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Abstract: The necessity to reduce CO; emissions in combination with the rising energy demand
worldwide makes the extensive use of renewable energy sources increasingly important. To that
end, countries with long coastlines, such as Norway, can exploit ocean wave energy to produce large
amounts of power. In order to facilitate these efforts as well as to provide quantitative data on the
wave energy potential of a specific area, it is essential to analyze the weather and climatic conditions
detecting any variabilities. The complex physical processes and the atmosphere-wave synergetic
effects make the investigation of temporal variability of wave energy a challenging issue. This work
aims to shed new light on potential wave energy mapping, presenting a spatio-temporal assessment
of swell- and wind-sea-induced energy flux in the Nordic Seas with a focus on the Norwegian
coastline using the NORA10 hindcast for the period 1958-2017 (59 years). The results indicate high
spatial and seasonal variability of the wave energy flux along the coast. The maximum wave energy
flux is observed during winter, while the minimum is observed during summer. The highest coastal
wave energy flux is observed in the Norwegian Sea. The majority of areas with dominant swell
conditions (i.e., in the Norwegian Sea) are characterized by the highest coastal wave energy flux.
The maximum values of wave energy flux in the North Sea are denoted in its northern parts in the
intersection with the Norwegian Sea. In contrast to the Norwegian Sea, areas located in the North Sea
and the Barents Sea show that wind sea is contributing more than swell to the total wave energy flux.

Keywords: wave energy flux; renewable energy; Norway; North Sea; Norwegian Sea; Barents Sea;
wind sea; swell

1. Introduction

According to the European long-term strategy [1], Europe needs to maximize the deployment
of renewables aiming to fully decarbonize its energy supply. Marine Renewable Energy (MRE)
resources such as wind, tidal currents, and waves could play a key role in the decarbonization of
electricity production around the world [2]. Globally, there are many offshore areas characterized
by considerably high marine energy supply, due to intense winds, increased tidal activity, and high
waves [3]. The oceans offer a vast amount of renewable energy that is currently unexploited. Thus,
the accurate estimation of the MRE potential is fundamental in harnessing ocean energy. This will
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provide a design basis for the development of innovative technologies to overcome current constraints
in renewable energy production in terms of efficiency and damage prevention. In this context, there is
an increasing interest among the scientific community to quantify the potential of global MRE resources
and to analyze their economic aspect, while advancing their technology [4-12]. Moreover, as MRE
production is highly dependent on weather conditions, the aspect of climatic variability is a critical
factor for a realistic assessment of energy potential. It has been concluded by Reguero et al. [13] that the
anthropogenic upper-ocean warming is changing the global wave climate, making waves stronger and,
overall, increasing wave power globally by 0.4% per year. Countries with long coastlines facing the
Atlantic Ocean, such as Norway, are characterized by large amounts of MRE potential [14] in the form of
wave energy. The deployment of large-scale wave power plants requires high-quality quantification of
the wave energy potential resource [15], as the detailed assessment of wave energy potential can reveal
areas characterized by significant wave energy potential. Areas with pre-existing wind power plants
can be good candidates for the installation of wave energy plants to increase production efficiency
and decrease in costs (since the existing infrastructure and distribution network will be reused) [5].
This will also result in diversified energy supply plants that are less vulnerable to wind and wave
variabilities. Concerning the Norwegian coast, several ocean-wave energy studies have been carried
out since 1970, estimating the average wave power between 20 and 41 kW m~! [16]. A modeling
study on potential sites for offshore energy exploitation was conducted by Kalogeri et al. [17], and it
was concluded that the coasts of Norway were among the best spots for this kind of development.
Even though hydropower is the main energy resource in Norway [4,18,19], the wave energy potential
is large enough to cover domestic demand as well as export production surplus to neighboring
countries in accordance with the European energy megagrid [20]. Consequently, a detailed estimation
of the spatiotemporal variabilities of wave energy potential along the Norwegian coastlines is of high
significance, not only on a regional but also on a European scale.

In this context, this study presents spatial and seasonal analyses of the wave energy flux in
the North Sea, the Norwegian Sea, and the Barents Sea. Wave energy converters, the devices used
to transform kinetic and potential energy of waves to electricity, respond differently to low- and
high-frequency waves. The swell waves are more significant in the wave energy converter industry
because the wave energy density is more consistent over a year [21]. For this reason, wave energy
fluxes due to swell and wind sea are examined individually in this study. It is noteworthy that
complex physical processes and atmosphere-wave synergetic effects affecting wave energy flux are
usually investigated using either two-way atmosphere-wave coupled modeling systems [22-24] or
high-resolution reanalysis/hindcast data. For instance, a global ocean wave energy resource based
on ERA-40 wave reanalysis data was analyzed by Zheng et al. [25], and global ocean energy was
estimated by Cornett [26] using a WAVEWATCHIII [27] hindcast. Hence, in order to perform our
analysis, the regional NORA10 hindcast was employed including swell and wind sea data for the
period 1958-2017 (59 years). NORA10 covers the North Sea, the Norwegian Sea, and the Barents Sea in
a fine horizontal resolution of 10-11 km [28]. The NORA10 dataset was found to be in good agreement
when compared against observations [28,29]. The resulting time series of wave energy fluxes were
analyzed to characterize 10 selected offshore areas. The main focus of the study is the characterization
of wave energy flux due to swell and wind sea along the Norwegian coast. Our analysis aims to give a
comprehensive assessment of wave energy flux and to identify areas with high wave energy potential
along the Norwegian coast.

This paper is organized as follows. Section 2 is dedicated to materials and methods. Section 3
describes the wave climate in the Northeast Atlantic and along the Norwegian coast. The discussion of
the results is presented in Section 4. Finally, Section 5 provides the conclusions.

2. Materials and Methods

The NORA10 (Norwegian Reanalysis Archive 10 km) hindcast includes various atmospheric
and wave data for the Northeast Atlantic, including the North Sea, the Norwegian Sea, and the
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Barents Sea. It has a horizontal grid resolution and a time interval of 0.1° x 0.1° and 3 h,
respectively [28]. It is developed by the Norwegian Meteorological Institute combining atmospheric
and wave modeling techniques. They performed dynamical atmospheric downscaling of the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-40 [30] reanalysis data using the 10-km
High-Resolution Limited Area Model (HIRLAM; Undén et al. [31]); consequently, they forced the wave
model WAM cycle 4 [32] with surface wind fields produced by the HIRLAM model (more information
in Reistad et al. [28]). As the ERA-40 dataset has been available since 2002, NORA10 is continually
being extended using operational analyses from the ECMWEF as boundary and initial conditions [28,33].
It is important to note that NORA10 was compared by Aarnes et al. [33] to wave observations in the
North Sea and the Norwegian Sea during the period 1958-2009, and it was ensured that NORA10
does not possess a discontinuity of significance before and after 2002. Hence, we used the continuous
59-year period from January 1958 to December 2017. In order to cover a sufficient part of offshore
areas along the Norwegian coastline, we selected 10 representative points (Figure 1). The data subsets
representing the 10 points consist of significant wave heights and wave periods for both swell and
wind sea, facilitating the scope of this study.

70°N
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60°N

."-North Sea

55°N

5°W  0°  5°E  10°E  15°F

Figure 1. The 10 selected offshore points (red dots and numbers) along the Norwegian coastline.
Areas dominated by wind sea (WEF,, > WEF;) within blue-curve and areas dominated by swell

(WEF; > WEF,) within green-curve. The dashed arrows show the direction of swell decay along
the coast.

The Wave Energy Flux (WEF) is given by Equation (1) [34]:

MEFzmgAhAm%Ugﬁgﬁﬂﬁe (1)

where S(f,0) is the directional wave energy spectrum, f is the wave frequency, 6 is the wave
propagation direction, p;, is the seawater density, g is the gravitational acceleration, and cg is the
group velocity, i.e., the velocity at which wave energy propagates, which is a function of the wave
frequency and water depth (z). Even though seawater density depends on salinity and temperature,
which vary in time and space, an average value is set for this work, p;, = 1025 kg m~3, as also used by



Atmosphere 2020, 11, 166 4 0of 20

Iglesias et al. [34]. Considering deep waters, the wave energy flux, expressed in kW per meter of wave
crest length (kW m™1), is approximately estimated following Equation (2) ([35-39] for total WEF):

2 WEF, = 228 H2,T,
2 s o
WEPw == mHsleg,w

where H; is the total significant wave height (m), Hs s is the swell component of significant wave height
(m), Hs y is the wind sea component of significant wave height (m), T, is the total wave energy period
(s), Te,s is the swell component of wave energy period (s), and T, is the wind sea component of wave
energy period (s). Total WEF as well as wind-sea-induced (WEF,;,) and swell-induced (WEFE;) wave
energy flux can be estimated using the respective significant wave height and wave energy period in
Equation (2). Based on the WAM model, the wave components that are not subject to wind forcing are
defined as swell, while the rest are defined as wind sea [32]. The significant wave height is defined by
Equation (3):

Hs = 4\/7770 (3)

where my is the zeroth moment (the variance) of the wave spectrum [40]. The spectral moments are
defined by Equation (4):

27T 00
mn:./o /0 FUS(F,0)dfd0,n = 0,1,2,3... @)

where S(f,0) is the spectral density as a function of frequency (f) and direction ().
The following relation between wave energy and peak wave period (T,) was proposed by Cahill
and Lewis [41] assuming a Bretschneider spectrum:

T, = 0.85T, ©)

Since T, was not available in the NORA10 dataset, we adopted Equation (5) in order to
approximate the wave energy period used in Equation (2) for total WEF as well as swell- and
wind-sea-induced WEF. The use of a relation including peak spectral wave period instead of the actual
wave energy period should not impact significantly the results of a spatio-temporal analysis of wave
energy. Regarding the computation of WEF, in Santo et al. [42] and Varlas et al. [43], the T}, was used
instead of T,, while in Sasaki [44], the significant wave period (Ts) was employed. In Goddijn-Murphy
et al. [45], the zero-crossing period (T,) was used to estimate the energy period (T, = 1.18T;, adapted
by [41]). Similar to our analysis, Cornett [26], Bento et al. [38] and Boronowski et al. [46] computed T
according to T, = 0.9T), for wave energy estimations.

In the following section, the seasonal and spatial variability of WEF resources, induced by wind
sea and swell, is analyzed for the Nordic Seas and along the Norwegian coast (10 selected points).
Finally, for the estimation of WEF-distribution by direction (WEF-rose) along the Norwegian coast, we
used the mean direction for total WEF-rose and the peak direction of wind sea and swell for WEF,,-
and WEF;-rose.

3. Results

3.1. Wave Climate in the Northeast Atlantic: The North Sea, the Norwegian Sea, and the Barents Sea

This section presents the average total WEF for the period from 1958 to 2017 (59 years) as well as
the contribution of wind sea and swell in WEF. The results are based on the methodology presented in
the previous section.

The spatial variation of the average Hs, T, and WEF values is shown in Figure 2 for NORA10
domain covering the Northeast Atlantic Ocean including the Nordic Seas i.e., the North Sea,
the Norwegian Sea, and the Barents Sea. The highest values of Hs, T, and WEF were observed in the
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area in the Northwest of Ireland. Hs, Hss, and H;, reached 3.6, 2.5, and 2.3 m, respectively. The peak
wave period T, reached 11.5 s, while T}, s and T),,, reached 12.5 and 7 s, respectively. Regarding the
wave energy fluxes, WEF, WEF;, and WEF,, reached 77, 44, and 44 kW m 1, respectively.

Figure 2. The average Hs, Hss, Hsw, Tp, Tp,s, Ty, WEF, WEFs, and WEF,, for the NORA10 domain
for the period 1958-2017.
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Moreover, we observed relatively low values of Hj, Ty, and WEF in the North Sea. This is
attributed to the fact that the North Sea is less exposed to high waves and swell due to sheltering by
the British Isles. Hence, Hs ranged from 0.5 to 2.5 m, while H; s and Hs, ranged from 0.5 to 1.9 m and
from 0.5 to 2.1 m, respectively. As far as the peak wave periods are concerned, Ty, Ty,s, and T}, ranged
from 5 to 9 s, from 6 to 11 s, and from 3 to 7 s, respectively. It is noteworthy that the highest wave
periods were observed at the Northern parts of the North Sea in the intersection with the Norwegian
Sea. The low values of both significant wave height and wave period in the North Sea led to low WEF
values, WEF < 40 kW m~!, WEF; < 20 kW m~! and WEF,, < 20 kW m~1.

In contrast to the North Sea, the Norwegian Sea was exposed directly to high waves from the
North Atlantic Ocean, leading to higher values of Hs and T, and, subsequently, of WEF. Therefore,
H; ranged from 2.4 to 3.2 m, while H;s and H;, ranged from 1.5 to 1.9 m and from 1.3 to 1.7 m,
respectively. Furthermore, T, Ty s, and T), ranged from 9 to 12 s, from 9.5 to 12 s, and from 5 to
6 s. Regarding the WEF values, WEF ranged from 30 to 57 kW m~!, while WEF; was lower than
32 kW m~!, and WEF,, was lower than 28 kW m~!.

The Barents Sea was characterized by lower values of Hs, T,, and WEF compared to the
Norwegian Sea. Thus, Hs ranged from 1.0 to 2.5 m, while H, s ranged from 0.5 to 1.9 m, and H;,, was
higher than 0.5 and lower than 1.5 m. Accordingly, T), ranged from 6 to 9 s, while T}, s and T}, ranged
from 6 to 10 s and from 4 to 6 s, respectively. Concerning WEF values, WEF was demonstrated up to
36 kW m~!, while WEF, and WEFE,, reached 20 kW m 1, respectively.

In order to investigate the seasonal variations of wave parameters in the Northeast Atlantic
Ocean, we estimated the average total, swell, and wind sea component of H;, T, and WEF for autumn
(September, October, and November), winter (December, January, and February), spring (March, April,
and May), and summer (June, July, and August), as illustrated in Figures 3-5. During the winter
season, the wave height had the highest values. In more detail, H; northeast of Ireland reached 5 m,
while H; s and H;, were up to 3.4 and 3.2 m, respectively. In the North Sea, H;, Hs 5, and Hs,, were
about 3.7, 2.6, and 2.6 m. In the Norwegian Sea, H; reached 4.2 m, while H; s and H; ¢, reached 2.9
and 2.4 m, respectively. Moreover, in the Barents Sea, Hs, Hs s, and H; reached 2.8, 1.6, and 1.3 m,
respectively. The autumn season was characterized by about 1 m lower values of H;, Hs s, and H; 4
than winter. Spring showed reduced values in comparison with autumn, while summer was the
season with the lowest wave heights. Regarding the peak wave period, during winter, we observed
the highest values with T\, = 11.5s, T, s = 13 s, and T}y = 8 s northeast of Ireland, T, =9's, T s = 11.5 5,
and Ty, =7 s in the North Sea, T, =11.5 s, Ty s = 13 s, and T,y = 7 s in the Norwegian Sea, and T,
=11s, Tps =12s,and Ty = 7 s in the Barents Sea. Compared to the winter, the autumn and spring
seasons showed lower wave periods. Similarly to significant wave heights, the summer season showed
the lowest peak wave periods. As previously described, winter season was characterized by the
maximum wave heights and wave periods leading to high wave energy fluxes. Wave extremes based
on NORA10 are well documented in Aarnes et al. [33], where it is shown that 100-year return value
estimates of Hs exceed 14 m in the North Sea and 16 m in the Norwegian Sea. In terms of wave energy,
WEF, WEF,, and WEF,, reached 140, 81, and 81 kW m 1, respectively, in an area northeast of Ireland.
Furthermore, in the North Sea, WEF reached 60 kW m~1, while WEEF; was up to 45 kW m~! and
WEF,, reached 45 kW m~!. In the Norwegian Sea, WEF reached 110 kW m !, while WEF; and WEF,
reached 74 and 51 kW m™1!, respectively. Moreover, in the Barents Sea, WEF was up to 60 kW m~1,
while WEF, and WEF,, reached 45 kW m~!. The autumn season showed the second highest wave
energy fluxes. Hence, WEF, WEF;, and WEF,, reached 80, 45, and 45 kW m~! at the northeast of
Ireland, 45, 37, and 37 kW m~! in the North Sea, 67, 37, and 37 kW m~! in the Norwegian Sea, and 45,
37, and 37 kW m~! in the Barents Sea. The spring season demonstrated lower wave energy fluxes up
to 67 kW m~!, while the lowest values were observed during the summer season.



Atmosphere 2020, 11, 166 7 of 20

H,m Atum H[m|, Winter pring ___H.[m], Summer

0.0 0.5 11 1.6 2.1 2.6 3.2 3.7 4.2 4.7

Figure 3. The average seasonal (autumn, winter, spring, and summer) Hs, Hss, and Hsy for the
NORA10 domain for the period 1958-2017.
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T,[s Auum _ T,[s], Winter ] Ting ] T,[s], Summer

0.0 1.4 2.7 4.1 5.5 6.8 8.2 9.6 109 123

Figure 4. The average seasonal (autumn, winter, spring, and summer) T, Tys, and Tj,y for the
NORA10 domain for the period 1958-2017.
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WE ka’1 Autumn m-— \ _ / . ri WE ka’1 Summer

74 89 104 119 134

Figure 5. The average seasonal (autumn, winter, spring, and summer) WEF, WEF;, and WEF;, for the
NORA10 domain for the period 1958-2017.

3.2. WEF along the Norwegian Coast

For a more detailed analysis of the coastal WEF, we investigated the wave energy fluxes induced
by either swell or wind sea, in the 10 selected points. In general, WEF increased during the period from
July to January while it decreased from February to July (Table 1). January and July were characterized
by the highest and lowest WEF, respectively, while higher WEF values were observed at Points 4-7.
The maximum monthly WEF was found for Point 5 in January, and it was equal to 89.8 kW m~!. Point
5 was also characterized by the maximum average annual WEF (45.5 kW m~!). The second highest
WEF value was observed north of Point 5, at Point 6 where the average annual WEF was 43 kW m™!
and the monthly average for January was 86 kW m~!. For Northern Points 7-10, the average annual
WEF values reduced from 39.8 to 26.2 kW m~! and for the average monthly WEF for January from 80.4
to 47.3 kW m~1. South of Point 5 (Points 1-4), we also observed a reduction of annual and monthly
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WEEF from Point 4 to Point 1. The average annual and monthly WEF values for January reduced from
35.2 to 8.3 kW m~! and from 68.8 to 16 kW m ™!, respectively. The previous results illustrate that the
monthly WEF for January was about 2 times higher than the annual average WEE.

Table 1. Average monthly WEF (kW m™1!) for the 10 selected points.

Point Jan Feb Mar Apr May Jun Jul  Aug Sep Oct  Nov Dec Total

15.97  10.64 8.11 3.95 3.38 3.99 391 3.97 707 1005 1252 1542 8.25
3795 29.07 2353 13.15 8.40 8.69 8.14 870 1599 2331 3097 36.63 20.38
56.83 4526 3858 21.13 1216 9.37 7.94 9.65 20.89 3457 4516 5510 29.72
68.80 5498 46,52 2611 14.60 10.68 8.64 1037 2385 40.07 52.03 6570 35.20
89.75 7954 6332 33.03 16.69 12.88 1042 1237 31.00 4861 6231 86.15 4551
8595 79.07 59.67 30.16 14.65 11.55 897 1092 28.67 4575 5873 8140 4296
80.41 7488 56.41 2723 1298 10.13 7.97 990 2598 4280 5443 7490 39.83
68.06 66.05 5039 2471 13.00 1041 7.88 9.67 2224 3917 4626 6246 35.02
5822 5858 4527 2199 1210 9.79 7.26 9.09 19.78 3536 39.83 53.84 3092
4729 4830 3733 1944 11.39 9.24 6.97 892 1767 30.85 3376 4371 26.24

S0 W0NOU W

In order to further investigate the contribution of wind sea and swell on WEF, we plotted the H;-T),
diagrams for Points 1-10 considering all seasons of the 59-year period (Figure 6). In the most sheltered
location from the open-sea conditions (Point 1), the majority of WEF values were below 25 kW m~! with
255<Ty<9sand 0 m < H; < 3 m. At Points 2-4, most WEF values were below 100 kW m ! with3s<
Ty <11sand 0.5 m < Hs; < 5m. Points 5-8 showed that most WEF < 100 kW m ! withlm<H; <4m
but a higher T},: 5-13 s. At Points 9-10, the WEF values were lower than 50 kW m ! with3s < T, < 12.5s
and 0.5 m < Hy < 4m.

During winter, Hs and T), were higher than the overall averaged values, leading to higher WEF
(Figure 7). More specifically, for Point 1, most WEF values were two times higher than the overall,
reaching 50 kW m~! with 2.5 s < T, < 9 s and Hy; < 4 m. Even though the T, range was the same,
the H; range increased by 1 m during winter. Most WEF values at Points 2-3 had a range 5 kW m ™! <
WEF <50 kW m~! with1m < Hy < 5mand 5s < T, < 10 s. Point 4 was characterized by 5 kW m ™!
< WEF <100 kW m~! with 1.5 m < Hs; < 5 m and a slighter higher peak period 5s < T, < 11 s due
to its exposure to the Norwegian Sea. Point 5-10 had 5 kW m~! < WEF < 100 kW m~! with 1.5 m <
Hs; <5mand5s<T, <15s. Compared to the North Sea and the Barents Sea, the combination of
high H; and T, in the Norwegian Sea (5-9) led to much higher values of WEF.

Tables 2 and 3 present the average monthly and annual WEF; and WEF,, respectively.
Regarding WEF,,, we observed that the maximum was located at Point 5 with an average annual
value at 20.8 kW m~!. The second highest WEF,, was at Point 4 with 19.5 kW m~!. For points north
(6-10) and south (1-4) of Point 5, the WEF,, decreased from 17.8 to 13.1 kW m~! and from 19.5 to
64kWm1, respectively. Similarly with the total WEF, the maximum monthly values were observed
during the winter months, where January had the highest WEF,, at Point 5, equal to 43.3 kW m L,
followed by 41.7 kW m~! at Point 4. On the other hand, WEF; showed the maximum average annual
value of 23.5 kW m~! at Point 6, which was slightly higher (by 0.2 kW m~!) at Point 5. As observed for
WEF,, the WEF; values decreased towards Point 1, where swell was nearly absent (WEF; <2 kW m~b).
For Points 7-10, WEF; was also decreasing from 22.2 kW m 1to122kWm L. January was the month
with the highest WEF;, with 45.1 kW m~! at Point 6 followed by 43.7 kW m~! at Point 5.

Figure 8 presents the overall (59-year period) boxplots for total WEF, WEF,,, and WEF; for the
10 selected points. The definition of boxplot used in this study is given in Figure 8d i.e., the green
triangle: the mean, the horizontal orange line: 50th percentile or median, the lower quantile: 25th
percentile, the upper quantile: 75th percentile, the maximum: 95th percentile and the minimum:
5th percentile. The maximum WEF in the North Sea (Points 1-4) was greater than 30 kW m~!,
WEF, > 10 kW m~! and WEF,, > 30 kW m~!. The maximum WEF in the Norwegian Sea (Points 5-9)
exceeded 120 kW m~! with WEE, > 50 kW m~! and WEF,, > 60 kW m~!. The maximum WEF was
observed at Point 5, slightly exceeding 175 kW m~!. At the same location, WEF; and WEF,, were
above 75 kW m~! and 100 kW m~!, respectively.
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Figure 6. H;-T), diagram of peak wave period (s; x-axis) and total significant wave height (m; y-axis)
during the 59-year period for Points 1-10. Colored areas and contours represent occurrence and WEF

(kW m™1), respectively.
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Figure 7. H;-T), diagram of peak wave period (s; x-axis) and total significant wave height (m; y-axis)
during the winter season for Points 1-10. Colored areas and contours represent occurrence and WEF

(kW m™1), respectively.
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Figure 8. Boxplots based on the 59-year period for (a) swell-induced and (b) wind-sea-induced WEF as
well as (c) total WEF (kW m™~1) for the 10 selected offshore points (x-axis). (d) Definition of boxplot
used in this study, where the whiskers are set at specific percentiles (5, 95) of the data.

Table 2. Average monthly WEF; (kW m™!) for the 10 selected points.

Point Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec Total
1 3.19 243 1.92 1.05 090 1.04 1.03 1.10 1.45 2.17 2.70 3.01 1.83
2 10.66 9.15 7.51 4.60 284 239 209 250 4.69 6.68 915 1071 6.08
3 20.02 17.75 15.65 9.75 555 389 339 412 858 1296 1735 20.75 11.65
4 27.00 23.88 21.14 12.82 722 500 427 508 11.05 1772 2255 2780 1546
5 4369 39.62 3303 1921 1035 755 627 726 1585 2431 3143 4131 2332
6 4514 4103 3375 1857 948 731 585 686 1583 2443 31.03 4241 2347
7 4332 4045 3179 16.99 863 6,60 517 637 15.09 2257 2887 40.05 2216
8 37.66 3518 2792 1520 8.02 6.17 491 6.02 1372 21.39 2631 3502 19.79
9 29.80 2851 2245 1231 6.63 527 426 530 1149 1776 21.18 2783 16.07
10 21.47 20.69 16.52 9.62 542 463 358 4.60 928 1448 1613 2031 1223
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Table 3. Average monthly WEF,, (kW m™1) for the 10 selected points.

Point Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec Total

12.67 8.11 6.14 288 245 292 286 284 5.59 7.82 9.74 12.32 6.36
2736 1990 15.99 847 550 626 603 618 11.28 1659 21.76 2594 14.27
3693 2748 2279 1099 639 538 445 541 1213 2141 2749 3425 1793
4170 3093 2516 1283 716 554 426 512 1259 2201 29.09 3747 19.49
4327 3730 2821 1270 580 493 378 471 1428 2292 2889 4223 20.75
3738 3476 2354 1036 463 384 280 3.68 1191 1966 2540 3573 17.81
3343 3090 21.87 897 379 3.08 247 313 9.80 1839 2295 3151 15.86
2749 2833  20.25 860 455 388 269 328 764 1636 1783 2489 13.82
2623 2781  20.99 890 513 424 277 348 756 1647 1693 2393 13.70
2423 2587 19.48 929 574 437 324 4.09 779 1541 1625 21.78 13.13

S0 0NN U R WN

WEEF, showed higher variability compare to WEF; (Figure 8). It is noteworthy that the mean
values for WEF,, were higher than the 75th percentile and that its median was close to zero (dominated
by low wind/calm conditions). In addition, the maximum WEF,, exceeded the maximum WEF; at all
points. This shows that the extreme events induced higher variability to WEF,, than WEF;. On the
other hand, the mean WEF; was below the 75th percentile and closer to the median, showing that the
distribution of WEF; was more symmetric than WEF,,’s distribution. Additionally, higher median
values for WEF; were detected, showing the presence of swell waves along the coast most of the time.

The seasonal boxplots (Figure 9) of WEF; and WEF,, for the 10 selected points show that the
highest WEF values were observed during winter followed by autumn, spring, and summer (the lowest
values). In more detail, during winter, the maximum WEF; was greater than 100 kW m~! at Points 5-8,
while the maximum WEF,, was higher than 150 kW m~! at Points 4-6. During autumn and spring,
the maximum WEF, were below 85 kW m~! and the maximum WEE,, < 125 kW m~1. During summer,
the maximum WEF; and WEF,, were lower than 25 kW m~! and 30 kW m~!, respectively. Regarding
the seasonal variability of WEF components, the winter season showed the highest variability followed
by autumn and spring. During summer, there was nearly no variability due to the relative low WEF
values. During all seasons, wind-sea-induced WEF had higher variability compared to WEF;.

The direction of WEF,,, WEF;, and total WEF was analyzed using the corresponding roses along
the coast, which are plotted in Figure 10. The roses illustrated how the WEF direction was distributed
at a specific location. For wind sea conditions and Points 1 and 5-10, the dominant direction was
southwest, which was parallel to the coast. For Points 2—4, we detected a dominant direction from
southwest with a secondary direction from southeast and northwest. For WEF;, the main direction was
west/southwest for Points 5-10, north /northwest for Points 2—4, and southwest for Point 1. The total
WETF followed the dominant directions of WEF,, and WEF;. More specifically, the main direction was
southwest at Points 1 and 5-10 and north/northwest for Points 2—4.
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Figure 9. Seasonal boxplots for swell-induced (left) and wind-sea-induced (right) Wave Energy Flux
(WEF) (kW m~1) for the 10 selected offshore points (x-axis).



Atmosphere 2020, 11, 166 16 of 20

5°E  10°E 15°E : 5‘;W 0° 5°E  10°E 15°E 5';W 0° 5°E  10°E 15°E

Figure 10. Roses of (a) total as well as (b) swell- and (c) wind-sea-induced WEF along the Norwegian
coast. The colors illustrate the WEF intervals, purple: from 0 to 10 kW m~1; light blue: from 10 to
20 kW m~1; cyan: from 20 to 30 kW m~; yellow: greater than 30 kW m~1.

4. Discussion

The differences in wave climate observed in the Nordic Seas significantly affect the coastal wave
conditions of Norway. The application of a high resolution wind-wave hindcast, such as NORA10,
facilitates a high-quality representation of wave conditions both in regional and coastal scales.

Our regional analysis showed that both swell and wind sea waves transfer a significant amount of
wave energy to the Norwegian coast. The results indicate higher swell than wind sea in the Norwegian
Sea, while swell is less pronounced in the North and Barents Seas. These results are in agreement
with the study of Semedo et al. [47]. Hence, the Norwegian Sea is characterized by the highest WEFE,
since WEF is most strongly dependent on significant wave height (quadratic relation) and wave period
(linear relation). This is attributed to the fact that the Norwegian Sea is exposed to high ocean waves
originating from the Northeast Atlantic Ocean. The swell waves dominate the wave climate of the
Norwegian Sea, which is also noted with a high WEF;. Moreover, a high WEF, is also observed in
the Norwegian Sea, due to the strong local winds in the area. On the other hand, the WEF; is lower
compared to WEF,, in the North Sea due to sheltering by the British Isles. The highest values of
WEEF in the North Sea are observed in its northern region due to the exposure to swell propagated
through the Norwegian Sea, which is also indicated in the study of Lavidas and Polinder [48]. Even
though they applied different methods (e.g., the spectral wave model, model set-up, estimation of
T, and time period), the WEF estimations are in agreement with our results (< 20 kW m~ ! in the
southern parts of the North Sea). Similarly to the North Sea, the Barents Sea is characterized by weaker
WEF; compared to the Norwegian Sea, since the swell waves reaching the northern part of Norway
propagate over longer distances and are partly dissipated. In addition, due to lower winds in the
Barents Sea compared to the North Sea, a slightly lower WEF,, is observed.

In order to thoroughly investigate the coastal wave climate, we identified areas along the coast
where wind sea or swell is the dominant source of wave energy. As it was also indicated in the
regional analysis, wind sea is dominant in areas located in the North Sea, i.e., Points 1-4 and in the
northernmost region (Barents Sea), Point 10 (Figure 1). Points 14 are less exposed to swell conditions
due to sheltering by the British Isles. Moreover, Point 1 is characterized by the lowest WEF, WEF;,
and WEF, due to sheltering and limited fetches. Swell waves reaching the coast of Norway are
mostly generated by cyclones in the Northeast Atlantic Ocean, as also discussed by Varlas et al. [43].
Our analysis shows that the swell waves are dominant at Points 5-9 located in the Norwegian Sea,
because these areas are exposed directly to open ocean.
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As far as the seasonal variability is concerned, winter is characterized by the maximum WEEF,
and summer by the minimum. The monthly distribution of WEF,, and WEF; are similar to the total
WEF, with maximum in January at the central points and minimum in July at the enclosed Point 1.
In comparison with WEF,,, WEF; is lower at Points 1-4 and 10, but higher at Points 5-9. Moreover, it is
noteworthy that WEF,, presents higher variability than WEF;, as illustrated in the boxplots. The wind
sea conditions are often characterized by high variations following the sharply changing weather
conditions and mesoscale coastal phenomena such as the low level coastal jets [49,50]. In addition to
high WEF,, during cold months, when low pressure systems generate high swell waves at open sea,
the Norwegian coasts receive large amounts of wave energy. This highlights the importance of the
wave energy flux analysis individually for wind sea and swell, as it is difficult to unveil the source of
WEEF only considering the total WEE. Moreover, as illustrated on the boxplots, winter is characterized
by increased WEF variability and the highest peaks for both WEF; and WEF,,.

Along the Norwegian coastline, we observe significant spatial differences in wave climate leading
to high spatial variations of WEF. Point 1 has the lowest wave heights and periods leading to the
minimum WEF during all the months of the year. This is attributed to the fact that it is located in a
semi-closed area, where less wave energy originated from the North Sea is transported. On the other
hand, Points 5-6 have the highest WEF due to their exposure to open sea. As is also illustrated on
the H;-T, diagrams of peak spectral wave period and significant wave height (Figures 6 and 7), most
values at Point 1 are lower than those at Points 5-6. Point 1 is dominated by waves with Tp < 10s,
while Points 5-6 are exposed to much longer waves, up to 15 s.

Finally, the WAM model is designed for ocean scale applications, and NORA10 spatial resolution
can be considered as a high for climate studies, given the wide coverage area. In our study, the selected
points are located ca. 30-70 km from the coast in deep water areas, where the WAM model is
suitable and the estimation of WEF based on Equation (2) is valid (deep water). However, for wave
energy assessment nearshore and within the fjord systems, higher spatial resolution is needed,
and wave models for coastal applications such as SWAN [51] are more suitable. It was shown
in Christakos et al. [52] that the SWAN model with a high spatial resolution (250 m) performs well for
the coastal and fjord wave conditions. They also found that the use of a finer grid improves the quality
of wave predictions in most fjord locations.

5. Conclusions

This study presents a characterization of wave energy flux in the Nordic Seas with a focus on the
Norwegian coastline. The WEF, WEF,,, and WEF; are derived using the NORA10 hindcast data for the
period 1958-2017. The highest coastal wave energy flux is observed in the Norwegian Sea. The majority
of areas with dominant swell conditions (i.e., in the Norwegian Sea) are characterized by the highest
wave energy flux. The maximum values of WEF in the North Sea are denoted in its northern parts
in the intersection with the Norwegian Sea. In contrast to the Norwegian Sea, areas located in the
North Sea and the Barents Sea show that wind sea is contributing more than swell to the total wave
energy flux. A high seasonal and spatial variability of wave energy flux along the coast is observed.
Even though the point locations are close to each other, significant differences have been observed
due to sheltering effects and limited fetches. More specifically, in areas where swell conditions are
dominant, we observe the highest WEF along the coast such as Points 5-6 (Figure 1). These areas
are characterized by both strong swell and wind sea conditions. Regarding the seasonal variability,
winter is characterized by the maximum WEF, and summer by the minimum, as expected. The swell
waves are associated with higher WEF than those of the wind sea; WEF exceeds 35 kW m~! (Table 1)
at the central coast of Norway where swell is pronounced. This is attributed to the propagation of
significant amounts of swell-induced wave energy from the Northeastern Atlantic Ocean. The results
of our analysis indicate that WEF is affected by cyclonic activity especially at the central parts of
the Norwegian coast. WEF,, shows the highest variability and a less symmetric distribution with
its median close to zero. On the other hand, WEF; shows less variability with its median closer to
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mean, indicating the existence of swell energy most of the time, especially at Points 4-10. Therefore,
during low-wind events, the reduced wind energy production could be compensated by wave energy
transferred by swell waves originating from the open ocean. This analysis can potentially be a valuable
tool for choosing the proper area for wave energy installations along the Norwegian coast.
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Abbreviations

The following abbreviations are used in this manuscript:

MRE Marine Renewable Energy

H; Significant wave height

H; s Swell significant wave height

H; Wind sea significant wave height
T, Peak wave period

Tps Swell peak wave period

Tpw Wind sea peak wave period

WEF (Total) Wave Energy Flux

WEF;  Swell Wave Energy Flux

WEF, Wind Sea Wave Energy Flux

WEF;,  Average Swell Wave Energy Flux
WEF, Average Wind Sea Wave Energy Flux
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