Hs at those locations.

Table 2 Statistical parameters for the Hs at the following locations: 1–
Gullafks, 2–North Alwyn, 3–Troll, 4–Heimdal, 5–Sleipner, 6–Mungo, 7–
Ullabnor, 8–Ekofisk, 9–Valhall, and 10–Fino1 (see Fig. 1)

Location Bias (m) Scatter index CC

1 0.289 0.137 0.938

2 0.056 0.111 0.961

3 −0.096 0.179 0.892

4 −0.296 0.146 0.910

5 0.277 0.137 0.949

6 −0.212 0.129 0.922

7 −0.167 0.130 0.948

8 0.094 0.136 0.951

9 −0.135 0.131 0.960

10 0.064 0.292 0.850

CC correlation coefficient
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The lowest CC (0.850) and the highest SI (0.292) were ob-
tained at location 10 (FINO1) placed in intermediate waters at
30 m of depth, which could be a possible reason for the low
correlation (Table 2). Similarly, low values of correlation have
been reported in Gallagher et al. (2016) and Ponce de León et al.
(2016) for the Irish Sea and the Mediterranean Sea, respectively.

Regarding the underperformance of the wave model at lo-
cation 10, it is possible that despite of the grid high resolution
in space, time, and in the spectral domain, additional effects
may come into play when moving towards the coast.
Moreover, coastal areas are often influenced by strong cur-
rents. Our wave model configuration neglects the coupling
between waves and currents, which could be important for
the North Sea.

Recent studies have shown that wave model results can be
strongly improved by taking into account currents and their
effects on wave refraction, enhanced wave breaking, and
change in relative wind speeds. Roland and Ardhuin (2014)
have revealed that in the coastal zones of the French Atlantic
and Channel coasts, WAVEWATCH III model errors have
been strongly reduced due to the introduction of currents,
coastal reflection, and bottom sediment types. In addition,
bottom friction plays an important role in the coastal zone
and may have a significant effect on swell propagation in the
North Sea (Van Vledder and Gautier 2015).

Furthermore, location 10 is near the coast (approximately
40 km) in the southern part of the North Sea. This can lead to
some difficulties for a wave model to reproduce different
wave patterns typical of the North Sea, especially when the
wind comes from the land and the fetch is short as in the case
of location 10.

The wind speed from the ECMWF atmospheric high-
resolution model used in the hindcast was verified with buoy
data across the North Sea (Fig. 1). The wind speed recorded
by the buoys was corrected to 10 m according to the neutral
logarithmic profile described in Bidlot et al. (2002).

Table 3 summarizes the statistics for the wind. The CCs for
the wind speed (U10) range from 0.859 (location 9) to 0.967
(location 1), the biases from −1.838 (location 9) to −0.020
(location 3), and the SIs from 0.090 (location 5) to 0.205
(location 9). The CCs for the wind direction φ range from
0.836 (location 1) to 0.958 (location 5), the biases from
0.827 (location 1) to −64.758 (location 7), and the SIs from
0.090 (location 5) to 0.250 (location 7). In general, a good
agreement was obtained between the wind speed from the
buoys and the high-resolution ECMWF wind.

6 Comparison of model results and radar
measurements

In this section, model results are compared to the measure-
ments of the microwave pulse-Doppler radar. In addition to

the frequency spectrum and the directional spectrum, the radar
also provides times series of integral parameters such as Hs

and mean wave propagation direction. Wind speed and direc-
tion are also provided as time series by the radar, but these are
measured by a different sensor.

6.1 Wind and integral wave parameters

The evolution in time of the U10 (Fig. 3a) presents the
following two maxima: the first one of 21.66 m/s
(MIROS radar) and 21.25 m/s (ECMWF wind) on 25
December 2013 at 03:00 UTC and the second one of
21.06 m/s (MIROS radar) and 19.59 m/s (ECMWF wind)
on 27 December 2013 at 07:00 UTC, corresponding to
two different storms. For both storms, the wind was blow-
ing from the southwest (Fig. 3b), while for the lowest
wind speeds, the wind came from the northwest.

The time series forHs clearly shows the duration of the first
and second storms (Fig. 3c). The highest Hs recorded by the
radar was 8.02 m on 25 December 2013 at 05:00 UTC
(Fig. 3c). However, the wave model underestimated the Hs

(7.28 m). The second maximum took place on 27 December
2013 at 20:00 UTC, and it is 7.07 m (radar) and 6.67 m
(model).

The mean wave propagation direction (Fig. 3d)
remained approximately constant from the south-
southwest during the first storm, while for the second
storm, it rotated steadily from southeast to southwest.
Peak periods (Tp; Fig. 3e) at the two storms were sim-
ilarly around 12 s. The WW3 mean wave period
(Tm01; Fig. 3f) results are overestimated compared to

Table 3 Wind speed at 10 m of height (U10) and wind direction (φ)
validation table for the period of 01 December 2013 to 14 February
2014 at 23:00 UTC

Parameters Bias (m/s; deg) Scatter index CC

Location U10 φ U10 φ U10 φ

1 1.133 0.827 (−0.113) 0.103 0.186 0.967 0.836

2 0.174 – 0.125 – 0.945 –

3 0.020 −3.630 (−3.945) 0.112 0.165 0.958 0.882

4 0.479 −10.185 (−0.296) 0.106 0.182 0.961 0.893

5 0.213 −2.334 (0.103) 0.090 0.090 0.965 0.958

6 0.025 −2.204 (0.096) 0.173 0.110 0.878 0.922

7 0.098 −64.758 (−0.163) 0.116 0.250 0.933 0.935

8 0.035 – 0.108 – 0.945 –

9 1.838 −10.841 (−0.135) 0.205 0.099 0.859 0.942

10 – – – – – –

Records are taken from the JCOMM project wave buoys and compared
against time series from the high-resolution atmospheric model ECMWF.
In parenthesis, the directional bias is given (Mardia and Jupp 2000)

CC correlation coefficient
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the measurements. Other studies observed a similar is-
sue in the WW3 performance regarding the mean period
(Amrutha et al. 2016).

A statistical analysis for the 12-day period comparing
buoy, radar, and model (Table 4) shows that the radar
measurements are closer to the buoy than the model
ones. Both the radar and the model overestimate Hs

and Tp (negative bias), but the radar shows less scatter
and higher correlation with the buoy data. Model results
systematically overestimate radar measurements, with
the bias in the mean wave propagation direction
reaching 10°.

6.2 Frequency wave spectra

Frequency spectra from model and radar were compared on
the basis of the root-mean-square (RMS) difference of the
spectral levels at discrete frequencies. The RMS error is com-
puted by interpolating radar spectra to the WW3 frequency
grid in the common frequency range. The RMS difference
between radar and model frequency spectra was calculated
by averaging the squared difference of spectral energy level
at each frequency across the common frequency range. It is
shown in Fig. 4, where we show again the time series of Hs in
order to better visualize in which sea states the highest RMS

Fig. 3 Time series comparison of
U10 (a), wind direction (b), Hs

(c), mean wave propagation
direction (d), peak period (e), and
mean period Tm01 (f) from the
MIROS radar, WW3, and the
JCOMM wave buoy at Sleipner
for the period of the study. Blue
dashed line–buoy, red line–
MIROS radar, black dashed line–
ECMWF for a, b and WW3 for
c–f

Table 4 Statistics for
Hs, peak wave period
(Tp), and mean wave
direction (θ) at Sleipner
for the period of 20 to 31
December 2013 at 23:00
UTC

Statistical
coefficients

Buoy and MIROS
radar

Buoy and WW3 MIROS radar and WW3

Hs Tp θ Hs Tp θ Hs Tp θ

Bias (m/s; deg) −0.001 −0.465 − −0.072 −1.309 – −0.062 −0.181 −10.352 (−11.391)
Scatter index 0.068 0.024 – 0.101 0.047 – 0.089 0.080 0.059

CC 0.977 0.975 – 0.950 0.915 – 0.964 0.922 0.951

In parenthesis, the directional bias is given (Mardia and Jupp 2000)
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differences occurred. The two highest differences, which are
highlighted by the two left vertical lines in Fig. 4, were ob-
tained during two major storms. The third vertical line (on the
right) corresponds to milder conditions, but this case is also of
interest. Thus, the attention was focused on those three dates,
where an analysis of the one-dimensional spectra and of the
respective source functions was performed.

The discrepancies between radar and model frequency
wave spectra during the two major storms can be attributed
to a slight shift of the spectral peaks in the spectrum of 25
December 2013 at 04:00 UTC (Fig. 5) and in the spectrum of
28 December 2013 at 05:00 UTC (Fig. 6). During the milder
event of 30 December 2013, the reason for the discrepancy is
different; it is a difference in the level of spectral energy at the
peak frequency (Fig. 7).

In order to better understand what might have happened,
we analyzed the source functions. In the case of the major
storms of 25 and 28 December 2013, the dominant local pro-
cesses in the spectral energy balance are wind input and wave-
wave nonlinear interactions (Fig. 8a, b), which inject energy in
the low-frequency range at and below the peak frequency.

In the case of the largest underestimation of the spectral
peak by the wave model (on 30 December 2013 at 23:00
UTC), the dominant local process is provided by wave-wave
nonlinear interactions (Fig. 8c). The nonlinear interactions
(Snl) play a key role in adjusting the total source balance as
was demonstrated in Tamura et al. (2010). In addition, there
are some differences in the variance density spectra at the
high-frequency tails of the spectra, especially on 28 and 30
December 2013 (Figs. 6 and 7), where secondary peaks are

Fig. 4 Time series of Hs (m) at
location 5 (top) from the MIROS
radar and from the WW3 model
and root-mean-square (RMS)
error (bottom) of WW3 frequency
spectra for the period of 20 to 31
December 2013. RMS error
computed by interpolating radar
spectra to WW3 frequency grid
(in the common frequency range).
Dashed vertical lines at 25
December 2013 04:00 UTC, 28
December 2013 05:00 UTC and
30 December 2013 23:00 UTC.
Red line–radar; black dashed
line–model

Fig. 5 Frequency spectra at
Sleipner on 25 December 2013 at
04:00 UTC. a Radar and WW3
spectra. b Difference between
radar and WW3 spectra
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clearly visible in the radar spectra while they are absent in the
WW3 spectra.

Since location 5 (Sleipner) is at a deep water location, the
bottom friction dissipation (Sbot) does not play any role. In the
case of the storms on 25 and 28 December 2013, the nonlinear
interactions played a secondary role in the spectral balance; on
the contrary, on 30 December 2013 when the wind speed was
a breeze of about 10 m/s, it can be seen that Snl prevailed and
reacted quickly to changes in the source balance.

The differences between modeled and measured wave
spectra (Figs. 6 and 7) could be explained by the fact that
the radar is showing complex wave systems of the North
Sea that the wave model cannot reproduce. A possible expla-
nation could be the fact that the temporal resolution of the

wind fields used in our study is 1 h, implying that the intrinsic
variability of the real wind in the North Sea is not captured by
the wind field at this time scale (1 h). Similar studies in the 90s
(Cavaleri and Burgers 1992; Komen et al. 1994; Ponce de
León and Ocampo-Torres 1998) showed that wind gustiness
is important in wave generation and may induce stronger sur-
face stress and consequently an enhancement in the wave
generation process. In particular, Ponce de León and
Ocampo-Torres (1998) studied the effect of the wind variabil-
ity using realistic wind measurements with time scales of mi-
nutes showing that a high variability of the wind induces more
complex directional wave spectra with secondary peaks. In
addition, their study showed how the wave energy increases
with wind variability.

Fig. 6 Frequency spectra at
Sleipner on 28 December 2013 at
05:00 UTC. a Radar and WW3
spectra. b Difference between
radar and WW3 spectra

Fig. 7 Frequency spectra at
Sleipner on 30 December 2013 at
23:00 UTC. a Radar and WW3
spectra. b Difference between
radar and WW3 spectra
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6.3 Directional spreading

Directional spreading is one of the parameters that, together
with the steepness and the frequency bandwidth, characterizes
the shape of a directional wave spectrum. The directional
spreading from the wave model was compared to the one
recorded by the MIROS radar during the period of study.
Prominent differences were found. The highest differences
between the hindcast and radar spectra were found during
the first storm, which occurred approximately between 24
and 26 December 2013.

Radar records of the directional spreading parameter were
taken as a reference, and for the first storm, the differences are

higher than for the second storm (Fig. 9), ranging from 10° up
to 23.47°, while for the second storm, the differences ranged
between 10° and 18.48°. The duration of the storms was al-
most 2 days. This means that the radar recorded higher values
than the model for both storms. These differences can be very
important for the prediction of extreme wave conditions.

The implications of these differences in the directional
spreading parameter are reflected in the two-dimensional
wave spectra, analyzed in the next section. The poor represen-
tation of the directional spreading affects the transition from a
normal to dangerous sea state in a wave forecast.

Tamura et al. (2010) obtained similar findings for an oce-
anic location in the Pacific Ocean. However, their results

Fig. 8 Source functions (WW3) for a 25 December 2013 at 04:00 UTC,
b 28 December 2013 at 05:00 UTC, and c 30 December 2013 at 23:00
UTC. Sin wind input, Snl wave-wave nonlinear interactions, Sbreak

breaking dissipation, Sbot bottom friction dissipation, and Stot total
source function magnitude
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showed that during the period of the study (2 months), the
hindcasted directional spreading parameter was higher than
the recorded values. In the present study, the directional
spreading values recorded by the radar were available for a
shorter period of 12 days and resulted in a wider directional
spreading most of the time than the modeled values (Fig. 9).

The normalized directional distribution of spectral energy
is shown in Fig. 10 for the two dates, where the differences
between radar and model spectra were larger. On 25
December 2013 at 13:00 UTC, the radar shows a multi-
modal distribution with three peaks, whereas the model shows
two peaks. On the 26 December 2013 at 01:00 UTC, both the

radar and the model show a growth in the secondary peak, but
the model still shows considerable deviations from the radar
distribution.

6.4 Two-dimensional wave spectra

In this section, the directional wave spectra from the radar and
from the model are analyzed for the 12-day period of 20 to 31
December 2013. Spectral energy is given in the direction of
propagation for model and radar spectra. In general, a good
agreement between radar and model spectra was observed as
can be seen in Fig. 11, where we selected the date of 27

Fig. 10 Normalized directional
distribution of wave spectral
energy. a 25 December 2013
13:00 UTC and b 26 December
2013 01:00 UTC. Red line–
MIROS radar, black dashed line–
model

Fig. 9 Directional spreading (deg) time series from the wave model (black dashed line) and from the MIROS radar (red line). Period of 20 to 31
December 2013 (a). Differences between the directional spreading recorded by radar (reference) and obtained from WW3 (b)
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December 2013 as an example. The two-dimensional (2D)
wave spectra corresponding to the two major storms were
further analyzed.

On 25 December 2013 at 13:00 UTC, the difference in
directional spreading between the radar and the model attains
a maximum of 23.5° (Fig. 9). The directional spectrum for this
date is shown in Fig. 12, where it can be observed that, while
the peak frequency is similar between radar and model, the
model and radar peak directions are different. The total energy
is similar, judging from the Hs values, but the radar spectrum
covers a sector with width of 135° between west and south-
east, while the model spectrum is limited to the southwest
sector.

The radar and model spectra on 26 December 2013 at
01:00 UTC are displayed in Fig. 13. The model spectrum

(Fig. 13b) has a single peak on the southwest quadrant, while
the radar spectrum (Fig. 13a) shows several peaks. The most
energetic is in the south-southeast sector.

The discrepancy between radar andmodel spectra is similar
in both cases (25 December 2013 at 13:00 UTC and 26
December 2013 at 01:00 UTC) with multi-peaked radar spec-
tra spread between northwest and southeast contrasting with
single-peaked model spectra limited to the southwest
quadrant.

Multi-modal sea states of the North Sea were reported by
many authors as having a high frequency of occurrence
(Guedes Soares 1991; Boukhanovsky et al. 2007; Ponce de
León and Guedes Soares 2012). The multi-peaked spectra are
the result of a combination of different factors such as the
complex shape of the North Sea and complicated synoptic

Fig. 11 Directional wave spectra
on 27 December 2013 at 06:00
UTC. a Radar and b WW3

Fig. 12 Directional wave spectra
on 25 December 2013 at 13:00
UTC. a Radar and b WW3
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conditions as those observed in the 2013–2014 winter, where
winds and waves from different directions were often
recorded.

7 Conclusions

The ability of a third-generation wave model in hindcasting
severe sea states was assessed for a 12-daywinter period in the
North Sea using buoys and microwave Doppler radar records.
Integrated parameters of the sea state spectrum were accurate-
ly hindcasted by the model. The frequency spectra of the
model were compared to spectra measured by the radar by
means of the RMS difference, and a good agreement was
found in general, although the RMS difference showed large
values at the peak of twomajor storms. These differences were
attributed to a slight shift in the peak frequency. An analysis of
the source terms showed that both wind input and wave-wave
nonlinear interactions were dominant. Another milder event
was characterized by an underestimation of the peak spectral
energy. In that case, the local process was dominated by wave-
wave nonlinear interactions.

When forecasting extreme waves in a directional sea, the
directional spreading of the spectrum is an important parame-
ter. It was found that the model consistently underestimated
the directional spreading when compared to the radar mea-
surements. The most severe underestimation occurred near
or at the peak of the storms. There is a need to clarify the
source of these discrepancies because they occur during the
most dangerous sea states, where the appearance of extreme
waves is associated to severe risks to marine structures and
operations.

The underperformance of the wave model at location 10 is
pointing that a tuning is needed for a wide range of storm
conditions of the North Sea. In addition, a reduction of the

integration time step and an increase in the number of direc-
tional bins may improve the swell propagation across the
basin.
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