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A B S T R A C T

The long-term historical trends in global wave energy systems are investigated using 42-year wave reanalysis 
from 1979 to 2020. In addition to the historical trend of omnidirectional wave power, trends of period-resolved 
and period-directionally resolved wave energy systems are estimated using spectral partitioned wave parameters 
and linked to commensurate trends in the historical wind speed. The present study shows that opposing trends in 
distinct wave energy systems offset each other in many oceans, e.g., the equatorial Pacific Ocean, North Atlantic 
Ocean, and Indian Ocean, where shorter period waves (<11 s) have decreased while the longer period waves 
(11–15 s) have increased. These mixed trends in the wave energy systems create the appearance or artifact of 
neutral or insignificant trends for about 45 % of global oceans and seas. In the present study, the global wave 
energy climate changes are classified into six types based on the mixed trends in the wave energy systems, which 
reveals that more than ninety percent of the global wave sites are experiencing significant changes in wave 
energy systems and climates. It highlights the need for increased scrutiny of risks for coastal and ocean com-
munities and design practices to ensure the resilience of coastal defense and other marine energy infrastructure, 
e.g., offshore wind and wave energy farms.

ABBREVIATIONS

WEC Wave Energy Converter
ECMW European Centre for Medium-Range Weather Forecasts
ERA5 fifth generation ECMWF reanalysis
WAM Wave Model
RM3 Reference Model 3

1. Introduction

Ocean wave energy has been identified as a climate change indicator 
as long-term trends in wind climates and sea surface temperature are the 
historical drivers of wave energy climate changes (Reguero et al., 2019). 
As ocean wave energy contributions to the global energy portfolios 
continue to expand over the next few decades (Hand et al., 2012), 
investigating long-term trends in the global wave energy climate is 
vitally important for planning wave energy projects and designing wave 
energy converter (WEC) technologies. Such investigations are also 
important to inform ocean and coastal management policy and design 

practices to ensure the resilience of offshore infrastructure, e.g., offshore 
wind and wave energy farms, and coastal defenses (Hansom et al., 
2014).

All studies to date investigate historical linear trends in summary 
bulk wave parameters, e.g., omnidirectional wave power (sum of energy 
within wave systems in all wave periods and directions) and mean sig-
nificant wave height. Henceforth, wave power is used in place of omni-
directional wave power. These studies have reported multi-decade 
trends with increasing wave power and mean significant wave height at 
high latitudes of the southern hemisphere and decreasing trends in the 
North Pacific Ocean. Reguero et al. (2019) and Young et al. (2011)
investigated linear trends of mean wave power and significant wave 
height from 1985 to 2008 and showed 1.0–2.0 %/year increases in the 
southern oceans. Reguero et al. (2015) showed that differences in the 
mean wave power during the 2001–2008 period with respect to the 
mean wave power during the 1981–1990 period in the North Pacific 
Ocean were negative 5.0–10.0 kW/m. Young and Ribal (2019) high-
lighted that the significant wave height in the North Pacific Ocean 
decreased by 0.5 cm/year from 1985 to 2018. Timmermans et al. (2020)
intercompared global wave height trends during the 1992–2017 period 
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using multi-mission satellite altimeter products and wave model hind-
casts and observed consistent increasing trends at high latitudes of the 
southern oceans and decreasing trends in the North Pacific Ocean. Shi 
et al. (2024) investigated global historical trends in significant wave 
height of tropical cyclones using 44-year wave reanalysis and showed 
that maximum significant wave heights have increased by about 
3%/decade globally. Zheng et al. (2022) investigated global wave height 
trends of wind seas and swells and highlighted regional differences and 
similarities between the trends of wind seas and swells. These previous 
investigations including recent regional studies, e.g., Canadian waters 
(Dong et al., 2023), Chinese waters (Sun et al., 2022), Mediterranean 
Sea (De Leo et al., 2024), North Indian Ocean (Kerkar and Seelam, 
2024), and Arctic Ocean (Christakos et al., 2024), focused on high-
lighting wave sites with statistically significant trends in the bulk wave 
parameters. Future wave climate changes under various 
carbon-reduction scenarios have been widely investigated but these 
studies also focus on changes in the bulk wave parameters, e.g., Rusu 
(2019), Lemos et al. (2019), Meucci et al. (2023), Mohamad et al. (2020)
and Casas-Prat et al. (2024).

Although there is a range of results depending on data sources and 
periods of record, all previous studies have shown that long-term his-
toric trends in the bulk wave parameters are neutral or statistically 
insignificant at more than half the global wave sites. Reguero et al. 
(2019) showed that the linear trends in wave power in the North 
Atlantic and Indian Oceans range from negative trends of - 0.5 %/year to 
positive trends of +0.5 %/year that are statistically insignificant at the 
95% confidence level. The mean significant wave height trends esti-
mated by Young et al. (2011) and Timmermans et al. (2020) are not 
statistically significant at most global wave sites except for the North 
Pacific Ocean and the high-latitude regions of the southern oceans. 
Young and Ribal (2019) revealed that the linear trends in significant 
wave height in the equatorial waters are neutral. While a quantitative 
comparison of the results from previous studies is not appropriate given 
differences in data sources, methodologies, and periods of record 
(Timmermans et al., 2020), most studies commonly showed that the 
trends in the bulk wave parameters are neutral or statistically insignif-
icant at more than half the global wave sites. As a result, wave energy 
climate changes in these regions have received less attention and the 
future risks for these coastal and ocean communities are not appreci-
ated. Are wave energy climate trends in these regions not affected by 
global climate change or are existing wave energy climate metrics and 
methodologies not of adequate fidelity to detect trends?

Ocean waves are formed by the superposition of individual waves 
having different frequencies and directions, called wave systems. As the 
wave power at a particular location is a sum of the energy constituents of 
multiple wave energy systems (Goda, 2010), which are generated by 
remote and local wind systems (Echevarria et al., 2019), these wave 
energy systems exhibit different long-term trends driven by changes 
occurring for distinct wind climate systems (Ahn and Neary, 2020). 
Addressing these questions and investigating trends in different wave 
energy systems are crucial for the coastal and ocean infrastructure 
projects including offshore wind and wave energy farms that simplify 
the wave energy climate changes based on the bulk wave parameter 
trends. For wave energy projects, wave energy absorptions are generally 
constrained to a narrow wave period band (Ghasemipour et al., 2022) as 
common types of wave energy converters maximize the energy pro-
duction by resonating at a similar period of energetic waves (Dallman 
and Neary, 2014). For example for bi-modal wave climates exhibiting 
two distinct wave energy systems within different period bands, e.g., 
Hawaii in the United States (Ahn et al., 2020), wave energy projects with 
common wave energy converters operating within a narrow period band 
(Zhou et al., 2023) need to identify a dominant wave energy system and 
investigate its long-term trend rather than the trend of total wave power. 
For small-scale wave projects targeting short-period wave systems, e.g., 
marine observations and microgrids, trends in short-period wave sys-
tems and long-period wave systems need to be separately investigated 

for planning future energy productions and assessing design loads.
However, the previous approach only investigates trends in the bulk 

wave parameters that lumps trends of the individual wave systems and 
classifies trends as either positive, negative or neutral. The present study 
introduces a new approach for identifying and characterizing mixed 
trends in the wave energy systems using a 42-year global wave rean-
alysis. The historical long-term trends in global wave energy systems are 
investigated by resolving trends of period-resolved and period- 
directionally resolved wave energy, in which wave energy is parti-
tioned into discrete wave periods and directions, rather than resolving 
trends of the wave power (total wave energy in all periods and di-
rections). Assessing the period and directionally resolved wave energy 
enables discernment of trends in individual wave energy systems 
(Hanson and Phillips, 2001) and links their trends with those in the wind 
climates (Ahn and Neary, 2021). The new approach detailed herein 
resolves the trend for each wave system and can determine whether the 
trend based on bulk parameters is an artifact of lumping trends of in-
dividual wave systems. The global wave energy climate changes are 
delineated into six trend classes based on combinations of the mixed 
trends, e.g. mixed but positive trend or weighted or positive trend 
dominated. This new approach reveals the startling result that nonsta-
tionary historical trends have in fact been more pervasive around the 
globe than results in previous studies have shown.

Herein, a new high-fidelity frequency and directionally resolving 
approach is introduced to investigate nonstationary trends in wave en-
ergy climate through individual wave systems rather than single bulk 
wave parameters. The present investigation includes three focus areas: 
1) Characterization of linear trends in period-resolved wave energy 
systems, 2) Delineation of global oceans and seas based on the degree of 
mixed trends in distinct wave energy systems, and 3) Elucidation of 
underlying mechanisms of the mixed trends by linking period- 
directionally resolved wave energy trends and commensurate trends in 
the wind climate.

2. Methodology

Our methodology for investigating trends in the wave energy systems 
is summarized in Fig. 1. This methodology is applied to a 0.5◦ spatial 
resolution of global wave reanalysis spanning forty-two years 
(1979–2020) created by the fifth generation ECMWF (European Centre 
for Medium-Range Weather Forecasts) reanalysis (ERA5) (Hersbach 
et al., 2020). Using spectral partitioned wave parameters of ERA5, joint 
distributions of annual wave energy in terms of wave periods and di-
rections are computed to resolve wave energy contents within each 
wave period and direction bin. The long-term linear trends of the 
42-year annual joint wave energy distributions are computed using the 
Least-squares linear regression and the statistical significances of the 
trends are determined using the Mann-Kendall significance test 
(Kendall, 1984). The global wave sites are delineated based on the 
inter-annual linear trends of the joint wave energy distribution to 
identify wave sites exhibiting mixed trends. Finally, underlying mech-
anisms of the mixed trends are illustrated by linking period and direc-
tionally resolved wave energy trends and commensurate trends in the 
wind climate.

2.1. Data source

As periods of record of wave measurement data are not sufficient to 
assess the long-term trends, the investigations of wave energy trends 
need to rely on the long-term wave hindcast simulation data, which are 
assimilated with and validated to the wave measurements. While long- 
term frequency-directional (2D) wave spectra of the model hindcast 
over the global domain would provide a higher fidelity assessment, they 
are not currently available because the large size of these datasets makes 
storage impractical. Spectral partitioned wave parameters are the only 
available data source for investigating the long-term trends in global 
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wave energy systems.
ERA5 provides hourly partitioned wave parameters from 1950 on-

wards generated from a fully-coupled atmosphere-wave model (WAM) 
with assimilations of altimeter-derived wave height data. ERA5 de-
composes the modeled frequency-directional wave spectrum into mul-
tiple partitions representing the energy of independent wave systems 
within the spectrum using a watershed identification algorithm (Hanson 
and Phillips, 2001) and provides spectral partitioned wave parameters 
of each wave system. Detailed information on the spectral partitioning 
process adopted in ERA5 can be found in the following reference (Bidlot, 
2020). The significant wave height, energy period, and mean wave di-
rection of partitioned wave systems, spectral partitioned wave param-
eters, are used rather than those of the entire wave spectrum, bulk wave 
parameters, to better resolve long-term trends in distinct wave systems. 
The bulk wave parameters cannot resolve multi-model wave climates as 
they are mean (or peak) statistics of combined wave energy systems.

The partitioned wave parameters have provided advantages over the 
bulk parameters in wave climate investigations including wave 
modeling (Kumar et al., 2017), multimodal wave climate characteriza-
tions (Romano-Moreno et al., 2023), wave energy resource assessments 
and characterizations (Yang et al., 2023), regional (Ahn et al., 2019) and 
global (Ahn et al., 2022) wave energy resource classifications. The wave 
data prior to 1979 is not considered as ERA5 assimilates winds and wave 
heights throughout the periods from 1979 to 1991 onwards and it is 
commonly recommended to independently investigate long-term trends 
for the periods before and after 1979 (Reguero et al., 2015).

The ERA5 reanalysis has been extensively validated to in-situ mea-
surement and altimeter data. The ERA5 significant wave heights were 
validated against measurements from 103 National Data Buoy Centre 
buoys in the North Pacific and Atlantic coasts over the 1979–2019 
period (Wang and Wang, 2022) and reported that the accuracy of the 
modeled significant wave height is satisfactory under typical sea states 
(<4 m) with 0.961 correlation coefficient, − 0.058 bias, and 18.54% 
scatter index on average. The bias in wave power estimates derived from 
the ERA5 reanalysis ranges from - 10 to +15 % at most global wave sites 
(Rusu and Rusu, 2021) which specifies the maximum acceptable bias 
error, 25 % (for a reconnaissance wave resource assessment), defined by 
the International Electrotechnical Commission standard: TS 62600–101 
(IEC, 2015).

NOAA’s WaveWatch3 hindcast (National Oceanic and Atmospheric 
Administration, 2020) is an alternative data source that provides the 
global spectral partitioned wave parameters. This data is not considered 

herein as it has a relatively short period of record of 31-year 
(1979–2009) compared to the ERA5. The present study assumes the 
uncertainties and sensitivities from different data sources are negligible 
for estimating annual mean statistics and inter-annual linear trends as 
both ERA5 and NOAA’s WaveWatch3 hindcasts have been extensively 
validated to in-situ measurement and assimilated with altimeter data.

2.2. Energy of partitioned wave systems

The wave power transmitted by each partitioned wave system, JP 
(kW/m), is computed as 

JP =
ρg
16

HsP
2CgP (1) 

where ρ is the water density (1025 kg/m3), HsP (m) is the significant 
wave height of a partitioned wave system and CgP (m /s) is the group 
velocity of the partitioned wave system defined as 

CgP =
2π
kP

(

1+
2kPh

sin h(2kPh)

)
1

TeP
(2) 

The wave number, kP (m− 1), and energy period, TeP (s), of the par-
titioned wave system and depth, h (m), are related through the disper-
sion equation as 
(

2π
TeP

)2

= gkP tan h (kh) (3) 

The significant wave height (HsP) and energy period (TeP) of a par-
titioned wave spectrum are computed as 4 ̅̅̅̅̅̅m0

√ and m− 1/m0, respec-
tively, where the parameter mn is the nth-order spectral moment.

To resolve energy distributions of wave systems over the wave pe-
riods and directions and quantify their inter-annual linear trends, the 
energy of all individual partitioned wave systems, JP, are sorted into 
three-dimensional bins resolving periods (Tb, thirty-bins from 0 to 30 s 
with a resolution of 1 s, e.g., Tb = 1 means 0 s < T ≤ 1 s), directions (θb, 
thirty-six bins with a resolution of 10∘ clockwise from true North, e.g., θb 
= 1 means 0 ◦ < θ ≤ 10 ◦), and inter-annual (Y, forty-two years from 
1979 to 2020) based on their energy period (Te), mean direction (θ), and 
year (y). The inter-annual mean energy of resolved wave systems, 
J(Tb, θb,Y) (kW/m), is computed as the summation of JP within each cell 
in the 3-D matrix (Tb, θb,Y) divided by the number of data hours, N, in 
the corresponding year as 

Fig. 1. Flow chart of the methodology with steps adopted for investigating mixed trends in wave energy systems.
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J(Tb, θb,Y)=
∑

JP(T∈Tb ,θ∈θb ,y=Y)

/
N (4) 

This method of computing the period-directionally resolved wave 
energy distribution was validated to various data sources including in- 
situ buoy measurements (Ahn et al., 2023), Global Wave Watch III 
hindcast (Ahn et al., 2022), and regional wave hindcast (Ahn et al., 
2021). The inter-annual mean wave energy in terms of wave period, 
J(Tb, Y), is taken as the summation over the direction bins and the 
inter-annual mean wave power (sum of wave energy in all periods and 
directions), J(Y), is computed as the summation of all wave energy 
constituents in the entire period and direction bins. The 42-year mean 
wave power, J, is simply the mean value of J(Y). Herein, a wave energy 
system is defined as the mean wave energy constituents within each 
period and directional bin.

2.3. Inter-annual linear trends of wave energy systems

The inter-annual mean values of wind speeds, W(Y), wave power, 
J(Y), period-resolved wave energy, J(Tb, Y), period-directionally 
resolved wave energy, J(Tb, θb,Y), and energy period, Te(Y), spanning 
42 years are computed to examine linear trends in wave energy systems. 
The wave climates exhibit nonstationarity at various time scales, e.g., 
seasonal, interannual, and interdecadal. The present study investigates 
long-term linear trends over 42 years by adopting a general definition of 
“nonstationary” that climate systems change over time (J. Méndez and 
Rueda, 2020). The long-term trends of these variables are estimated 
using the Least-squares linear regression. For example, the average rate 
change of inter-annual mean wave power within Tb = 1, J(1,Y), is given 
by the slope, A, in the linear equation ,J(1,Y) = AY + B, which repre-
sents the best fit linear trendline in a least-squares sense. The statistical 
significance of the trends is determined using the Mann-Kendall signif-
icance test (Kendall, 1984). The Mann-Kendall test determines whether 
or not a trend is a monotonic upward or downward over time and 
whether the trend in either direction is statistically significant (Young 
et al., 2011). The Least-squares linear regression and Mann-Kendall test 
are adopted in the present study as these are the common types of 
analysis in the earth sciences especially in wind and wave climate trend 
studies (Reguero et al., 2019). A previous study intercomparing various 
methods showed that other statistical approaches, e.g., the Seasonal 
Kendall test (Hirsch et al., 1982) and Singular Spectrum Analysis 
(Alexandrov et al., 2008), produced similar results to the present 
method in estimating linear trends of bulk wave parameters (Young 
et al., 2011). The present study assumes that variations in estimating 
trends in the wave energy systems from the common statistical methods 
are insignificant.

Fig. 2 illustrates linear trends (grey bars) of inter-annual mean wave 
energy constituents within each period bin, J(Tb, Y), at a sample site. 

This example shows that the wave energy systems within 8–10 s wave 
periods have a positive trend (+0.02 kW/m/year) while the wave en-
ergy systems within 12–14s wave periods have a negative trend (− 0.04 
kW/m/year).

2.4. Identifying mixed trends in wave energy systems

The inter-annual linear trends of wave energy systems at the sample 
location (0 ◦ N, 130 ◦ W) shown in Fig. 2 illustrate the mixed opposing 
trends in the wave energy systems. To identify global wave sites 
exhibiting mixed trends, the degree of the mixed trends is quantified 
based on the following procedure. The wave period bins at each wave 
site are separated into two groups based on the sign of trends in the 
corresponding period-resolved wave energy. The positive trend at each 
wave site is computed as the sum of the linear trends within positive 
period bins relative to their 42-year mean value (+0.04 kW/m/year in 
Fig. 2). The negative trend at each wave site is computed as the sum of 
the linear trends within negative period bins relative to their 42-year 
mean value (− 0.07 kW/m/year in Fig. 2). Wave sites exhibiting both 
positive and negative trends are identified based on relative ranges be-
tween the positive and negative trends. The period-resolve wave energy 
trends, regression slopes of J(Tb,Y), in these wave sites are investigated 
to characterize mixed trends in the wave energy systems.

3. Results

The linear trend of the wave power (sum of wave energy in all pe-
riods and directions) is presented in Section 3.1. In Section 3.2, linear 
trends of period-resolved wave energy systems and mixed trends are 
described and global wave sites are classified into six types based on the 
mixed trends in the wave energy systems. In Section 3.3, global wave 
sites exhibiting significant mixed trends in the wave energy systems are 
identified and underlying mechanisms of the mixed trends at represen-
tative wave sites are discussed by linking period-directionally resolved 
wave energy trends and commensurate trends in the global wind speed.

3.1. Global wave power trends

The geographic distribution of the 42-year mean wave power (sum of 
wave energy in all periods and directions) is shown in Fig. 3 (a). The 
high-latitude oceans at 30 - 60 ◦ in both Hemispheres exhibit larger wave 
power than the low-latitude oceans as the westerlies are stronger than 
the trade winds (Cornett, 2008). In the high-latitude regions, the 
southern hemisphere oceans have more wave power with longer fetch 
than the northern hemisphere. The spatial pattern of linear trends in the 
inter-annual mean wave power shown in Fig. 3 (b) is like those of the 
previous studies summarized in Section 1. The wave power over the 
globe has predominantly increased, while the trends in many oceans, 
including the eastern equatorial Pacific Ocean and temperate zones in 
the North Pacific, North Atlantic, and Indian Ocean (dots in Fig. 3 (b)) 
are neutral or statistically insignificant.

3.2. Trends in period-resolved wave energy systems

These observed trends in bulk wave parameters, viz., wave power 
and significant wave height, whether nonstationary or stationary, may 
not reflect those occurring for wave energy climates because they inte-
grate all wave systems in the directionally and frequency-resolved wave 
spectrum. Regional wave climates are, in fact, determined by multiple 
wave energy systems that experience different long-term trends. For 
example at a wave site located in the eastern equatorial Pacific Ocean (0 
◦ N, 130 ◦ W), while the linear trend of the wave power is neutral, i.e., 
close to zero (Fig. 3 (b)), trends in different wave energy systems in 
terms of the wave period shown in Fig. 4 (a) reveal that dominant wave 
energy systems containing the large energy, e.g., wave systems in 8–11 s 
and 11–15 s, have opposite historical long-term trends and offset each 

Fig. 2. Linear trends of 42-year inter-annual mean wave energy constituents in 
terms of the wave period bins in kW/m/year (grey bars) at a sample location (0 
◦ N, 130 ◦ W). The dots mark trends that are significant at a 95 % confidence 
level according to the Mann–Kendall test.
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other, neutralizing trends in integrated bulk wave parameters. The two 
linear trendlines of inter-annual mean wave energy within 8–10 s and 
12–14 s, which are statistically significant show the average rate of 
positive (+0.8 %/year) and negative (-0.7 %/year) changes over the 42 
years. Assuming these opposing trends continue in the future, the 
bimodal wave energy climate at this site can turn into an unimodal one, 
in which the most dominant wave energy system can be changed and the 
seasonal energy variation can be reduced, significantly influencing 
marine energy projects, coastal resiliency planning, and future risks. 
Therefore, understanding trends in wave energy systems beyond simple 
integrated bulk wave parameters is vitally important.

Fig. 4 illustrates that both positive (increasing) and negative 
(decreasing) trends of wave energy systems in different wave periods 
occur at the same wave site. To characterize and quantify the mixed 
trend, wave period bins at each wave site are separated into two groups 
based on the sign of the corresponding period-resolved energy trends. 
The positive trend at each wave site is computed as a linear trend of 
inter-annual mean wave energy within positive period bins relative to 
their 42-year mean value (Fig. 5 (a)). The negative trend at each wave 
site is computed as a linear trend of inter-annual mean wave energy 
within negative period bins relative to their 42-year mean value (Fig. 5 
(b)).

Fig. 5 (a) indicates that 75 %, 36 %, and 8 % of global wave sites have 
wave energy systems with positive trends over 0.3 %/year, 0.5 %/year, 
and 2.0 %/year, respectively. The changes that are not statistically 
significant at a 95 % confidence level according to the Mann–Kendall 

test are marked with the white color. The largest increases of over 2.0 
%/year relative to the mean wave power are mainly observed along the 
high-latitude regions where the mean wave power is small. In the 
northern hemisphere Pacific, Atlantic, and Indian Oceans, the western 
side oceans tend to have larger relative increases compared to the 
eastern side oceans given historical positive trends in trade winds 
(Young and Ribal, 2019). The 15 % wave sites have no positive wave 
energy systems, e.g., the North Pacific Ocean, which are marked with 
the white color in (Fig. 5 (a)).

The negative trends are observed over half the global wave sites 
where the largest energy decrease relative to the mean wave power is 
found in the eastern equatorial Pacific Ocean over - 0.3 %/year (Fig. 5 
(b)). The high-latitude regions near the Arctic and Antarctic have no 
negative wave energy systems. The - 0.05 %/year threshold is the 99.0 
percentile of negative trends in Fig. 5 (b) and +0.05 %/year is applied as 
a lower bound of positive trends in Fig. 5 (a). The upper bounds, +9.0 
%/year and − 0.5 %/year, are the 99.0 percentile of positive trends and 
1.0 percentile of negative trends.

In Fig. 6, the global wave energy climate changes are classified into 
six types based on the ranges of separated trends in positive and negative 
wave energy systems delineated in Fig. 5: Type 1 (magenta, 41 %) - 
dominated by positive trends (statistically significant positive trend 
wave energy systems over 0.05 %/year without negative trend wave 
energy systems), Type 2 (black, 37 %) - mixed but weighted to positive 
trends (range of positive trend wave energy systems > range of negative 
trend wave energy systems), Type 3 (orange, 6 %) - mixed and neutral 

Fig. 3. (a) 42-year mean wave power in kW/m. (b) Linear trends of inter-annual mean wave power in kW/m/year. The dots mark trends that are not significant at a 
95 % confidence level according to the Mann–Kendall test (Kendall, 1984).

Fig. 4. (a) Linear trends of 42-year inter-annual mean wave energy constituents in terms of the wave period bins in kW/m/year (grey bars in left-axis), and 20-year 
mean wave energy constituents in kW/m (blue dash line: 1981–2000, blue solid line: 2001–2020) at a sample location (0 ◦ N, 130 ◦ W). The dots mark trends that are 
significant at a 95 % confidence level according to the Mann–Kendall test. (b) Inter-annual mean wave energy within 8 s–10 s (blue) and 12 s–14 s (red) and 
corresponding linear trends (dash lines) at the same location. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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trends (range of positive trend wave energy systems = range of negative 
trend wave energy systems), Type 4 (sky-blue, 2 %) - mixed but 
weighted to negative trends (range of positive trend wave energy sys-
tems < range of negative trend wave energy systems), Type 5 (blue, 5 %) 
- dominated by negative trends (statistically significant negative trend 
wave energy systems over - 0.05 %/year without positive trend wave 

energy systems), Type 6 (white, 9 %) - neutral trends (neutral or sta-
tistically insignificant in both positive and negative trend wave energy 
systems). Predominantly positive wave energy trends (Type 1, magenta) 
are observed along the western border of the southern Pacific and 
southern Atlantic Oceans, North Atlantic temperate zone, and eastern 
Indian Ocean. The wave climates in these regions are unimodal, i.e., 
dominated by a single wave system, where increasing prevailing wind 
systems drive the positive wave energy trends. The wave system in the 
middle of the northern Pacific Ocean is generated by Pacific westerlies 
where the wave energy trends are dominated by the negative trends 
(Type 5, blue) due to the southward migration of the jet stream 
(Vitousek et al., 2009). Only 9 % of global wave sites mainly located in 
the northeast Pacific Ocean have neutral trends (Type 6, white) where 
both positive and negative wave energy trends are statistically insig-
nificant. The 50 % wave sites have mixed trends in positive and negative 
wave energy systems (Types 2–4). The trends in the eastern sides of the 
southern Pacific, Atlantic, and Indian Oceans and western sides of the 
equatorial Pacific and Atlantic Oceans are weighted to the positive 
trends (Type 2, black). The eastern equatorial Pacific Ocean has unique 
mixed trends, which are weighed to the negative trends (Type 4, 
sky-blue). The positive and negative wave energy trends offset each 
other at the wave sites (Type 3, orange) in the eastern equatorial Pacific 
Ocean, eastern North Atlantic temperate zone, and pockets in the 
high-latitude southern oceans.

3.3. Mixed trends in global wave energy systems

In Fig. 7, the top-left map highlights regions exhibiting mixed trends 
by quantifying relative ratios of negative trends to the absolute sum of 
positive and negative trends. A relative ratio of one means all wave 
energy systems have negative trends while 0.5 means positive and 
negative trends of wave energy systems are equal and neutralize the 
wave power trend. In the central North Pacific Ocean and North Sea 
(east sea of United Kingdom) more than 80 % of trends in wave energy 
systems are negative. In the eastern equatorial Pacific Ocean and 
northern Atlantic Ocean temperate zone, about 50–70 % of wave energy 
trends are negative, which implies that 30–50 % of trends in different 
wave period bands are positive during the same period of record. As 
shown in Fig. 6, mixed trends are also observed in the Indian Ocean 
temperate zone and South Pacific Ocean subtropics where 20–40 % of 
trends in the wave energy systems are negative.

The majority of global wave sites known to have no significant wave 
power trends (marked with dots in Fig. 3 (b)) are located in the regions 
having both positive and negative trends in wave energy systems with 
moderate to high ratio values in Fig. 7. In contrast to the previous 
studies, the present study reveals that these regions also have experi-
enced significant wave energy climate changes, which are even more 
dynamic than regions dominated by either positive or negative trends. 
Fig. 7(a–f) illustrates trends of wave energy systems at wave sites located 
in these highlighted regions. Except for the wave site (a) located in the 
North Pacific, these wave sites represent the mixed wave energy trends: 
(b) mixed and neutral trends (c) mixed but weighted to negative trends 
(d, e, f) mixed but weighted to positive trends.

The high-latitude sites in both hemispheres (a, b, e, f) have an 
unimodal wave energy distribution centered in the 10–12 s period band. 
The wave energy systems within shorter and longer period bands rela-
tive to this peak period have experienced opposite historical trends at 
these sites except for (a). The longer period waves (11–15 s) have 
increased while the shorter period waves (<11 s) have decreased (Fig. 7 
(b–e, f)), resulting in the energy shift towards the long period band. The 
normal distribution shapes of wave energy in 1981–2000 (dash-line) 
changed to negatively skewed distributions in 2001–2020 (solid-line) at 
these sites. More dynamic changes are observed in some of the equa-
torial oceans currently known to have neutral wave power trends. Un-
like the high-latitude oceans, the equatorial oceans have bimodal wave 
energy distributions, centered in 7–8 s and 12–14 s period bands (Fig. 7

Fig. 5. Separated trends of (a) positive wave energy systems and (b) negative 
wave energy systems relative to 42-year mean wave power in %/year. Colors 
indicate ranges of the percent changes. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 6. Six types of global wave energy climate changes: Type 1 (magenta) - 
dominated by positive trends, Type 2 (black) - mixed but weighted to positive 
trends, Type 3 (orange) - mixed and neutral trends, Type 4 (sky-blue) - mixed 
but weighted to negative trends, Type 5 (blue) - dominated by negative trends, 
Type 6 (white) - neutral trends. Detailed descriptions are provided in Table 1. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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(c and d)). The peakedness of the bimodal energy distributions has been 
reduced as wave energy systems within both peak period bands have 
decreased while the wave energy systems within 8–11s have increased 
in these equatorial oceans.

As described in previous research (Reguero et al., 2019), intensified 
wind speed as a consequence of global warming is the primary driver of 
observed positive wave energy trends. While wind speeds over global 
wave sites have predominantly increased, some regions have experi-
enced negative wind speed trends (Reguero et al., 2019). The weakened 
westerlies over a wide region of the central north Pacific Ocean reduced 
the energy of overall wave energy systems passing through this region 
(Fig. 7 (a)). The wave sites exhibiting mixed trends in the wave energy 
systems mainly lay in regions where the local wind speeds have 
decreased during the same period of record (Fig. 7 bottom-left). At four 
representative wave sites exhibiting mixed wave energy trends (Fig. 7 
(b–d, e, f)), weakened local wind speeds reduced the energy within 
short-period wave energy systems. Fig. 8 describes linear trends of the 
inter-annual mean period-directionally resolved (2D) wave energy 

systems at wave sites, (b) and (e) in Fig. 7, representing these trends in 
wave energy systems. Fig. 8 (a) shows that the negative trends in 
short-period wave energy systems at the North Atlantic wave site are 
mainly due to weakened local westerlies. Two different long-period 
wave systems that pass through this wave site come from the north-
east and southwest directions and have positive trends. Unlike the North 
Atlantic wave site, the wave energy systems and their trends are direc-
tionally focused at the Indian wave site as shown in Fig. 8 (b). In this 
wave site, the intensified westerlies in the southern Atlantic Ocean in-
crease the long-period wave energy systems while the weakened local 
wind speed results in the negative trends of the short-period wave 
systems.

Trends in directionally resolved (1D) wave energy are not discussed 
in the present study because they mix different and distinct trends in 
ocean wave systems, which are conventionally classified based on their 
frequencies. The directionally resolved wave energy trends would mask 
the negative and positive trends in distinct wave energy systems at the 
North Atlantic and Indian wave sites shown in Fig. 8.

The largest increases in the mean wind speed exceeding 0.02 m/s/ 
year are observed in the eastern equatorial Pacific Ocean (Fig. 7 bottom- 
left). It is the result of intensified trade winds associated with the sea- 
surface temperature increase near the Equator (Timmermann et al., 
2010) and the equatorward-shifted Pacific High-pressure system 
(Vitousek et al., 2009). Despite the strengthening of the local trade 
winds and resultant positive short-period (8–11 s) wave energy systems, 
this region has experienced neutral wave power trends (Fig. 3 (b)) due to 
decreasing long-period (11–15 s) wave energy systems (Fig. 7 (c)). A 
primary driver of the observed negative trends in the long-period wave 
energy systems needs to be determined to characterize and predict the 
regional wave energy climate changes.

To elucidate the underlying mechanism of the mixed trend at the 
wave site (c) located in the eastern equatorial Pacific Ocean, linear 
trends of the inter-annual mean period-directionally resolved wave en-
ergy systems are described in Fig. 9 (a). It reveals that the long-period 
wave energy systems with the negative trend at this site mainly origi-
nate from the northeast direction. This negative trend of wave energy 

Fig. 7. A. The ratio of trends in negative wave energy systems to trends of all wave energy systems (absolute sum of negative bars/sum of absolute values of all bars 
in subfigures). B. Linear trends of inter-annual mean wind speed in m/s/year. (a–f) Linear trends of wave energy systems in terms of wave periods (grey bars in left- 
axis) and 20-year mean wave energy systems (blue dash line: 1981–2000, blue solid line: 2001–2020) at sites of regional sub-peaks in the ratio map. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Six types of global wave energy climate changes.

Type Description

1 Dominated by positive 
trends

Statistically significant positive trend wave energy 
systems over 0.05 %/year without negative trend 
wave energy systems

2 Mixed but weighted to 
positive trends

Range of positive trend wave energy systems >
range of negative trend wave energy systems

3 Mixed and neutral trends Range of positive trend wave energy systems =
range of negative trend wave energy systems

4 Mixed but weighted to 
negative trends

Range of positive trend wave energy systems <
range of negative trend wave energy systems

5 Dominated by negative 
trends

Statistically significant negative trend wave 
energy systems over – 
0.05 %/year without positive trend wave energy 
systems

6 Neutral trends Neutral or statistically insignificant in both 
positive and negative trend wave energy systems
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systems from 305 to 315 ◦ within 12–15 s (marked in a black box in 
Fig. 9 (a)) is statistically significant and highly correlated with negative 
trends in the western North Pacific westerlies (Fig. 9 (b)). In addition, 
intensified and southward-shifted Pacific jet streams within the North 
Pacific (Vitousek et al., 2009) decrease the long-period waves that reach 
the eastern equatorial Pacific Ocean (Reguero et al., 2015). Therefore, 
the intensified short-period trade wind waves (increasing trend) from 
the southeast counter the weakened long-period Pacific westerly waves 
from the northwest (decreasing trend), neutralizing the wave power 
trend at this site.

4. Discussions

The present study observes mixed wave energy trends and highlights 
the need for investigating long-term trends of individual wave energy 
systems rather than through bulk wave parameters that lump the wave 

characteristics of these systems. The mixed wave energy trends are 
mainly observed in the North Atlantic, eastern equatorial Pacific, and 
southern Indian Oceans where the wave climates consist of multi-wave 
systems. These mixed trends change the shapes of the spectral wave 
energy distribution and would result in significant changes in the wave 
climates if these trends continue in the future.

The study findings, while limited to changes in average wave con-
ditions and not including other extreme effects like tropical cyclones, 
have significant implications for ocean and coastal planning, manage-
ment strategies, design standards, and policies. Clearly, planning, 
management strategies, and design standards need to recognize that the 
wave climate has in fact been nonstationary for many decades and will 
likely continue into the future. As a result, relevant policies will have to 
adapt to a changing wave climate. The rate at which they will have to be 
reviewed and the degree to which they will have to be revised and 
adapted depends on whether the wave energy climate is intensifying 

Fig. 8. Linear trends of 42-year mean wave energy systems in terms of periods and directions: (a) North Atlantic wave site ((b) in Fig. 7), (b) Indian Ocean wave site 
((e) in Fig. 7). The dots mark trends that are statistically significant at a 95 % confidence level according to the Mann–Kendall test.

Fig. 9. (a) Linear trends of 42-year mean wave energy systems in terms of periods and directions at the sample site (0 ◦ N, 130 ◦ W). The dots mark trends that are 
statistically significant at a 95 % confidence level according to the Mann–Kendall test. (b) Geographic distribution of Pearson correlation coefficients between inter- 
annual mean wind speed at global wave sites and inter-annual mean wave energy system within 305–315 ◦ within 12–15 s (black box in Fig. 9 (a)) at the sample site. 
The colors are correlations that are statistically significant at a 95 % confidence level of the Student’s t-test. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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(positive trend) or weakening (negative trend) and the rate that these 
changes have occurred historically and are anticipated to continue and 
perhaps intensify depending on a variety of different climate change 
scenarios.

Near-term wave energy projects should reflect the historical changes 
in the shapes of wave energy distributions on the design of conversion 
technologies as common archetypes of wave energy conversion tech-
nologies ideally need to resonate at the period of the dominant wave 
system to optimize the energy absorption and maximize the energy 
production (Aderinto and Li, 2019). For example, at the Atlantic Marine 
Energy Test Site on the west coast of Ireland (northeast Atlantic Ocean), 
the most frequently occurring sea state in the 1990s, with a significant 
wave height of 1.75m and a peak period of 8.25s, was changed to 1.75m 
with 8.75s. A Reference Model 3 (RM3) point absorber at this site would 
generate 123.1 kW in the nineties and 140.4 kW in the current wave 
climate (Prendergast et al., 2020) where a 0.5 s increase in the energy 
period (+0.0125 s/year) results in a 14 % increase in the energy pro-
duction. At the Pioneer Array site within the southern Mid-Atlantic Bight 
along the East Coast of the United States, the most frequently occurring 
sea state changed from (1.25 m, 6.5 s) to (1.25 m, 7.25 s) over the past 
40 years in which the 0.75 s increase in the energy period results in the 
24 % increase in the energy production of the RM3 device. It can also 
result in major changes in techno-economic analysis and feasibility 
studies of potential wave projects by suggesting reconsiderations of 
target wave energy systems, size of technologies, capital expenditure, 
and levelized cost of electricity (Chang et al., 2018). Results of this study 
could inform the implementation of coastal defense infrastructure and 
upgrades, protection and enhancement of natural defenses (e.g., coastal 
wetlands, mangroves, and coral reefs), stricter zoning and building 
codes along coastlines adjacent to regions dominated by positive trends, 
e.g., the western border of the southern Pacific and southern Atlantic 
Oceans, North Atlantic temperate zone, and eastern Indian Ocean.

In addition, the waves with longer energy periods transfer more 
energy and have more influence on ocean and coastal communities than 
shorter-period waves. In deep oceans, long-period waves travel faster 
than short-period ones with faster energy transmission speeds (Dean and 
Dalrymple, 1991). As the wave approaches the coast in shallow water, 
the energy transmission speed of long-period waves slows down more 
abruptly because the energy transmission speed is only the function of 
water depth in shallow water. To comply with wave energy conserva-
tion, a relatively large decrease in the energy transmission speed in the 
long-period waves is compensated by the large increase in the wave 
height (Longuet-Higgins and Stewart, 1964), namely wave shoaling, 
resulting in the wave breaking with larger forces nearshore. Therefore, 
coastal regions where these waves reach would experience increasing 
sediment transport and coastal erosion (Rodriguez-Delgado et al., 
2019). The wave breaking with increasing wave period transfers 
increasing momentum into the water column and elevates the mean sea 
level, potentially increasing coastal flooding.

The present study describes the mixed wave energy trends based on 
the Eulerian viewpoint of multi-wave systems passing the fixed location. 
In these complex wave climates, Lagrangian approaches, e.g., ray- 
tracing techniques, are required to further investigate physical mecha-
nisms and sources of wave energy system changes. The implications of 
the results shown in the present study are limited to offshore applica-
tions because the global wave reanalysis data does not resolve nearshore 
wave physics, e.g., wave interactions and effects of bathymetric gradi-
ents, due to the coarse spatial resolution of the wave model. Nearshore 
high-resolution wave model hindcasts are needed to estimate nearshore 
regional wave energy climate changes and investigate the impacts of 
mixed wave energy trends on coastal applications, including coastal 
defenses to enhance community resilience against coastal hazards.

The historical changes in the global wave energy systems observed in 
the present study are derived from a single data source with the longest 
period of record available and using common statistical methods. Sen-
sitivities and uncertainties in trend estimates from various wave data 

sources generated from different wave model setups need to be further 
investigated as the spectral partitioned wave data used in the present 
study is sensitive to wave model calibration and the spectral partitioning 
process. In addition, wave data with longer periods of record will be 
applied as the sources and periods of record of the available global wave 
hindcast will increase in the near future. The present study assumes that 
variations in estimating trends from common statistical methods are 
insignificant (Young et al., 2011). Additional sensitivity studies and 
uncertainties analysis will be applied, e.g., linear regression, 
Mann-Kendall test, Seasonal Kendall test, and Singular Spectrum Anal-
ysis, when more data sources are available. The mixed trends in the 
wave energy systems may vary in the future as the wave climate changes 
are nonstationary. The new approach developed in the present study can 
be applied to discern future wave energy climate trends under various 
carbon-reduction scenarios.

5. Conclusion

The present study introduces a new approach for investigating the 
historical trends in global wave energy systems and demonstrates that 
combinations of mixed opposing trends in distinct wave energy systems 
generated from different wind systems determine the global wave en-
ergy climate changes. Previous investigations simplified the wave en-
ergy climate changes by quantifying linear trends in the bulk wave 
parameters, viz., wave power and significant wave height, and docu-
mented that historical trends in the wave power were neutral or statis-
tically not significant over half the global wave sites. In fact, 91 % of 
global wave sites have experienced significant wave climate changes 
where opposite trends in distinct wave energy systems have offset each 
other at 45 % of global wave sites and created the appearance of neutral 
trends. This new approach reveals the limitations of current low-fidelity 
estimates of wave energy climate changes based on bulk wave 
parameters.

The largest positive and negative trends in the wave power are 
observed in the south and northeastern Pacific Oceans where both short 
and long-period wave energy systems have increased and decreased, 
respectively. In the eastern equatorial Pacific Ocean, positive trends in 
short-period trade wind waves have offset negative trends in long-period 
Pacific westerly waves. Conversely, negative trends in local wind waves 
have balanced and neutralized the positive trends in long-period waves 
generated by remote wind systems in many oceans, which are currently 
known to have no significant wave power trends, e.g., northern Atlantic 
and southern Indian Oceans. While these results may differ depending 
on data sources and statistical methods, these results support the need 
for investigating long-term trends in wave energy systems.

The mixed trends in dominant wave energy systems have shifted the 
wave energy distributions and changed the characteristics of regional 
wave energy climates. These energy shifts induced by the opposing wave 
energy trends have increased the wave energy period in many oceans, 
which potentially increases risks of coastal erosion, flooding, and sea 
level rise. It also highlights the need to reassess ocean and coastal 
management policies and design practices for marine energy projects 
and infrastructure that assume a stationary wave climate.
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