
1.  Introduction
To reduce the dependency on fossil fuels and mitigate the related climate change disasters, renewable energies 
are experiencing rapid interest, financial investment, and technological development. Alongside of other leading 
renewable energies, ocean wave energy (hereafter simply referred to as wave energy unless otherwise stated) is 
also promising owing to its additional advantages such as high energy density compared to others, high predict-
ability, low visibility and environmental impact, coastal protection, etc. (Kamranzad & Hadadpour, 2020). The 
design parameters of wave energy farms depend on wave energy resource variability. Being a key element of 
climate system (Hemer et al., 2012), waves are likely to be affected by global climate change. Previous studies 
have claimed that in addition to amount of energy and its seasonality, long-term change is also prerequisite for 

Abstract  This study inspects the global changes in ocean wave power (WP) by the end of the 21st century, 
relative to the 1979–2005 period, focusing on seasonality and physical mechanisms. The multimodel ocean 
wave simulations from WAVEWATCH-III, forced with surface winds simulated by seven different CMIP5 
global climate models, are particularly examined. These models robustly show a hemispheric asymmetry 
in WP changes, that is, a decrease in the Northern Hemisphere but an increase in the tropics and Southern 
Hemisphere, with large seasonal and regional variations. Individual terms of differential WP, which include 
wave height and wave period changes, are analyzed to isolate the role of each process. Although wave height 
changes dominate the overall WP changes, wave period changes also play a comparable role in the Southern 
Hemisphere extratropics especially in the Indian Ocean sector during austral winter (12%). Wave period 
increase is strikingly higher in austral winter than summer, resembling swell height changes in the Southern 
Ocean. Intermodel correlation and composite analyses further indicate that the WP increase in the Southern 
Hemisphere is closely associated with positive Southern Annular Mode (SAM) trend. On the other hand, the 
WP decrease in the Northern Hemisphere is robustly related with weakened meridional surface temperature 
gradient during winter, a consequence of Arctic amplification. As a result, models with higher positive SAM 
trend and larger Arctic warming project stronger hemispheric asymmetries in WP changes.

Plain Language Summary  Ocean surface wave is an important contributor to coastal hazards, and 
understanding its future condition is fundamental for marine disaster prevention. Many studies have focused 
on wave height changes but wave power, which better characterizes global wave condition than wave height 
alone, has received less attention. Our projection results, based on recent wave model simulations forced by 
several global climate models, reveal a distinct hemispheric contrast in wave power changes; an increase in the 
Southern Hemisphere and a decrease in the Northern Hemisphere. Further analysis of relative contributions 
of wave height and wave period changes identifies noticeable seasonal and regional characteristics. Although 
the contribution of wave height changes is dominant across seasons, wave period changes exert an important 
contribution over Southern Hemisphere extratropics during austral winter. Wind-sea and swell heights exhibit 
similar pattern changes to those of wave height and period, respectively, supporting their close connections. 
Robust trend in the Southern Annual Mode toward a more positive phase is found to drive the wave power 
increase in Southern Hemisphere, irrespective of seasons, while the weakened meridional temperature gradient 
during winter, as a result of Arctic warming, is important to determine reduced wave activity over Northern 
Hemisphere.
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planning a pilot project (Kamranzad et al., 2021). Therefore, future changes in wave energy resource assessment 
are crucial for financial and engineering management of wave energy farms.

Wave power (WP), the transport of energy by ocean surface waves, is mainly a function of wave height and 
period, thus more useful than wave height alone for characterizing the coastal vulnerability. For instance, longer 
period waves produce higher wave runup and transport greater suspended sediment concentration (Bromirski 
et al., 2013; Sierra & Casas-Prat, 2014). The changes in wave height and period together impact coastal pro-
cesses like overtopping discharge, beach flooding, siltation, long-shore sediment transport, etc. (Sierra & Ca-
sas-Prat, 2014). As a proxy for coastal flooding and erosion, studying the future changes of WP is necessary, 
which potentially characterizes the long-term behavior of the global wave conditions better than wave height.

There are many global studies available on wave height projections by the end of 21st century (Fan et al., 2014; 
Lobeto et al., 2021; Meucci et al., 2020; Morim et al., 2019; O’Grady et al., 2021; Wang et al., 2014), but similar 
assessments on WP are still limited. In this context, Reguero et al. (2019) reported recent increase in global WP as 
a consequence of sea surface temperature warming. The regional projected changes in WP can be associated with 
changes in large-scale atmospheric circulations. Extreme coastal wave energy flux changes in the 21st century 
are reported in Mentaschi et al. (2017) who also showed their correlation with several climate variability indices.

The present study conducts a comprehensive assessment of future changes in WP and its components (wave 
height, wave period, wind-sea, and swells) with special attention put on hemispheric and seasonal variations. The 
study provides new insights into 21st century changes in global wave condition in different fronts. First, a hem-
ispheric asymmetry is demonstrated in future projections of seasonal wave condition using historical and future 
(based on the Representative Concentration Pathways—RCP8.5 scenario) wave data, produced using WAVE-
WATCH-III wave model, forced with an ensemble of seven global climate models (GCM) from the Coupled 
Model Intercomparison Project Phase 5 (CMIP5). Second, we investigate future projections in different terms 
of differential WP and separate contribution from wind-sea and swell heights. Moreover, separate mechanisms 
for two hemispheres changes are examined, which control the surface wind change patterns in the extratropics 
of each hemisphere. Specifically, we consider future changes in the Southern Annual Mode (SAM) and the me-
ridional surface temperature gradient (MTG) in the Northern extratropics focusing on winter seasons. We select 
SAM and MTG as major drivers of WP changes since they show robust changes in the future with high intermod-
el agreement. Several studies showed that climate variability modes like North Atlantic Oscillation (NAO) can af-
fect historical changes in regional WP (e.g., Bromirski & Cayan, 2015; Bromirski et al., 2005; Yang & Oh, 2020). 
However, various well-known climate variability modes such as Arctic Oscillation (AO), NAO, El-Niño-South-
ern Oscillation (ENSO), Pacific North America pattern (PNA), etc. exhibit uncertain trends in the future with 
multimodel mean projected changes smaller than the intermodel spreads (Christensen et al., 2013). One exception 
is the SAM, for which all CMIP5 models exhibit consistent intensification toward its positive phase at the late 
21st century. Third, in contrast with coastal area-average changes in mechanism studies (Mentaschi et al., 2017), 
we discuss spatial change patterns over global ocean through intermodel correlation and composite analysis. Be-
sides coastal impact, open ocean swell changes can have remarkable influences on marine atmospheric boundary 
layer (Semedo et al., 2009; Smedman et al., 1999; Sullivan et al., 2008) through changing vertical wind profile 
and turbulence structure with repercussions in lower atmosphere stability (Lemos et al., 2021).

It is noteworthy that Karnauskas et al. (2018) described distinct mechanism in each hemisphere for the late 21st 
century changes in continental wind power. Their study accounted Arctic amplification for wind power decrease 
across Northern Hemisphere midlatitude lands; and enhanced land-sea thermal gradient for the increase over 
land areas across tropics and Southern subtropics. Here we explore hemisphere-specific physical mechanisms for 
ocean WP changes through more detailed analyses.

2.  Data and Methods
2.1.  Model Data

The study uses ocean wave data from historical and RCP8.5 scenario simulations produced by the glob-
al ocean wave model WAVEWATCH-III (WWIII v.3.14). The data are taken from the CSIRO data serv-
er [Collaboration for Australian Weather and Climate Research (CAWCR) data set available at https://doi.
org/10.4225/08/55C991CC3F0E8]. The WWIII model, implemented at 1° × 1° resolution, was forced with sur-
face wind and sea ice area fraction from different CMIP5 GCMs (Hemer & Trenham, 2016). Here, a total of seven 

https://doi.org/10.4225/08/55C991CC3F0E8
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WWIII model runs are selected, driven by different GCMs: ACCESS1.0, BCC-CSM1.1, GFDL-CM3, HadG-
EM2-ES, INMCM4, MIROC5, and MRI-CGCM3 (Table 1). These seven models are a subset of COWCLIP 2.0 
and have been chosen based on the 6-hourly data availability over the full analysis period. COWCLIP 2.0 data 
set comprises wave parameters at monthly, seasonal, and annual resolution from seven different clusters (Morim 
et al., 2020), which are available at http://thredds.aodn.org.au/thredds/catalog/CSIRO/Climatology/COWCLIP2/
catalog.html. Although intercluster differences need to be considered as an important source for future projec-
tion uncertainties (Morim et al., 2020), the present group of models broadly represents the larger ensemble, in 
terms of mean and 99th percentile as well as 21st century projected changes (Meucci et al., 2020). In addition, 
the selected models were assessed as best performers in Hemer and Trenham (2016), who evaluated the model 
simulated climatological wave parameters (significant wave height, maximum wave height, mean wave period, 
and direction) against three different reanalysis datasets over 13 subregions of the global ocean. The integrated 
wave parameters are obtained from the 6-hourly archives for the historical (1979–2005) and future (2081–2099) 
periods, only during which data are available. Seasonal means are calculated from 6-hourly data during DJF 
(December to February) and JJA (June to August). Finally, differences in long-term averages between future and 
historical period are analyzed, assuming linear changes responding to future global warming levels. Projection 
results remain unaffected when using the common 19 years for historical (1987–2005) and future period (not 
shown).

To understand driving mechanisms for extratropical surface wind changes across models, the present study also 
considered monthly sea level pressure (SLP) and surface air temperature fields from the seven CMIP5 models for 
both historical and RCP8.5 scenario simulations. In addition, to further check the influence of global warming 
intensity on intermodel differences in WP projections, equilibrium climate sensitivity (ECS) values for these 
models are analyzed, which are obtained from Meehl et al. (2020). ECS is an estimate of the eventual steady state 
global warming at double CO2 (Table 1).

2.2.  Analysis Methods

The WP can be defined as

WP =
𝜌𝜌𝜌𝜌2

64𝜋𝜋
𝐻𝐻𝑠𝑠

2 𝑇𝑇𝑒𝑒�

where ρ is water density, g is gravitational acceleration, Hs is significant wave height, and Te is energy period. The 
wave power for an irregular sea-state is defined using Te (Dean & Dalrymple, 1991; Reguero et al., 2015, 2019; 
Sheng & Li, 2017; Tucker & Pitt, 2001). However, Te is usually not specified but estimated from other parameters. 
Following previous studies (Reguero et al., 2015), we estimate Te from mean wave period (Tm) through the em-
pirical relationship: Te = 0.538 × Tm, which is equivalent to peak enhancement mean factor of 3.3 in a JONSWAP 
spectrum. By using Tm, WP can be expressed as follows:

Model Resolution (longitude° × latitude°) ECS (°C)

SAM (DJF) SAM (JJA) MTG (DJF)

Strong Weak Strong Weak Strong Weak

ACCESS1.0 1.88 × 1.25 3.8 ×

BCC-CSM1.1 2.8 × 2.8 2.8 × × ×

GFDL-CM3 2.5 × 2.0 4.0 × × ×

HadGEM2-ES 1.88 × 1.25 4.6 × ×

INMCM4 2.0 × 1.25 2.1 × ×

MIROC5 1.4 × 1.4 2.7 × ×

MRI-CGCM3 1.1 × 1.1 2.6 × × ×

Note. Models selected for stronger and weaker future changes in the intensified SAM (toward its positive phase) for DJF and 
JJA and the reduced meridional temperature gradient in NH (MTG) for DJF are denoted.

Table 1 
List of CMIP5 Models and Their Horizontal Resolutions and Equilibrium Climate Sensitivity (ECS) Values

http://thredds.aodn.org.au/thredds/catalog/CSIRO/Climatology/COWCLIP2/catalog.html
http://thredds.aodn.org.au/thredds/catalog/CSIRO/Climatology/COWCLIP2/catalog.html
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WP = 𝑐𝑐𝑐𝑐𝑠𝑠
2𝑇𝑇𝑚𝑚 𝑐𝑐 = 0.538 ×

𝜌𝜌𝜌𝜌2

64𝜋𝜋
= 0.256� (1)

Here, we consider differential WP to calculate future changes (difference between 2081–2099 and 1979–2005) 
in different terms of differential WP as

WP + ΔWP = �(� + ℎ)
2
(� + �)�

where ∆WP, h and t is future changes in WP, wave height and wave period, respectively; and WP , �  , �  are their 
climatological values in the present period (1979–2005). Note that we omit subscript s and m for brevity. The 
above equation can be expanded as

��
2
� + ΔWP = �[�

2
� + 2�ℎ� + ℎ2� + �

2
� + 2�ℎ� + ℎ2�]�

ΔWP = �[2�ℎ� +�
2
� + 2�ℎ� + ℎ2� + ℎ2�]� (2)

These five terms in right-hand side are calculated to estimate contribution from wave height and/or wave period, 
separately. The first and second term on the r.h.s of Equation 2 can be interpreted as major individual contribution 
from future changes in wave height and wave period, respectively. The last three nonlinear terms (second-order 
or third-order change) are combinations of changes in height and period so generally have relatively small ampli-
tudes. The climatology factors like 2�� �  and ��

2
 in the first and second term play a role in converting indi-

vidual future changes in wave height and wave period (h and t, respectively) into WP unit, enabling a quantitative 
comparison of their contributions.

Relation between wind-sea height (Hw), swell height (HSw), and total wave height (H) is as follows:

𝐻𝐻2 = 𝐻𝐻𝑤𝑤
2 +𝐻𝐻𝑆𝑆𝑆𝑆

2� (3)

Similar to WP, differential terms of wave height can be introduced by considering future changes in wind-sea 
height (hw) and swell height (hSw):

(� + ℎ)
2
= (�� + ℎ�)

2
+ (��� + ℎ��)

2�

2�ℎ + ℎ2 = 2��ℎ� + 2���ℎ�� + ℎ�
2 + ℎ��

2�

Ignoring small nonlinear terms, we obtain below equation:

2�ℎ ≈ 2��ℎ� + 2���ℎ��� (4)

where the two terms in r.h.s imply relative contribution from wind-sea and swell height, respectively. Although 
the peak wave period (Tp) is known as a better measure for swells than Tm, Tp can be noisy for cases where 
there is a mixture of swell and wind-sea (Young, 1999). Nevertheless, to check the sensitivity of our results, we 
have repeated our analysis using Tp through its empirical relationship with Te (= 0.857 × Tp) following Hemer 
et al. (2017) and obtained similar results (see below).

To analyze physical mechanisms shaping the future WP patterns, the indices for Southern Annular mode (SAM) 
and Northern Hemisphere (NH) meridional surface air temperature gradient (MTG) are calculated from same 
seven CMIP5 models. The SAM index is defined as difference in normalized monthly zonal mean SLPs between 
40°S and 65°S (Gong & Wang, 1999; Son et al., 2021). Further, the seasonal-mean SAM index is standardized 
by subtracting the seasonal mean and then dividing it by the seasonal standard deviation over reference period, as 
done in Patra et al. (2021). The NH winter MTG is estimated as the absolute value of the surface air temperature 
difference between high (65°–85°N) and low (20°–40°N) latitudes in CMIP5 models, reduction of which repre-
sents Arctic amplification (e.g., Chemke & Polvani, 2020).
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3.  Results
3.1.  Global WP Change Patterns

Figure 1 shows multimodel mean projected changes in WP during the late 21st century under the RCP 8.5 sce-
nario, which reflect strong interhemispheric asymmetries. Significant increases in WP are generally projected 
across tropical and Southern Hemisphere (SH) high-latitude regions, while reductions are projected broadly 
across the NH extratropical regions. Strong seasonal variation exists in future changes, especially in the tropics 
and NH. On the other hand, in the SH high-latitudes, consistent increase is observed across seasonal evolution. 
In JJA, robust (in terms of intermodel agreement) increases are found over the whole SH except small regions 
over subtropical Pacific. In DJF, robust increases are seen in limited areas in the NH. Projection results based on 
percentage change (relative to historical magnitude) show similar patterns (figure not shown). Although spatial 
patterns in WP projections are similar to wave height change patterns, contributions of wave period also count. 
Strong hemispheric and seasonal variabilities are projected for multimodel mean changes in wave period. In JJA, 
robust increase in wave period is projected across models for nearly whole global ocean except areas over north-
western Pacific and North Atlantic. These areas are projected to have reduced (robust) wave period during DJF. 
We quantify relative contributions of wave height and period changes to the total WP below.

Zonal average changes (Figure 1, bottom panel) evidently show asymmetric dependence on hemisphere with 
substantial seasonality. In case of annual mean WP, projected increase is seen for SH and decrease for NH. 

Figure 1.  (Upper panel) Multimodel mean projected changes in wave power (WP), significant wave height (Hs), and mean wave period (Tm) during 2081–2099 relative 
to 1979–2005 for DJF (upper) and JJA (middle). Hatchings represent significant change at 10% level according to a paired t test. (Lower panel) Zonal mean of WP 
changes for annual and seasonal means (DJF and JJA).
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During DJF, zonal averaged increase is observed only in the SH high-latitudes. In comparison, strong increase 
is projected over SH and relatively less reduction over NH during JJA. These responses are generally consistent 
with wind power projections over the land areas by Karnauskas et al. (2018), who found increases in wind power 
over tropics and southern subtropics and decreases over NH midlatitude lands.

Seasonal variations in wind-sea and swell height changes are presented in Figure 2. Although wind-sea height has 
a larger contribution to the total wave height changes, the influence of increased swell height is still prominent 
in the SH. The robust projected decrease in the SH midlatitudes is found for wind-sea height change in JJA but 
is limited to a small region in Pacific for total wave height change (Figure 1, JJA), which is due to the influence 
of intensified swells. Seasonal variations in swell height changes are contrasting between DJF and JJA, with a 
striking resemblance with the wave period change patterns (compare right columns of Figures 1 and 2). Intermod-
el correlation between swell height change and wave period change shows significantly high correlation (>0.8) 
almost all over the global ocean as well as in zonally averaged projected changes (around 0.9) for both seasons 
(Figure S1 in Supporting Information S1), indicating their close association. Note that the projected increases 
in wind-seas, swells, total wave height, wave period, and WP are strongest over SH high-latitudes, where land 
fraction is almost zero (Amores & Marcos, 2020).

Multimodel mean future changes in the first three terms of differential WP (Equation 2) are compared in order 
to quantify their relative contribution to the total WP changes (Figure 3). The first term associated with wave 
height change (2c �ℎ�  ) is the dominating term followed by the second term associate with wave period change 
(c�

2
� ), with both terms showing seasonal and regional dependence. The third term exhibits very small changes. 

The fourth and fifth terms are very small in magnitude (not shown). As expected, spatial patterns of the first and 
second terms resemble those of wave height and period changes, respectively (Figure 1). The contribution of 
wave period changes is prominent over the Southern Ocean between 45°S and 60°S during JJA (note the different 
shading intervals). In addition, it is strongest over the Indian Ocean sector and contributes around 12% (based on 
area averaged values over 80–170°E, 40–60°S) to the total WP changes. Indeed, when analyzing JJA climatology 
of wave energy flux vectors, which are defined using zonal and meridional component as cosine and sine of peak 

Figure 2.  Multimodel mean projected changes in significant wave height from wind-seas (Hw) and from swells (HSw) during 
2081–2099 relative to 1979–2005 for DJF (upper) and JJA (lower).
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wave direction and WP as magnitude of the vectors (Marshall et al., 2018), strongest wave energy fluxes are ob-
served over the Indian Ocean sector of Southern Ocean (figure not shown). Concerning the NH, these terms add 
to decrease over North Pacific and North Atlantic during DJF, which is consistent with previous studies project-
ing decreased swell events in the NH swell generation areas (Amores & Marcos, 2020).

Likewise, we calculated wind-sea and swell height contributions to total wave height change based on Equation 4. 
Figure 4 shows spatial patterns of wind-sea and swell height changes where 2��  has been multiplied to obtain 
corresponding contributions of wind-sea height and swell height changes to the total WP change (refer to Equa-
tion 2). As expected, the wind-sea height term (2���ℎ��  ) has a larger contribution than the swell height term 
(2����ℎ���  ), mostly explaining the total change (2��ℎ�  , see Figure 3), confirming the dominant influence of 
wind-sea height. A substantial contribution of swell height change is found over swell dominated regions in JJA 
(note the different shading interval), especially in the Indian Ocean sector of Southern Ocean (80°–170°E, 40°–
60°S). A quantification using area averaged change over the region confirms a considerable contribution of swell 
height, explaining around 21% of the total WP changes, compared to 64% by the wind-sea height contribution.

As the peak wave period Tp provides a good measure of the long period swell regionally (Young, 1999), this 
analysis has been repeated using Tp instead of Tm (see above for details). The Tp-based results (Figure S2 in 
Supporting Information S1) agree well with the Tm-based results (Figure 4) with only slight differences in mag-
nitudes. Also, future changes in Tp and WP computed using Tp (Figure S3 in Supporting Information S1) ex-
hibit similar patterns to the Tm-based ones (Figure 1), reaffirming the interhemispheric and seasonal features. 
Interestingly, the swell height change pattern bears a stronger resemblance to the Tm change pattern than the Tp 
change pattern, which might be due to the presence of mixed sea states as discussed above. Generally higher 
intermodel correlations between swell height and Tm changes also supports this (compare Figures S4 and S1 in 
Supporting Information S1).

3.2.  Mechanisms Behind Projected WP Changes

The following section examines the possible mechanisms for the hemispheric asymmetry in WP changes focusing 
on SAM and MTG influences as discussed above. For explaining the changes in SH, relation with SAM changes 
in the late 21st century is assessed, which is known to have a strong influence on storms and extreme winds and 

Figure 3.  Multimodel mean changes in different terms of differential WP in 2081–2099 relative to 1979–2005 based on the first three terms of r.h.s of Equation 2. Note 
the different shading intervals for the first term and the second and third terms.
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thereby wave height changes (e.g., Mentaschi et al., 2017; Patra et al., 2020). All the models (except one in DJF) 
and their multimodel means project intensified SAM toward its positive phase in the future for both seasons, 
although comparably higher in JJA (Figure 5, low panel). The intermodel correlation between WP and SAM 
changes (Figure 5, upper panel) is highly positive and robust across the Southern Ocean and tropics of SH in JJA, 
while it is limited to the Southern Ocean (with reduced longitudinal coverage) in DJF. Almost same patterns of 
intermodel correlation are obtained with wave height changes. However, wave period change exhibits different 
correlation patterns from those for WP and height changes. During austral winter, positive correlation is seen 
over the entire eastern Pacific, which confirms crossing of the SH swells to the NH. Eastward-propagating swells 
have much influence on the eastern side of the Pacific and Indian basin. In contrast, this correlation is limited to 
the eastern Pacific region of Southern Ocean in boreal winter. As expected, wind-sea height change has similar 
correlation patterns to those for total wave height change, whereas swell height change has similarity to the wave 
period case (figure not shown). It is interesting to see that the intermodel correlation with SAM bears a striking 
resemblance to absolute future change pattern in all the parameters (Figure 1), especially in SH. Further, SAM 
shows highly robust negative correlation with WP over North Pacific and North Atlantic. This seems to be partly 
associated with global warming which drives both SAM (toward positive phase) and NH WP changes (toward 
decreases, see below) in these CMIP5 models. Indeed, positive intermodel correlations between equilibrium 
climate sensitivity (ECS, Table 1) and future SAM indicates that models with stronger global warming tend to 
project a stronger SAM (Figure S5 in Supporting Information S1). In addition, the intermodel correlation pattern 
of SAM changes with the first and second terms (r.h.s of Equation 2) of WP changes is similar with that of wave 
height and period changes, respectively (figure not shown).

To further check the SAM influences on WP, we carried out composite analysis of WP changes for stronger and 
weaker SAM change models (Figures S6 and S7 in Supporting Information S1). Models selected for stronger and 
weaker SAM group are listed in Table 1. Despite small sample size, the overall results are consistent with the 
correlation analysis shown in Figure 5. Models with higher SAM intensification have stronger WP increase in the 

Figure 4.  Relative contribution of wind-sea (left) and swell heights (right) to total wave power changes in 2081–2099 relative 
to 1979–2005 based on r.h.s of Equation 4. Note 2��  has been multiplied to obtain corresponding contributions to the total 
WP change (refer to Equation 2).
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Southern Ocean and tropics in JJA (Figure S7 in Supporting Information S1). In DJF, higher SAM models shows 
greater WP increase over the Southern Ocean and greater decrease over the northeastern Pacific and westernmost 
north Atlantic relative to lower SAM models (Figure S6 in Supporting Information S1). Interestingly, the areas 
with greater decreases have larger intermodel spread, due to great discrepancies between models, consistent with 
previous studies (Lobeto et al., 2021, their Figure 3). In a similar way, models with higher SAM change tend to 
simulate larger intensification of swells originating from the Southern Ocean, particularly on the eastern side of 
South Indian and South Pacific Oceans. Evidently, composite patterns of wind-sea change are quite similar to 
those of WP.

Besides the SAM, intensification of southeasterly trades contributes to the WP intensification over SH tropics 
with remarkable seasonality (Figure S8 in Supporting  Information S1). In JJA, it covers full tropical band in 
SH whereas it is only seen for Pacific in DJF. Notable is a wedge-shaped increasing pattern in wind speed (over 
tropical Pacific in SH) as well as in wind-sea height (Figure 2) during DJF. A hemispheric asymmetry is clearly 
evident from the zonal mean pattern of future wind speed change. Not only the mean, interannual variability of 
WP also shows significant changes in future climate (Figure S9 in Supporting Information S1). Special attention 
should be given to the southwestern coast of Australia; as the eastern South Indian Ocean is projected to undergo 
significant increases in the interannual WP variability by the end of 21st century. This implies that along with 
mean of the distribution, year-to-year fluctuations also increase and that makes the tail of the WP distribution 

Figure 5.  Spatial distributions of intermodel correlation between the projected changes in WP, Hs, and Tm and the SAM changes during 2081–2099 relative to 
1979–2005 for DJF (upper) and JJA (middle). Hatchings indicate grids having significant correlation coefficient at 10% level. (Lower panel) Future changes in SAM for 
each model and multimodel ensemble mean (MME).
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heavier and consequently stronger extremes. An interesting fact is that the intermodel correlation between SAM 
change and interannual standard deviation change in WP is significantly positive over this region.

To explain the NH decrease in WP, we consider future changes in the meridional gradient of surface air tempera-
ture (MTG). In the NH, polar amplification acts to reduce the meridional temperature gradient, which causes gen-
eral weakening and poleward shift of the storm tracks during winter (Barnes & Polvani, 2013; Chang et al., 2012; 
Harvey et al., 2014). Regarding intermodel differences, the midlatitude jet tends to be shifted relatively equator-
ward in models with strong Arctic surface warming (Yim et al., 2016). A strong reduction in MTG due to Arctic 
warming is projected by all the seven models during DJF (Figure 6) with very high (−0.97) intermodel correla-
tion between the MTG and Arctic surface warming. Spatial distribution of the intermodel correlation between 
WP and MTG changes shows significantly positive correlation over NH tropics to extratropics. That implies that 
WP decreases strongly follow the reduction in MTG or Arctic amplification. Similar conclusion can be drawn 
for wave height and period changes. Additionally, intermodel linear regression of WP changes onto MTG change 
exhibit large positive values over NH. It is noteworthy to mention a strong intermodel correlation between MTG 
change and ECS (Figure S5 in Supporting Information S1), which indicates a stronger WP decrease in NH under 
higher global warming levels.

In the same way as done for SAM, we carried out a composite analysis for stronger and weaker change model 
groups for MTG (see Table 1). Overall, models with higher MTG reduction (i.e., stronger Arctic warming) have 
stronger decreases in WP and wind-sea and swell heights over NH (Figure S10 in Supporting Information S1). 

Figure 6.  Spatial distributions of intermodel correlation and regression between the projected changes in WP, Hs, and Tm and the changes in meridional temperature 
gradient over NH (MTG) for DJF. Hatching indicates significance at 10% level. (Lower panel) Future changes in MTG for each model and multimodel ensemble mean 
(MME).
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On the other hand, models having lower MTG reduction shows much weaker changes in WP overall. It is notable 
that composite differences are rather uncertain due to the limited number of models used (Table 1). Nevertheless, 
when checking the intermodel correlation between climatology and projection, the present-day mean conditions 
of WP and its components are not clearly linked with corresponding future responses to greenhouse warming. 
Further investigation using more models is warranted to better identify uncertainty factors in WP projections.

4.  Summary and Conclusions
The study investigates global changes in WP in the late 21st century using an ensemble of WAVEWATCH-III 
wave projections forced by seven different CMIP5 models. We provide a detailed analysis of the seasonal differ-
ences between Southern and Northern Hemisphere changes in future climate as well as explore physical mecha-
nisms for such changes. This is the first study demonstrating the hemispheric asymmetry in future WP projections 
with relative contributions of wind-sea and swell heights quantified. Moreover, physical mechanisms for the 
hemispheric changes are examined, focusing on the two drivers of SAM and MTG which exhibit robust future 
changes.

It is shown that there is a strong asymmetry between the hemispheres in the simulated WP changes responding 
to anthropogenic radiative forcing. This asymmetry exists across seasons and also in the annual mean. By the 
end of 21st century, multimodel mean under RCP8.5 scenarios projects a decrease in WP over NH extratropical 
ocean and an increase overtropics and SH high-latitudes, with notable seasonal variability. The spatial patterns 
of WP changes resemble those of wave height, particularly wind-sea height, although noticeable differences are 
present among them. In a similar way, future changes in wave period and swell height have spatial resemblance. 
Eastward-propagating swells generated in Southern Ocean are projected to intensify almost everywhere in JJA, 
with stronger magnitudes along the western coasts. In contrast, swells developed in NH are projected to weaken, 
particularly in DJF. It is found that the incremental change in WP is driven by highest contribution from incre-
mental change in wave height and second highest from change in wave period. Interestingly, influence of wave 
period change is significant over the Southern Ocean, distinctly in JJA, due to enhanced swell impacts. Likewise, 
swell contribution to incremental WP changes is remarkable over that region.

Future amplification of the positive SAM, consistent with the poleward shift of SH jets, is found to drive future 
WP increases across SH, during both austral winter and summer. Intensification of both wave height and period 
due to the SAM change implies multifold increases in WP. On the other hand, CMIP5 models project a future 
weakening in NH meridional surface temperature gradient, which acts to reduce NH wave height and period and 
hence WP. Tropical intensification is assessed to be driven by a remote influence of SAM and also the intensifi-
cation of trade winds in SH. Interestingly, across CMIP5 models, the extent of future changes in SAM and MTG 
follows model's equilibrium climate sensitivity (ECS). Thus, in a warmer climate, we expect stronger increase 
and decrease for SH and NH, respectively, implying larger hemispheric asymmetry. Our detailed assessment of 
climate change impacts on global WP behaviors will be impactful to coastal vulnerability projection as well as 
wave energy development plans.

A few caveats remain. It should be noted that although this study focuses on hemispheric scale changes, regional 
responses will be more important for adaptation and impact assessments. Therefore, the physical mechanism of 
future wave power changes at regional scales needs to be explored with consideration of the possible influences 
of relevant climate variability modes such as NAO, ENSO, PNA, etc. In addition, there might be impact of dec-
adal climate variabilities on the intermodel spread depending on their phases, which needs to be investigated in 
future research.

Data Availability Statement
The authors acknowledge CSIRO for producing CAWCR Global wind-wave 21st century climate projections data 
set and making freely available (https://doi.org/10.4225/08/55C991CC3F0E8). CMIP5 data are freely download-
able (https://esgf-node.llnl.gov/projects/cmip5/).
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