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Abstract
We provide a comprehensive analysis of the spatial-temporal changes in the atmospheric-driven major
wave climates (easterlies, southerlies, and westerlies) under two different Representative Concentration
Pathways, the RCP2.6 and RCP8.5 scenarios for the end-of-the-century (2075–2099). By comparing the
projected scenarios with historical conditions, we found that the easterly wave climates will be more
frequents in the southwest basins (up to 15%) and the southerlies in the eastern basins (up to 20%).
While the westerlies are projected to reduce their presence in the mid-latitudes and intensify for the high
latitudes associated with the poleward extratropical circulation. As a result, coastal risk will be triggered
in transitional wave climate regions, in addition to the risk induced by sea-level rise and storm wave
generated, by spatial and frequency changes in the prevailing wave climates that will reach regions where
up to now they have not, impacting future coastal environments.

Introduction
Coastal systems and industries that depend on wave climate are prone to be highly vulnerable to the
climate crisis1–4, as more and more research reinforces the evidence that climate change is and will
impact ocean waves5,6,15,7−14. Wave climate is well known to be a primary driver of coastal risk
(erosion1,3 and �ooding16,17), and controls the balance of mass and energy �uxes in coastal
ecosystems18. From a global perspective, characteristics of coastal environments, such as the
distribution of ecosystems (coral reefs19, seagrasses20, and mangroves21) and coastal features (carbon-
soil mangroves22, sedimentary environments23), vary based on the major climate regions (planetary
areas delimited by atmospheric circulation and similar climate conditions) that they inhabit. Indeed, not
only changes in storminess but also spatial and temporal changes in climate regions (e.g., tropical–
subtropical, subtropical–extratropical, and extratropical–polar), can severely alter nearshore processes
and cause substantial changes to the prevailing wave climate (e.g., signi�cant wave height, mean wave
direction). These can exceed the thresholds of natural variability and complicate efforts to adapt coastal
systems to climate change.

In order to track regions of change where different wave climates will govern, analysis is needed of the
spatial-temporal patterns of global wave climate. These regions, which we call here “transitional wave
climate regions,” will be fundamental for identifying ocean and coastal environments at risk 24, and
employing an Ecosystems-based approach for climate change adaptation. However, most existing wave
projection studies only concentrate on analyzing mean5,8,11,12 and extreme wave7,15,25,26 parameters.
Differences in spatial and temporal scales between the climate system and wave processes (e.g.,
generation, propagation, and dissipation), as well additional sources of uncertainty from gas emissions
projections, wave models, and global climate models (GCMs)8, hinder the predictability of coastal
hazards at the planetary-scale and so the local scale. Recently, remarkable efforts have focused on
developing a comprehensive wave climate framework to identify large-scale shifts in wave climate that
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are driven by atmospheric systems (planetary winds27–30 and sea level pressure systems31); however,
transitional wave climate regions have not yet been investigated.

In this paper, we explore changes in the atmospheric-driven wave climates using a high-resolution
atmospheric circulation model under two different Representative Concentration Pathways (RCP)—the
RCP2.6 and RCP8.5 scenarios. Seasonal changes in the wave climates between historical and future
climate conditions are examined for wave power, wave direction, and the ocean areas covered; in
addition, these changes are connected with shifts in atmospheric circulation. And �nally, we pay special
attention to wave climate changes in coastal regions that have been identi�ed as critical by the Special
Report on the Ocean and Cryosphere in a Changing Climate (SROCC)32, that is continental, sea-ice
affected, and permafrost coastlines.

Main Text

Projected changes in wave climates induced by
atmospheric circulation
In Odériz et al. (2021)30, major wave climates are de�ned and explained as regions in time and space that
share similar characteristics of wave power and mean wave direction. In addition, they are generated by
and implicitly linked with tropical, extratropical, and polar atmospheric circulations30. The westerlies
encompass extratropical, monsoon, and warm pools; the southerlies include subtropical and subpolar;
and the easterlies comprise tropical and polar wave climate types30. This work identi�es these global
wave climates at the end of century using the RCP2.6 and RCP8.5 scenarios and analyses their
differences with historical conditions. In the RCP2.6 scenario, global temperature rises up to ~ 2°C above
pre-industrial levels by the end-of-century, while the RCP8.5 scenario rises up to ~ 4°C. The actual
temperatures reached of each RCP can vary depending on the Shared Socioeconomic Pathways33, we
utilize the two pathways here as lower and upper bounds of potential warming. The global wave climate
projections (Shimura and Mori, 2020)34 dataset used consists of hourly output at 0.5° spatial resolution;
in addition, the projections were generated using the spectral wave model WAVEWATCH III35 and forced
with atmospheric winds from the Japanese Meteorological Research Institute’s high-resolution (20 km
horizontal) atmospheric general circulation model (MRI-AGCM). Each time slice covers a 25-year period,
from 1979 to 2003 for the historical conditions and from 2075 to 2099 for the RCP2.6 and RCP8.5
scenarios.

The wave climates were �rst classi�ed for historical conditions (1979–2003) by applying a dynamic k-
means clustering technique to multivariate data—normalized monthly average wave power (Pw) and

wave direction (Dirm)—using the method described in the supporting materials of Odériz et al. (2021)30.
The clustering technique identi�ed three major wave climates—the easterlies, westerlies, and southerlies—
and are shown in Figs. 1a–c. Each cluster centroid, de�ned as the arithmetic mean of each variables
assigned to each cluster, had similar values (1979–2003) to those obtained in Odériz et al. (2021)30,
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which used the ERA5 (1979–2018 and 1979–2017) and JRA-55 (1979–2017) reanalysis datasets. This
classi�cation was repeated for the RCP2.6 and RCP8.5 scenarios (2075–2099) using the calculated
centroids from the historical conditions (1979–2003) rather than generating new ones. Here, we will
focus on the RCP8.5 scenario but more details of the RCP2.6 scenario can be found in the supplementary
information (Figures SI-6–11, 14, 16, 19–23).

Changes in wave power
Since the wave climates are linked implicitly to their origin in the planetary wind systems, their temporal
and spatial shifts are related to changes in atmospheric circulation. Over the Arctic, polar atmospheric
circulation is projected to intensify due to a lower pressure36 and increased positive phase of the Arctic
Oscillation, leading to strengthened polar (up to + 30 kW/m), and subpolar (up to + 20 kW/m) wave power
in the North Atlantic and North Paci�c Oceans. These changes will affect the wave power reaching the
coasts of Greenland and Russia (up to + 20 and ~ + 10 kW/m, respectively).

Polar atmospheric circulation plays a key role in the planetary wind system36, and under lower pressure
and an increasingly positive phase of the annular modes (Arctic Oscillation and Southern Annular Mode,
SAM), more intense, poleward extratropical winds will be produced37,38. This phenomenon will intensify
the extratropical wave climate in the high-latitudes of the North Atlantic and North Paci�c Oceans ( ~ + 10
and + 25 kW /m), and in the Southern Ocean ( ~ + 20 kW/m). On the other hand, a poleward displacement
of the extratropical circulation will cause the extratropical wave power to weaken in mid-latitudes of the
aforementioned regions39. In the Southern Ocean, the highest increases of wave power are projected to
occur during JJA ( ~ + 30 kW/m), due to the more positive trend projected for the SAM in this season and
its impacts on the extratropical winds40. The subtropical wave climate also intensi�es in the South
Paci�c. In the Indian and South Atlantic Oceans, the subtropical wave power will lessen in line with the
weakening high-pressure belts in these regions41,42

Overall, the tropical wave power is projected to decrease (~ −5 kW/m) as a response to increasing
greenhouse gases, causing a weakening in the east-west tropical circulation43,44. This wave climate, in
the southern Caribbean Sea, is projected to increase (see Fig. 1m and Figure SI 12b). In this region, the
Caribbean Sea is getting warmer than the Atlantic Ocean and creating a strong pressure gradient38, which
in turn, increases wind velocity45 and wave power. In the Indian Ocean, the monsoon wave power is
expected to decrease by 20 kW/m (see Fig. 1f, 1n). This coincides with weakened monsoon winds,
caused by the Intertropical Convergence Zone (ITCZ) shifting toward the warmer Northern Hemisphere46.

On the whole, increases in total wave power will be concentrated in the high-latitudes—more so in the
Southern Hemisphere (extratropical and subtropical wave climate types) than in the Northern Hemisphere
(easterly polar and southerly subpolar wave climate types). In the Southern Hemisphere, all of the wave
climates are projected to increase in wave power. In contrast, the tropical, extratropical in mid-latitudes,
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and subtropical wave climate types are projected to decrease on average in the Northern Hemisphere (see
Figure SI-13).

Changes in wave direction
For the most part, the results show an anticlockwise rotation in annual mean wave direction in the high-
latitude oceans and a clockwise rotation elsewhere (see Figure SI-3b), in line with Morim et al. (2019)8,
except for the North Atlantic, and parts of the Paci�c and Southern Oceans. In the Atlantic Ocean, the
anticlockwise rotation of the tropical wave climate type is limited to the northern part only (except JJA)
and stems from a northwest shift in the high-pressure system 47,48. Furthermore, a clockwise rotation
occurs in the south-western part of the same wave climate ( ~ + 15°, DJF), which is forced by a southward
displacement of the regional high-pressure system42 and is linked with the expanding tropics49.

In the Paci�c Ocean, the mean wave direction in the tropical wave climate type rotates anticlockwise (~ 
−20°) in DJF, and clockwise in MAM and JJA ( ~ + 15°). In the North Paci�c, the mean wave direction in
the extratropical and subpolar wave climate types rotate clockwise in DJF and is forced by a south-
eastern displacement of the Aleutian Low48. During this same period (DJF), an increasing positive phase
of the SAM will produce a poleward shift in the extratropical winds37,38, and therefore a clockwise
rotation ( ~ + 20°) in the respective wave climate.

Changes in area covered by each wave climate
In general, the easterly and southerly (westerly) wave climates are projected to expand (shrink) in size
annually in all basins except for the Southern Ocean (Fig. 3). The proportion of area covered annually by
the easterlies is projected to increase by 2.5% globally and nearly 3.7% in the Paci�c Ocean. A similar
increase is projected to occur globally for the southerlies (+ 2.3%), with the most signi�cant expansion
being in the Indian Ocean at + 4.5%. The opposite trend is projected to occur for the westerlies, which is
projected to shrink globally (−1.4%), with 4.9% and 3.5% decreases occurring in the Indian and Paci�c
Oceans (respectively). There is, however, an exception in the Southern Ocean, where the proportion of
area covered annually drops by almost 12% and 8.4% for the easterlies and southerlies (respectively) and
expands by 22% for the westerlies. This is related to the poleward displacement of the extratropical
atmospheric circulation39. On a seasonal and basin scale, the general patterns hold but there are some
differences, see Supplementary Information.

The transitional wave climate regions: continental and polar
coasts
As mentioned before, the dynamical wave climates are classi�ed by mean wave direction and wave
power. In that sense, an increase in the number of wave events approaching a coast will greatly affect its
near-shore wave conditions. Hence, we classify the coasts in Figs. 4–6 using a priority scale, which is
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based on an increase in the occurrence frequency of any wave climate; the classi�cations are (Priority) I:
5–10 %, II: 10–15 %, III: 15–20 %, and IV: >20 %.

Continental transitional wave climates
Overall, regions identi�ed as Priority III and IV tend to coincide with signi�cant changes in wave power
(see Figs. 4 and SI-17, 18). Some of the largest of these projected changes occur with the southerly wave
climate, which will drive nearshore dynamics more frequently in the eastern Paci�c (i.e., from Mexico to
Chile), Southeast Atlantic (i.e., from Nigeria to Angola), and south and west of Australia during many of
the seasons (e.g., MAM in Southeast Atlantic). In terms of changes, the southerly wave power is projected
to increase upwards of + 2 kW/m in the North Indian Ocean and + 8 kW/m in Chile, Peru, Namibia, and
South Africa. On the other hand, this same wave power is projected to decrease in the Northwest Atlantic
and southwest of the basins. The easterly wave climate will dominate more in these regions and wave
power is projected to increase upwards of + 2 kW/m along much the eastern coast of the U.S.A, southeast
of Africa (Kenya, Tanzania, Mozambique, and Madagascar), the southwest Paci�c, and northwest of the
Atlantic basins. As for the westerlies, the extratropical wave climate type will be less frequent in the mid-
high latitudes of all ocean basins and will become more frequent in the northern polar region and near
New Zealand due to the poleward displacement of the extratropical winds 37,38. In some regions,
seasonal variability will increase the bimodality of the wave climates. For instance, in Hawaii, the
southerly wave climate will become more prevalent all year round, but the westerly and easterly wave
climate will increase in frequency and wave power during DJF.

Polar transitional wave climates
Wave-ice interactions play an essential role in the Marginal Ice Zone (MIZ), and changes to sea ice
melting patterns will impact the wave climate. For example, fetch and wave energy will increase in
regions where broken sea ice has melted; likewise, wave development will become hampered in regions
where blocks of �oating ice have refrozen and dissipate wave energy50–52. In addition, summer and
winter sea ice extents have declined over the past several decades, and the likelihood of storms residing
in ice-free waters has increased, increasing the chances of extreme wave events occurring and thus
increasing the overall wave power in the region50–52. This can further accelerate the decline of the sea ice
extent and expose coastlines to rapid erosion53. High latitude waves in newly open regions may also act
as an ecological driver by transporting new species and pollution, and altering the carbon cycle18,53,54.
Incidentally, sea ice retreat will potentially increase economic opportunities, such as increasing trans-
Arctic vessel tra�c (along the Northern Sea Route and North West Passage) and opening areas for
�shing and mineral extraction55. In the case of the RCP8.5 scenario, sea ice retreat is critical (Figures SI-
19–23) for the MIZs in the Arctic and the Antarctic Oceans32; this is particularly true in the Arctic which is
projected to be mostly ice-free. However, the results we show for the polar regions must be interpreted
cautiously since the wave model setup used here is not coupled with a sea ice model to dynamically
account for wave-ice interactions.
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It is particularly important to identify transitional wave climates for coastal erosion. In the Arctic circle, a
sea-level rise of 0.3 m more than the average for the rest of the world is projected56. Indeed, an average
coastal erosion of 0.5 m/year has already been reported in many parts of the area53. Additionally, most of
the Arctic coastlines in Fig. 5 will be exposed more frequently to all of the wave climates—the subpolar
and polar in particular. This combined with sea-level-rise and retreating ice will only exacerbate erosion
further. The polar wave climate type will be more frequent along Greenland, Alaska, and parts of Russia,
particularly during DJF and MAM. The extratropical wave climate type on the other hand, will be more
frequent along parts of Canada and Russia during DJF and SON. However, the most striking change
occurs with the subpolar wave climate type, which is projected to become more frequent along most of
the Arctic Circle during DJF and MAM. The Siberian coast, which already has the highest detected rate of
erosion for permafrost coastlines (above 3 m/year)53, will likely see further increases in erosion since the
combined frequency of all three wave climates are projected to increase year-round: DJF and MAM from
subpolar and polar, JJA from polar, and SON from subpolar and extratropical wave climate types.

Coastlines in the Antarctica will be affected differently. The largest increases in occurrence frequency of
the wave climates are projected to occur along shorelines facing the Indian Ocean (0°–180°E); these are
for polar during JJA, extratropical during DJF, and subpolar during JJA and SON. While coasts facing the
Weddell Sea will be protected from westerlies by the Antarctica peninsula, they will be affected by
easterlies and southerlies year-round. The Ross Sea will be also be affected by southerlies and easterlies
for most of the year, with the exception of DJF, when more westerly wave events are projected reach its
coasts. Changes in wave climate in the Antarctic Ocean will lead to changes in swell over the low
latitudes of the Indian, Paci�c, and Atlantic Oceans 57. Therefore, wave climate changes in the Antarctic
Ocean are not mostly con�ned to the region as with the Arctic Ocean.

Conclusions
Climate changes affects atmospheric circulation driving changes on current prevailing wave climates and
the potential spatial and temporal differences of wave climates need to be assessed. In this paper, we
have identi�ed the major westerly, southerly, and easterly wave climate that are driven by planetary wind
systems for the historical and end-of-century periods in the RCP2.6 and RCP8.5 scenarios. By comparing
the two time periods, this study provides a comprehensive analysis of the spatial-temporal changes in
future projections of wave climate under two RCP warming scenarios.

An increase in wave power will be most noticeable in the polar regions and in the Southern Hemisphere.
Wave power in the extratropical wave climate type is projected to increase in high-latitudes and decrease
in mid-latitudes due to an intensi�cation and poleward displacement of the extratropical atmospheric
circulation. In the Northern Hemisphere, the polar atmospheric circulation, with lower pressure system, is
projected to increase wave power in the subpolar and polar wave climate types. The monsoon wave
climate type is projected to weaken due to a northern displacement of the ITCZ. In general, wave power in
the tropical wave climate type is projected to reduce by 20%; however, it is projected to increase over the
southern Caribbean Sea, due to an intensi�cation of the regional wind systems.
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Particular attention has been paid to continental, sea ice, and permafrost coastlines because of the
important role they play in industries and ecosystems. Regions of wave climate types with signi�cant
changes should serve as a large-scale roadmap on where to channel efforts to rebuild ocean ecosystems
and improve resiliency24. In addition, the impacts of climate change will most likely be exacerbated in
regions with transitioning wave climates, such as those with more frequent wave events. Therefore, these
regions have been identi�ed and prioritized by the occurrence frequency increase of the new prevailing
wave climates. Overall, eastern coasts in each basin will be affected more by the southerly wave climate,
while western coasts will be more affected by the easterly wave climate. Additionally, the extratropical
wave climate type is projected to become more frequent in New Zealand, Chile, and South Africa, as the
westerly wave climate intensi�es and moves poleward. Since wave-ice interactions are not fully modeled
in this study, analysis of the polar regions can be seen as a preliminary approach to de�ne adaptation
and conservancy strategies. Further work on this will be decisive in developing more accurate wave
climate projections for the region58.

Our results show that the polar circulation plays a fundamental role in changes in the extratropical
atmospheric circulation and also in the waves that are generated in high and mid-latitudes and propagate
towards the tropics. Arctic ampli�cation (warming near the poles) is occurring more rapidly than Antarctic
ampli�cation36, but the latter will have important implications for wave climates in the Southern
Hemisphere and for eastern coasts in each basin. This pan-hemispheric asymmetry in the atmospheric
system could be critical in the climate change adaptation timeline that countries face. This is especially
true for coasts that face wave climate bimodality originating in both hemispheres, as in the East Paci�c.

This work (i) improves the understanding of cause and effect between the atmospheric system and
ocean waves, (ii) identi�es transitional wave climate regions in future climate change scenarios, and (iii)
offers a more precise classi�cation of regional wave climate that will assist in developing roadmaps for
coastal risk adaptation. To our knowledge, this is the �rst wave climate projection that includes analyses
on circumpolar coastlines.
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Data And Methods
The wave climate projection34 was forced by atmospheric wind conditions from the Japanese
Meteorological Research Institute-Atmospheric GCM (MRI-AGCM), and with sea ice concentrations from
the COBE SST and CMIP5 ensemble datasets. The wave climate projections were generated using the
spectral wave model WAVEWATCH III version 5.1635 with a 0.5º spatial and hourly temporal resolution.
The time range is 25 years, from 1979 to 2003, for the historical conditions, and from 2075 to 2099 for
the RCP2.6 and RCP8.5 scenarios. The wave power was computed for irregular waves, and both
variables, wave power and mean wave direction, were monthly averaged. 

The same method of dynamic clustering, as explained in Odériz et al. (2021), was applied for present
conditions (1979–2003). For the two climate change scenarios, RCP2.6 and RCP8.5, the method was the
same, but the centroids to cluster the data were predetermined, as those obtained for the present
conditions (see Figure 7). The projection results were then grouped according to present conditions,
which resulted in using the same clusters. Thus, instead of different climates, different projected
characteristics are analysed.  

The projected changes in mean wave direction are calculated only for those areas where the frequency of
each wave climate is over 60%. Unlike wave power, the mean wave direction cannot be divided by the
complete temporal range—it is divided by the number of months in which the wave climate occurs.
Otherwise, the physical magnitude of the direction loses its meaning. Therefore, in areas where the wave
climate frequency is low, differences in mean wave direction are not representative for mid to long terms. 

The seasonal averages of the wave climate variables were calculated using the following seasons:
December, January, February (DJF); March, April, and May (MAM); June, July, and August (JJA); and
September, October, and November (SON).

Figures
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Figure 1

Annual average wave power (1979–2003) for the (a) easterly, (b) westerly, and (c) southerly wave
climates. Differences in wave power between the RCP8.5 scenario and historical conditions for the (d, h, l)
total, and associated (e, i, m) easterly, (f, j, n) westerly, and (g, k, o) southerly wave climates, during (d–g)
annual, (h–k) DJF, and (l–o) JJA periods.
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Figure 2

Differences in mean wave direction between the RCP8.5 scenario and historical conditions for the (a, e, i,
m) total, and associated (b, f, j, n) easterly, (c, g, k, o) westerly, and (d, h, l, p) southerly wave climates,
during (a–d) DJF, (e–h) MAM, (i–l) JJA, and (m–p) SON seasons.
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Figure 3

a) Mean wave climate extension (area covered; %) by basin during historical conditions, with relative
differences (%) between future scenarios. Time series of extension of (b–f) easterly, (g–k) westerly, and
(l–m) and southerly wave climates, for global region (b, g, l), Indian (c, h, m), Paci�c (d, i, n), Atlantic (e, j,
o), and Southern Oceans (f, k, p).
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Figure 4

Transitional regions along continental coasts in the RCP8.5 scenario for the (a, d, g, j, o) easterly, (b, e, h, k,
p) westerly, and (c, f, i, l, q) southerly wave climates, during (a–c) annual, (d–f) DJF, (g–i) MAM, (j–l) JJA,
and (o–q) SON periods.
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Figure 5

Transitional regions along Arctic coasts in the RCP8.5 scenario for the (a–d) easterly, (e–f) westerly, and
(i–l) southerly wave climates, during (a, e, i) DJF, (b, f, h) MAM, (c, g, k) JJA, and (d, h, l) SON seasons.
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Figure 6

Transitional regions along Antarctic coasts in the RCP8.5 scenario for the (a–d) easterly, (e–f) westerly,
and (i–l) southerly wave climates, during (a, e, i) DJF, (b, f, h) MAM, (c, g, k) JJA, and (d, h, l) SON
seasons.
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Figure 7

Conceptual explanation of the method applied for a) present conditions, b) projected scenarios RCP2.6
using the centroids calculated in (a), c) projected scenarios RCP8.5 using the centroids calculated in (a).
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