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A B S T R A C T

It was recently shown that the Arctic has been warming much faster than the rest of the globe during the last
decades. This warming has reduced the ice extent significantly, which will strongly impact the wave climate
in the Arctic regions, thus affecting the design of marine structures, operations, and energy resources. This
study focuses on the higher latitudes, and uses the advanced wave hindcast NORA3, which covers a big part of
the North Atlantic and the whole Arctic Ocean, to analyze the spatio–temporal properties of wave height and
wave energy flux during the last three decades. The most energetic waves in the Arctic Ocean are observed
in the Greenland Sea and the Barents Sea. The study shows that the substantial diminishing of sea ice in the
Arctic induces local and regional changes in both mean and extreme wave conditions. In the Arctic Ocean the
changes in extreme wave height are more pronounced compared to changes in mean wave conditions. The
results also indicate a strong positive trend in the extreme wave heights in the Arctic regions of the Barents
Sea, the Kara Sea, the Laptev Sea, the East Siberian Sea, the Chukchi Sea, and the Beaufort Sea.
1. Introduction

Ocean renewable energy resources such as offshore wind, tides, and
waves will play a vital role in carbon-free electricity production world-
wide. The ocean provides an enormous amount of renewable energy
that is nearly unexploited. The European Commission has identified the
potential of the marine renewable energy sector. It has set ambitious
targets with its Offshore Energy Strategy, aiming for ≥300 GW for
offshore wind and 40 GW by ocean energies by 2050 [1]. These goals
are even more critical now, as the energy crisis is driving costs up, and
the need to utilize indigenous European renewable resources becomes
demanding.

Historical data on wave conditions are crucial for developing re-
newable ocean projects, including the precise estimation of a renewable
resource, the design of offshore structures, costs, and the planning of
marine operations, including installation, decommissioning, and main-
tenance activities. Detailed knowledge of wave conditions is valu-
able, offering unique insights into energetic areas, accurate estimation
of weather windows for marine operations, and precise analysis of
the occurrence/magnitude of extreme conditions for designing safe
structures.

∗ Corresponding author at: Department of Marine Technology, Norwegian University of Science and Technology (NTNU), 7491 Trondheim, Norway.
E-mail address: konstantinos.christakos@ntnu.no (K. Christakos).

There are several methods used to quantify the ocean’s renewable
energy resource, each with its distinct benefits and limitations [2]. Lavi-
das [3] introduced a novel index, SIWED, that accounts for the in-
teractions of wave climate and wave energy converters, providing
an unbiased approach that considers climate variability, survivability,
and energy production. For applications of such methods, a long-term
homogeneous dataset with ≤3 h intervals for at least ten years is needed
to estimate ocean renewable energies characteristics correctly.

While wave buoys and in situ measurements are valuable, such tech-
niques pose restrictions in spatial resolution and are often associated
with costly sensors and maintenance operations. The use of numerical
simulations offers a low-cost alternative to measurements. Altimeters
are increasingly improving their reach; however, they still have signifi-
cant limitations in the parameters they can reliably estimate (primarily
significant wave height), and they are unreliable at nearshore locations
and regions with complex orography [4].

Christakos et al. [5] mapped the potential wave energy and pre-
sented a spatiotemporal assessment of swell- and wind-sea-induced en-
ergy flux in the Nordic Seas using the NORA10 hindcast. The NORA10
hindcast has a spatial and temporal resolution at 10 km and 3 h. The
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Fig. 1. Model domain and water depth in NORA3 with selected locations in the Arctic Ocean: A (Baffin Bay), B (Greenland Sea), C (Barents Sea), D (Kara Sea), E (Laptev Sea),
F (East Siberian Sea), G (Chukchi Sea), H (Beaufort Sea), and I (Bering Sea). Gray color indicates land.
NORA10’s model domain included a big part of the Northeast Atlantic
but not the Arctic Ocean.

Our study presents spatio–temporal analyses of wave height and
wave energy flux, focusing on the Arctic Ocean, a unit area with strong
wave–ice interactions and significant changes in sea ice concentration
during the last decades. This region needs to see more focus on devel-
oping marine renewable energies, and this work is amongst the few
that identify the long-term changes and impacts on wave energy. The
uniqueness of our approach is that we not only estimate the wave
energy flux but also consider the long-term changes. The dataset we
use for the analysis covers a big part of the North Atlantic and the
Arctic Ocean with a high spatial (3 km × 3 km) and temporal (1 h)
resolution. Using this hindcast, we investigate the average and extreme
wave conditions during the period 1990–2019, identifying long-term
trends due to changes in resource and ice conditions with a focus on
higher latitudes. Various indices are used to unveil the true potential of
wave energy in the region when usually the mean/average conditions
are used. Our analysis goes beyond what is usually used and assists in
identifying wave energy-rich areas, providing long-term advantages for
marine renewable deployments.

This paper is organized as follows. Section 2 is dedicated to data
and methods. Section 3 describes the results. Finally, the discussion and
concluding remarks are given in Section 4.

2. Data and methods

2.1. NORA3

The NORA3 (NOrwegian Reanalysis Archive 3 km) is a long-term
hindcast developed by the Norwegian Meteorological Institute, com-
bining advanced atmospheric and wave modeling techniques. It has an
atmospheric [6] and wave [7] model component. The wave component
covers a large part of the North Atlantic and the Arctic Ocean, as
illustrated in Fig. 1.

It is a dynamical downscaling (directional wave spectra at the
boundaries) of the ERA5 reanalysis [8] data using winds from the 2.5-
km AROME [9] for the Nordic Seas, and ERA5 wind for the rest of
the domain to force the wave model WAM Cycle 4.7 (open-source
WAM model [10–12]). Fields of daily ice concentration were provided
by the ARC-MFC physical reanalysis system of the Copernicus Marine
2

Service [13]. Xie et al. [14] assessed the quality of ARC-MFC in the
Arctic region finding that sea ice concentration agrees well to satellite
observations. The model uses physics based on ‘‘Source term package
4’’ (ST4) by Ardhuin et al. [15]. The spatial resolution is 3 km, and the
output is provided with 1 h time interval. For realistic simulation of
coastal waves, NORA3 uses a sub-grid scheme based on Tuomi et al.
[16] that utilizes information from a high-resolution topography [17]
to reduce the energy that propagates through partially land-covered
grid points. NORA3 exhibits high-quality performance for both wind
and wave conditions. As stated by Haakenstad et al. [6], NORA3 shows
a clear improvement compared to ERA5 in the representation of surface
winds over the ocean and a more realistic model activity than in
ERA5 and NORA10. According to Breivik et al. [7], the significant
wave height in NORA3 corresponds well to observations (in situ and
altimeter) up to extreme wave conditions, and the zero-crossing period
also shows a good agreement.

In addition to wave parameters, NORA3 hindcast includes output
variables related to sea ice, such as thickness and concentration. These
parameters have been statistically downscaled to the NORA3 grid. In
the present study, we use the Sea Ice Concentration (SIC), also known
as sea-ice area fraction, the grid cell’s fractional sea ice coverage. It
shows how much of a grid cell is covered with sea ice. SIC is often
used as a climate change indicator in high latitudes. The SIC values
range from 0 (no sea ice) to 1 (full sea ice coverage). There are several
methods to account for the ice cover in wave models. The simplest
one is to set a threshold of the SIC (e.g. 30%). If this threshold is
exceeded, the grid point is momentarily excluded from calculations.
This method was implemented by e.g. [18] in the Baltic Sea. A slightly
more sophisticated method is to use similar sub-grid obstructions as for
unresolved islands, following e.g. [19]. The differences in performance
of these two methods have been compared by Tuomi et al. [20]. In
NORA3, waves are allowed to propagate under the sea ice following
the two layer model for wave dissipation in sea ice by Sutherland et al.
[21].

2.2. Wave parameters

The significant wave height (𝐻𝑠) and mean energy period (𝑇𝑒) in
NORA3 are estimated based on the spectral moments. The 𝑛th-order
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moment of the density spectrum is given by

𝑚𝑛 = ∫

∞

0 ∫

2𝜋

0
𝑓 𝑛𝐸(𝑓, 𝜃) 𝑑𝜃 𝑑𝑓 , (1)

here 𝐸 is the variance density spectrum, 𝑓 is the wave frequency and
is the wave direction. The significant wave height and energy period

re then defined as:

s = 4
√

𝑚0, (2)

𝑇e =
𝑚−1
𝑚0

. (3)

The wave energy flux (WEF) is given by:

𝐸𝐹 = 𝜌𝑔 ∫

∞

0 ∫

2𝜋

0
𝑐𝑔𝐸(𝑓, 𝜃) 𝑑𝜃 𝑑𝑓 , (4)

here 𝜌 is the water density, 𝑔 is the gravitational acceleration, and 𝑐𝑔
s the water depth and frequency dependent group velocity. Assuming
eep water conditions (valid for most of the NORA3 domain, Fig. 1),
he wave energy flux in kW per meter of wave crest length (kW m−1)
s approximately estimated as:

𝐸𝐹 ≈ 0.5𝐻𝑠
2𝑇𝑒. (5)

We estimate the average values (arithmetic mean, denoted with
bar, e.g., 𝐻𝑠) over a time period e.g., the overall period 1990–

019 or decades 1990s (1990–1999), 2000s (2000–2009), and 2010s
2010–2019s). There is no single best way to calculate wave statistics
n partially ice-covered seas (see e.g. [18]), but here we present ice-
ncluded statistics. This is the most accurate way to calculate an overall
hange in the wave conditions, since the presence of the ice-cover
as already been accounted for by the model. The extreme values are
epresented using the annual maximum (maximum value over a year)
.g., 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥).

.3. Probability of exceedance

For certain operations (e.g., maintenance or installation), one might
eed to quantify the probability that different parameters exceed a
iven threshold value; in other words, the probability, 𝑃 , of a variable

surpassing a reference level 𝑋𝑟𝑒𝑓 . Usually, availability, accessibility
and weather windows are used as metric for assessing the potential and
operational accessibility of a region [22,23]. Similarly, the probability
of exceedance is estimated directly from the data as the fraction of
hourly values exceeding the reference level, i.e.

𝑃 (𝑋 ≥ 𝑋𝑟𝑒𝑓 ) =
𝑁

({

𝑋 ∶ 𝑋 ≥ 𝑋𝑟𝑒𝑓
})

𝑁
({

𝑋
}) , (6)

where 𝑁 denotes the number of elements in the set.

2.4. Trend

Linear regression is commonly used to estimate climate analyses’
trends (slope). A linear regression model quantifies the amount of
the linear relation between two variables; a dependent (𝑦) and an
independent (𝑥) variable. The model can be expressed mathematically
as

𝑦 = 𝛼 + 𝛽𝑥 (7)

where 𝛼 is the y-intercept and 𝛽 is the slope (or trend).
We applied two methods to estimate 𝛼 and 𝛽. The standard approach

for calculating the slope of a linear regression line is based on the least-
squares estimate (LSE). The method estimates y-intercept and the slope
by minimizing the squared discrepancies between 𝑦 and 𝑥 and the slope
is then given by

𝛽𝐿𝑆𝐸 =
∑𝑁

𝑖=1(𝑦𝑖 − 𝑦)(𝑥𝑖 − 𝑥)
∑𝑁 2

. (8)
3

𝑖=1(𝑥𝑖 − 𝑥)
However, this method is sensitive to outliers. A more robust, non-
parametric calculation of the slope was developed by Sen [24], and
it is known as the Theil–Sen estimator or Sen’s slope estimator. The
Theil–Sen’s slope is calculated as the median (𝑀) from all slopes:

𝛽𝑇𝑆𝐸 = 𝑀
{
𝑦𝑗 − 𝑦𝑖
𝑥𝑗 − 𝑥𝑖

∶ 𝑥𝑖 < 𝑥𝑗
}

. (9)

We used the Mann–Kendall test [25,26] at a confidence level of
99.5% for the estimation of 𝛽𝐿𝑆𝐸 and 𝛽𝑇𝑆𝐸 . We used the open-source
Python package pyMannKendall [27] to calculate Theil–Sen’s Slope
Estimator and the confidence levels.

3. Results

3.1. Changes in sea ice concentration

Changes in ice concentration can explain significant differences in
the wave parameters. We employ a certain concentration threshold to
investigate the sea ice changes in the Arctic. We chose the threshold of
30%, which indicates open sea conditions (no sea ice). Changes in the
probability of exceedance for the sea ice concentration (𝑃 (𝑆𝐼𝐶 < 0.3))
from 1990–2019 are illustrated in Fig. 2. The areas with the highest dif-
ference (up to ±25%) in 𝑃 (𝑆𝐼𝐶 < 0.30) between the 1990s(−)/2010s(+)
and 1990–2019 are the East of Svalbard, West of Greenland, and the
Chukchi Sea. The sea ice reduction over the three decades are also
noticeable in Fig. A.1 which shows ice-free statistics of significant wave
height.

3.2. Average wave height

The spatial variation of the 𝐻𝑠 during the overall period 1990–2019
and the difference between the 1990s/2000s/2010s and 1990–2019 are
shown in Fig. 3 for NORA3 domain.

The highest mean values in 1990–2019 for 𝐻𝑠 is 3.5 m (see ice-free
𝐻𝑠 in Fig. A.1 for 1990s, 2000s, 2010s), detected in the area South
of Iceland and Northeast of Ireland. Lower values of 𝐻𝑠 (up to 2.5 m)
are observed in the North Sea, which is less exposed to high swell-type
waves due to sheltering by the British Isles. The Norwegian Sea directly
exposed to high waves from the North Atlantic Ocean shows 𝐻𝑠 up to
3 m. The part of the Arctic Ocean with the highest waves is the Barents
Sea and the Greenland Sea with 𝐻𝑠 up to 2.5 m. Similar values of 𝐻𝑠
(up to 2.5 m) are also observed in the Gulf of Alaska and the Bering
Sea. The remaining part of the Arctic Ocean is characterized by low 𝐻𝑠
(up to 0.5 m).

Between the three decades, we observe noticeable changes of 𝐻𝑠
(up to 0.5 m) in the Arctic areas where the SIC changes are significant
during the study period, i.e., Northeast of Svalbard, West of Greenland,
and at the Chukchi Sea. In these areas, we detect a negative difference
in wave height (𝛥𝐻𝑠 < 0) between the 1990s and the overall period,

hile a positive difference (𝛥𝐻𝑠 > 0) between the 2010s and the overall
period.

The estimated trend (both 𝛽𝑇𝑆𝐸 and 𝛽𝐿𝑆𝐸) of annual mean signif-
icant height (𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑒𝑎𝑛)) from 1990 to 2019 is insignificant in the
NORA3 domain (not shown).

3.3. Average wave energy flux

The spatial variation of the 𝑊𝐸𝐹 during the period 1990–2019
and the difference between the 1990s/2000s/2010s and 1990–2019 are
shown in Fig. 4 for NORA3 domain.

The highest mean values in 1990–2019 for 𝑊𝐸𝐹 is up to 80
kW m−1, detected in the South of Iceland and Northeast of Ireland.
Lower values of 𝑊𝐸𝐹 up to 40 kW m−1 are observed in the North
Sea due to sheltering by the British Isles.

On the other hand, the Norwegian Sea with direct exposure to the
North Atlantic Ocean shows higher values of 𝑊𝐸𝐹 (up to 60 kW m−1).
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Fig. 2. 𝑃 (𝑆𝐼𝐶 < 0.3) for 1990–2019 and the difference 𝛥𝑃 (𝑆𝐼𝐶 < 0.3) between the 1990s/2000s/2010s and 1990–2019. The SIC lower than 0.3 indicates open water (no sea ice).

Fig. 3. Average significant wave height (𝐻𝑠) for 1990–2019 and the difference 𝛥𝐻𝑠 between the 1990s/2000s/2010s and 1990–2019.



Renewable Energy 220 (2024) 119678

5

K. Christakos et al.

Fig. 4. Average wave energy flux (𝑊𝐸𝐹 ) for 1990–2019 and the difference 𝛥𝑊 𝐸𝐹 between the 1990s/2000s/2010s and 1990–2019.

Fig. 5. Average annual maximum significant wave height (𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥)) for 1990–2019 and the difference 𝛥𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) between the 1990s/2000s/2010s and 1990–2019.
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Fig. 6. Normalized 𝛽 (trend) of annual maximum of significant wave height (𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥)) using the least-square estimator (LSE) and the Theil–Sen estimator (TSE) for the period
January 1, 1990 to December 31, 2019.
The part of the Arctic Ocean with the highest 𝑊𝐸𝐹 is the Barents Sea
and the Greenland Sea with values up to 45 kW m−1. Up to 40 kW m−1

𝑊𝐸𝐹 are also observed at the Gulf of Alaska and the Bering Sea. The
remaining part of the Arctic Ocean is characterized by low 𝑊𝐸𝐹 (up
to 10 kW m−1).

Between the three decades, we observe changes of up to ±8 kW m−1

in the Arctic areas, mainly in the Northeast of Svalbard and West of
Greenland. Similar to 𝐻𝑠, we detect a negative difference of wave
energy flux (𝛥𝑊 𝐸𝐹 < 0) between the 1990s and the overall period,
while a positive difference (𝛥𝑊 𝐸𝐹 > 0) between the 2010s and the
overall period.

The estimated trend (both 𝛽𝑇𝑆𝐸 and 𝛽𝐿𝑆𝐸) of 𝑊𝐸𝐹 from 1990 to
2019, again, is insignificant in the NORA3 domain (not shown).

3.4. Extreme wave height and wave energy flux

The spatial variation of the average annual maximum 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥)
and the difference 𝛥𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) between the 1990s/2000s/2010s and
1990–2019 are shown in Fig. 5 for NORA3 domain (see Fig. A.1 for
ice-free 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) for 1990s, 2000s, 2010s). Compared to mean
values illustrated in Fig. 3, the annual maximum values show more
6

pronounced anomalies in the Arctic Ocean with up to ±1.7 m difference
between the 1990s(−)/2010s(+). The area North/Northeast of Great
Britain has the highest 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) (14 m). Slightly lower values,
i.e., 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) up to 12 m are observed in the Norwegian Sea. The
part of the Arctic Ocean with the highest 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) (up to 10 m)
is the Barents Sea, the Greenland Sea, the Gulf of Alaska, and the
Beiring Sea. The remaining part of the Arctic Ocean is characterized
by 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) up to 3 m.

3.5. Extreme wave height trend

To analyze further the change in the extreme wave heights over
time, we estimated the trend (𝛽) from 1990 to 2019 in the NORA3
domain using the least-square and the Theil–Sen estimators (Fig. 6). As
expected, the two estimators show similar results, with the least-square
method exhibiting higher values.

The results illustrate a strong trend in a crescent-shaped area from
the North of Svalbard to the North of Alaska, including regions in the
Barents Sea, the Kara Sea, the Laptev Sea, the East Siberian Sea, the
Chukchi Sea, and the Beaufort Sea, (C – H locations in Fig. 1). A similar
trend is also observed for annual maximum WEF (not shown).
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Fig. 7. Maximum annual significant wave height (𝐻𝑠) for the period January 1, 1990, to December 31, 2019, at locations A-I. The line represents the linear fit on the annual
maximum values using the Theil–Sen estimator (TSE, solid) and the least-square estimator (LSE, dashed).
Table 1
Trend, based on Theil–Sen estimator, of maximum annual significant wave height and
wave energy flux for period January, 1990, to December 31, 2019, at locations A-I.
Values correspond to trend lines in Figs. 7 and 8.

Location 𝛽𝑇𝑆𝐸,𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) 𝛽𝑇𝑆𝐸,𝑊 𝐸𝐹𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥)
[m year−1] [kW (m year)−1]

A (Baffin Bay) 0.00 0.85
B (Greenland Sea) 0.05 3.75
C (Barents Sea) 0.07 6.63
D (Kara Sea) 0.09 7.41
E (Laptev Sea) 0.04 0.95
F (East Siberian Sea) 0.04 0.52
G (Chukchi Sea) 0.05 2.88
H (Beaufort Sea) 0.11 1.16
I (Bering Sea) 0.04 2.00

For the selected locations in the Arctic Ocean (Fig. 1), we have
lotted the actual time series of 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) and 𝑊𝐸𝐹 𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) for
990–2019 and their trends in Figs. 7 and 8, respectively. All locations
A–I) show positive values of 𝛽 for both TSE and LSE methods. The
reenland Sea, the Barents Sea, and the Kara Sea show high 𝛽 for both

wave height and wave energy flux (Table 1).

3.6. Exceedance probability of wave height and wave energy flux

The average exceedance probability of significant wave height for
levels 1 m, 3 m, and 5 m for 1990–2019 and its difference with decades
the 1990s, 2000s, and 2010s is illustrated in Fig. 9. The results reveal
7

that probability of 𝐻𝑠 exceeding 1 m (𝑃 (𝐻𝑠 ≥ 1 m)) is more than 80%
in the Northeast Atlantic Ocean and below 20% in most parts of the
Arctic Ocean. We observe that there is up to ± 20 percentage points
(.%) difference in 𝑃 (𝐻𝑠 ≥ 1 m) between the 1990s(−)/2010s(+) and
1990–2019 in the Arctic Ocean. The probability of the significant wave
height exceeding 3 m (and thus 5 m) is close to 0% in most parts of
the Arctic Ocean. As expected, there is a low difference in 𝑃 (𝐻𝑠 ≥ 1 m)
(up to ± 5%) and a nearly no difference in 𝑃 (𝐻𝑠 ≥ 7 m) between the
1990s(−)/2010s(+) and 1990–2019 in the Arctic Ocean.

The average exceedance probability of 𝑊𝐸𝐹 for levels 20 kW m−1,
40 kW m−1, and 100 kW m−1 for 1990–2019 and its difference with
decades the 1990s, 2000s, and 2010s is illustrated in Fig. 10. The re-
sults demonstrate that more than 65% of the time, 𝑊𝐸𝐹 is higher than
20 kW m−1 in the Northeast Atlantic Ocean and below 10% in most
parts of the Arctic Ocean. There is up to ± 10% difference in 𝑃 (𝑊𝐸𝐹 ≥
20 kW m−1) between the 1990s(−)/2010s(+) and 1990–2019 in the
Arctic Ocean.

For higher 𝑊𝐸𝐹 levels, 𝑃 (𝑊𝐸𝐹 ≥ 40 kW m−1) and 𝑃 (𝑊𝐸𝐹 ≥
100 kW m−1) are below 55% and 30% in the Northeast Atlantic,
while for the Arctic Ocean, 𝑃 (𝑊𝐸𝐹 ≥ 40 kW m−1) and 𝑃 (𝑊𝐸𝐹 ≥
100 kW m−1) are close to zero. As expected, there is a low difference
in 𝑃 (𝑊𝐸𝐹 ≥ 40 kW m−1) (below ± 5%) and a nearly no difference in
𝑃 (𝐻𝑠 ≥ 7 m) between the 1990s(−)/2010s(+) and 1990–2019 in the
Arctic Ocean.

4. Discussion and concluding remarks

Our analysis results indicate that the Arctic’s most energetic wave

conditions are observed in the Greenland Sea and the Barents Sea due
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Fig. 8. Maximum annual wave energy flux (𝑊𝐸𝐹 ) for the period January 1, 1990, to December 31, 2019, at locations A-I. The line represents the linear fit on the annual
maximum values using the least-square estimator (LSE, dashed) and Theil–Sen estimator (TSE, solid).
to their direct opening to the open sea waves from the North Atlantic.
However, wave energy flux should not be the sole determining factor.
This study utilized the NORA3 high-resolution hindcast to further
the considerations of highly energetic areas. Our approach considered
accessibility and climate trends that reveal the expected persistence of
the resource in the years to come.

During the last decades, the warming in the Arctic has been much
more rapid than in the rest of the earth (a phenomenon known as
polar or Arctic amplification). Using several datasets covering the
Arctic region, Rantanen et al. [28] showed that the Arctic has been
warming about four times faster than the globe during the last 43 years.
The sea ice loss has a central role in Arctic amplification [29–31].
Our study shows that the substantial diminishing of sea ice in the
Arctic induces local and regional changes in both average and extreme
wave conditions. The reduction or vanish of sea ice creates longer or
unlimited fetch, allowing the locally generated wind waves to grow
while opening areas for swell waves to propagate. This indicates that
wave energy applicable regions are increased and are getting more
accessible year round.

When simulating the propagation of surface waves in the marginal
zone, there is a source of uncertainty regarding the wave—ice scheme
used in the spectral wave model. Even if there has been a significant
development in the parametrizations for wave–ice interactions recently,
the complexity of these interactions remains a challenge, e.g., the
mechanisms that control the wave energy decay through sea ice [32].
Another uncertainty is related to the accuracy of the ice forcing for the
spectral wave models. As discussed by Nose et al. [33], the uncertainty
of sea ice concentration can considerably affect the performance of the
spectral wave simulations in the marginal ice zone.
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Extreme values, such as the annual maximum, are relevant for
the metocean design basis of the marine structures/installations. The
extreme value analysis is crucial for avoiding potential damages by
extreme events, e.g., storms. The annual maximum values show more
pronounced changes in the Arctic Ocean than mean wave conditions.
Hence, waves in a storm in the 2010s have longer fetch to grow (wind
sea) or area to propagate (swell) than the same storm would have in
the 1990s.

The average values are important for wave energy applications and
marine operations planning. The mean values represent the overall
period that includes, most of the time, low-wind/calm conditions in
most Arctic areas. Thus, the mean values have not changed significantly
over the last decades.

The trend analysis results show that the least-squares and the Theil–
Sen methods estimate similar slope values. Nevertheless, the least-
squares method shows slightly higher values since it is sensitive to
outliers that the studies of extreme conditions often contain. On the
other hand, the Theil–Sen method uses a more robust technique of
estimating the median from all slopes.

The strong positive trend in 𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥) in the Arctic regions of the
Barents Sea, the Kara Sea, the Laptev Sea, the East Siberian Sea, the
Chukchi Sea, and the Beaufort Sea is an apparent effect of significant
reduction of sea ice during the last decades. However, we should be
cautious about the trend’s magnitude in some areas, such as locations
E (Laptev Sea), F (East Siberian Sea) and H (Beaufort Sea), where
the annual maximum, which is close to zero for some years, shows a
significant variation.

The probability of exceedance in 𝐻𝑠 and 𝑊𝐸𝐹 are essential pa-
rameters for the design/operation of the marine structures and wave
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Fig. 9. Average exceedance probability of 𝐻𝑠 for levels 1 m, 3 m, and 5 m for 1990–2019 and its difference with the 1990s, 2000s, and 2010s.

Fig. 10. Average exceedance probability of 𝑊𝐸𝐹 for levels 20 kWm−1, 40 kWm−1, and 100 kWm−1 for 1990–2019 and its difference with the 1990s, 2000s, and 2010s.
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Fig. A.1. Average significant wave height (𝐻𝑠) and average annual maximum significant wave height (𝐻𝑠,𝑎𝑛𝑛𝑢𝑎𝑙(𝑚𝑎𝑥)) for ice free conditions, i.e., probability of 𝑆𝐼𝐶 < 0.3 surpassing
90% (𝑃 (𝑆𝐼𝐶 < 0.3) > 90%) for 1990s, 2000s, and 2010s.
energy applications, respectively. The probability of 𝐻𝑠/𝑊𝐸𝐹 exceed-
ing 1 m/20 kW−1 shows a substantial change (up to 20%./10%.) in
some regions in the Arctic during the last decade. Marine structures’
design and operation are far more complex in a rapidly changing arctic
environment than in non-arctic regions where nearly no change in
probability of exceedance is observed over the decades. To consider
the changes in the Arctic, long-term datasets that include future climate
projections are recommended for structural design, marine operations
and wave energy applications.

In terms of 𝑊𝐸𝐹 in the Arctic Sea the range of the overall mean is
relative low i.e., 5 to 30 kW/m, compared to e.g., the Norwegian Sea.
However, there are areas such as the Greenland Sea, the Barents Sea,
and the Kara Sea which show a large variation in mean 𝑊𝐸𝐹 , up to
+8 kW/m, between 2010s and 1990–2019. This means that the region
should anticipate a persistent and increased resource profile annually.
On the other hand, the maxima values in the region show an increase,
10
which needs to be considered in the deployment of marine renewable
energies. This is important as it will move the expected return wave
values upwards, affecting the survivability.

In the future, it will be interesting to investigate the behavior of
different wave energy assessment metrics [2,3] in a rapidly changing
environment of the Arctic Ocean. Furthermore, it will be valuable to
investigate the effect of climate change on the design/operations of
marine structures using high-resolution climate projections through
downscaling the NORA3 dataset.
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