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1. Introduction
Long-term variations of wave climate affect a wide range of activities and processes in which wave hydrody-
namics play an essential role, such as port operability (Izaguirre et al., 2020), wave energy resources (Fairley 
et al., 2020), marine and coastal ecosystems (Fraser et al., 2018; Odériz, Gómez, et al., 2020), and water qual-
ity (Erftemeijer et al., 2012; Huizer et al., 2019). Furthermore, changes in wave run-up may significantly in-
crease the risk of coastal erosion (Luijendijk et al., 2018; Ranasinghe, 2016; Toimil et al., 2020) and flooding 
(Kirezci et al., 2020; Melet et al., 2018). Over the longer-term, shifts in the power and directionality of wave 
climate can impact sediment transport patterns and large scale coastal morphology. Therefore, deciphering 
the relative importance of natural variability and global warming is a key starting point to rebuild coastal 
environments (UN-SDG 14) and adapting to climate change (COP21-Paris).

Under climate warming scenarios, wave climate is projected to shift clockwise in most of the world´s oceans, 
and intensify in the Southern Ocean (Hemer, Katzfey, et al., 2013; Morim et al., 2019; Reguero et al., 2019; 
Ribal & Young, 2019) South Atlantic, and Indian Oceans (Lobeto et al., 2021; Meucci et al., 2020). Super-
imposed on this, natural variability strongly influences wave climate characteristics (Hemer et al., 2010; 
Odériz, Silva, Mortlock, & Mori, 2020) from interannual to multidecadal timescales. This is forced by cli-
mate patterns, such as the El Niño-Southern Oscillation (ENSO) or the Southern Annular Mode (SAM). For 
instance, in 2015, an extreme El Niño event caused large swells across the South and East Pacific, leading to 
many casualties and severe economic losses in Latin America (Godwyn-Paulson et al., 2020).

Abstract This paper presents a multivariate classification of the global wave climate into types driven 
by atmospheric circulation patterns. The primary source of the net long-term variability is evaluated 
based on historical wave simulations. Results show that the monsoon, extratropical, subtropical, and 
polar wave climate types of the Pacific and North Atlantic Oceans are dominated by natural variability, 
whereas the extratropical and subtropical wave climate types in the Indian Ocean, and the tropical wave 
climate types of the Atlantic and Pacific Oceans exhibit a global warming signal. In the Pacific sector of 
the Southern Ocean, strong natural variability may mask a global warming signal that is yet to emerge as 
being statistically significant. In addition, wave climate teleconnections were found across the world that 
can provide a framework for joint strategies to achieve the goals of climate adaption for resilient coastal 
communities and environments.

Plain Language Summary Near-surface wind systems drive global ocean wave conditions 
that are usually studied at regional or local scale. However, analyzing these relationships at the global 
scale is important to understand how natural climate oscillations, such as El Niño-Southern Oscillation, 
and global warming, impact wave climate. Here we identify the large wave climates in homology to the 
climate regions (e.g., Tropical, Temperate, Polar) and are originated by the planetary wind systems. The 
results show that global warming signals have already emerged in the Indian Ocean and the tropical 
regions of the Pacific and Atlantic basins. In contrast, in the other ocean basins, natural variability is still 
the dominant signal and could mask global warming signals.
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Key Points:
•  The global ocean wave climate is 

classified into types according to the 
planetary wind systems responsible 
for their genesis

•  In general, natural variability is 
shown to be the principal signal in 
wave climate types over the past 
34 years

•  Signals showing global warming 
have already emerged in the Indian 
Ocean, and the tropical regions of 
the Atlantic and Pacific Oceans
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The delineation between the roles of long-term variability and global warming in wave climate is an im-
portant, yet under-studied, area of ocean wave science. First, natural variability can mask a global warming 
signal in areas with a high level of natural fluctuation (Clem et al., 2020; Tebaldi et al., 2011). Second, nat-
ural variability can delay the restoration and adaptability to climate change of natural and human systems 
(Duarte et al., 2020; Moser & Ekstrom, 2010). And finally, natural variability can dampen or amplify the 
hazards associated with global warming (Deser et al., 2012). For these reasons, understanding the extent 
to which changes in wave climate are presently driven by global warming, natural variability, or both, is 
pivotal to sustainable coastal management.

This study aims to classify the global ocean wave climate into types that are linked to the atmospheric 
circulation responsible for their genesis. We evaluate the impact of each source, natural variability and 
global warming, in the net long-term variation and trends of each wave climate type over the last three 
decades. Moreover, we elucidate ocean-wave teleconnection patterns that connect the world’s coasts, having 
a similar wave climate response to the atmospheric circulation. We propose a novel “dynamic clustering” 
approach to identify the major wave climates, defined as areas having similar prevailing wave conditions, in 
homology to the major climate regions (e.g., tropical, temperate). Although we are not examining extreme 
events, this wave climate framework is crucial for addressing effective coastal hazard and planning strate-
gies as results pertain to long-term shifts in the bulk wave climate. We propose that these results can also 
be used to: a) prioritize coastal areas where the effects of global warming has already emerged, and those 
where natural variability still dominates; and b) as a basis for defining large-scale coastal assessment based 
on wave climate regions, that may experience similar changes through time.

2. A General Perspective of the Methods
This section presents a summary of the methods applied for wave climate classification, natural variability, 
long-term trends, and teleconnection detection. For more details of these methods see Supplementary In-
formation, Text S1, Figure S1–S5, Table S1–S2. The ocean wave and wind monthly averaged parameters of 
the ERA-5 (Hersbach et al., 2020) data-set for 1979–2018 were used in this study.

We apply a “dynamic clustering” methodology based on the k-means (MacQueen, 1967) technique to ex-
amine the planetary wind systems using surface wind velocity (U10, m/s) and wind direction (Dirw, º). The 
direction is decomposed into sine and cosine components, and the variables (U10, cos(Dirw), sin(Dirw)) are 
normalized. All the time-steps and space-grid values of a parameter is a unique variable. That means, the 
3D matrix (longitude, latitude, time) of each parameter (i.e., (U10, cos(Dirw), sin(Dirw) is reshaped to a 1D 
array, and once k-means is applied, the classification is reshaped back from a 1D array to a 3D matrix, see 
Supplementary Figure S2 and Equation S2. The optimal number of clusters were selected using the Elbow 
Method (Ketchen & Shook, 1996). The resultant classification identifies the spatial-temporal distribution 
of the wind systems and provides a set of indices to identify the atmospheric circulation and its variability.

Next, the wave climates, defined as the regions in the global oceans with similar wave direction and power, 
are calculated using the same “dynamic clustering” approach, but this time the input variables are the wave 
direction (Dirm, º) and wave power (Pw, kW/m). The mean wave direction is a critical component of coastal 
sediment transport (Barnard et al., 2015; Hemer et al., 2010). While wave power is the wave energy flux and 
is a key parameter for coastline stability (Ranasinghe, 2016), coastal structures, and wave energy extraction 
(Reguero et al., 2015). Furthermore, previous studies have shown that global wave power and sea surface 
temperature (SST) are strongly linked (Shimura et al., 2020) and Pw may be a good indicator of the global 
warming signal inherent in wave climate (Reguero et al., 2019). The process resulted in three major global 
wave climates that are: the westerlies, easterlies and southerlies.

The three wave climates are further decomposed into Wave Climate Types (WCTs) that are independent 
wave climates generated by basin-scale wind systems, propagating outwards from the generation area. 
These were obtained by identifying the isolated areas of the major global wave climates and relating them 
with their basin-scale wind origin. If the spatial area and directional range of a WCT is shared by a wind 
system, then that WCT is generated by the paired wind system. If the WCT has no obvious wind system 
pairing, the origin of the WCT is considered as swell with an undefined wind system origin.
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Once the WCTs were obtained, the time series of the total occupied area, , ,T tA and the spatial mean wave 
direction and wave power, , ,, ,m t m tDir Pw  were calculated. The natural variability of these parameters were 
analyzed by de-trending and computing the composite monthly anomalies of the periods of ENSO, EN-
SO-PDO (Pacific Decadal Oscillation), and ENSO-SAM coupling, over the satellite era (1985–2018) (Ribal & 
Young, 2019), and only those that were statistically significant were considered. ENSO phases were identi-
fied using the Oceanic Niño Index, and PDO with the PDO index of NOAA. The SAM phases were calculat-
ed using the monthly Antarctic Oscillation index (where positive SAM > µ+σ; and negative SAM < µ−σ), 
following the indications of (Godoi & Júnior, 2020; Marshall et al., 2018).

The long-term trends of the spatially averaged Pw and Dirm of WCTs were calculated using the Least Squares 
approach, for the same period as the natural variability analysis (1985–2018). The Mann-Kendall (Hirsch 
et al., 1982) approach was used, at the 95% confidence level, to calculate the significance of the trends. In 
order to address the underlying mechanisms responsible for these trends, we also calculated trends for 
the spatially averaged velocity of surface winds (U10) systems and SSTs for the identical areas occupied by 
each WCT over the same time period. We assume that any long-term trends in wave power and direction 
of WCTs that is concurrent with trends in SSTs or surface winds in the same climate region have a causal 
relationship.

Finally, the total area, At, and spatial-averages of Dirm, and Pwm of each WCT were correlated with those of 
every other WCT to quantify their interconnection, using the Pearson correlation coefficient (Kendall, 1948) 
with a level of confidence of 95%.

2.1. Ocean Wave Climate Types Driven by Atmospheric Circulation

We identify a global set of major wave climates (Figure 1) that have the same spatial-temporal patterns as 
the planetary wind systems (Figure S6) that drive them, and a subset of seven WCTs implicitly linked to 
the basin-scale wind systems responsible for their generation. The westerly wave climate is defined as a 
high-energy system (the averaged wave power in the cluster is ∼59 kW/m) with wave directions from 209°–
352°, which encompass the extratropical, monsoon, and warm pool WCTs. The southerly wave climate is 
defined as a moderate-energy system (the averaged wave power in the cluster ∼27 kW/m), which travels in 
a northward direction (between 135° and 216°), and includes the subtropical and subpolar WCTs. The east-
erly wave climate is defined as a low-energy system (the averaged wave power in the cluster ∼18 kW/m), 
with directions between 6° and 138°, and includes the tropical and polar WCTs. All the wave climates 
identified in this study are swell-dominated, in agreement with (Li, 2016; Semedo et al., 2011). This is par-
ticularly true for the easterly and southerly wave climates (see Figure S7 and S8).

The wind sea wave power and wind velocity pertaining to each WCT were correlated. A high correlation 
(R > 0.7) was found for all WCTs, and a very high correlation for the easterlies and westerlies (R > 0.9). The 
covariance was also computed, using standardized values (Figure S7). This confirms that the majority of 
the variability in the WCTs is driven by the planetary wind systems, which in turn are the result of pressure 
gradients between High and Low pressure atmospheric systems. From this, the variability in the polar and 
extratropical WCTs of the North Pacific and North Atlantic is related to the strength and position of the 
Aleutian Low and the Icelandic Low. Variations in all tropical WCTs are related to the trade winds, and 
as such their intensification is influenced by the northern Hadley cell in the Atlantic and Pacific, and the 
southern Hadley cell in the Indian Ocean. The subtropical WCTs are controlled by the position and strength 
of the subtropical ridges, whereas the subpolar WCTs are linked to the subpolar ridges. The relationship 
between sea level pressure, wind, and WCTs, and their seasonal variability, is fully explained in Supplemen-
tary Information Text S3 and Figure S7–S18.

The link between planetary winds, pressures systems, and WCTs, gives us a fuller understanding of the 
causal mechanisms between the climate patterns, global warming and wave climate, and provides a more 
accurate quantification of their impacts. Moreover, the findings regarding these WCTs are in agreement 
with previous studies on global wave variability (Echevarria et al., 2020; Hemer, Fan, et al., 2013; Reguero 
et al., 2019; Shimura et al., 2013; Stopa & Cheung, 2014) and swell wave generation (Alves, 2006; Li, 2016; 
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Figure 1. Global wave climates classified by dynamic clustering. Pw (kW/m), yearly averaged (a, d, g), DJF (b, e, h), and JJA (c, f, i), of the westerlies (a, b, c), 
easterlies (d, e, f), and southerlies (g, h, i) wave climates. Gray contour lines indicate the average sea level pressure (SLP). H and L indicate the high and low-
pressure centers of the SLP.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Geophysical Research Letters

Semedo et al., 2011). Indeed, some of the WCTs shown here exhibit the same spatial patterns as those ob-
tained by other authors (Echevarria et al., 2019; Jiang, 2020).

3. Tropical and Extratropical Natural Variability
The interannual variability of the global wave climate is principally governed by ENSO (Barnard et al., 2015; 
Odériz, Silva, Mortlock, & Mori, 2020; Stopa & Cheung, 2014). The ENSO signal can be either amplified or 
dampened by extratropical, multidecadal signals, such as the PDO (Newman et al., 2003) and SAM (Clem 
et al., 2020), that in turn impact ocean wave conditions (Bromirski et al., 2013; Godoi & Júnior, 2020; Hemer 
et al., 2010; Odériz, Silva, Mortlock, & Mori et al., 2020). SAM is also the dominant large-scale pattern of the 
Southern Ocean (Wang & Cai, 2013). To elucidate the role of tropical and extratropical variability on wave 
climate, we investigate the responses of the WCTs to ENSO, and ENSO coupled with the SAM and PDO. 
For each WCT, the composite anomalies of the spatially averaged wave power are shown in Figure 2a), with 
mean wave direction in Table S3.

Wave power associated with the extratropical WCTs appears to be most impacted by tropical-extratropical 
climate variability (ENSO, PDO and SAM). Accordingly, the results show that El Niño events strengthen 
the extratropical WCT in the North Pacific ( ∼ + 3 kW/m), as the ENSO positive phase is associated with a 
strengthened Aleutian Low (Li et al., 2015). This effect is amplified when ENSO and PDO positive phases 
occur simultaneously ( ∼ + 4 kW/m), creating a much-deepened Aleutian Low (Bonsal et al., 2001). These 
results are in line with previous studies that have analyzed the impact on wave parameters, separately, of the 
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Figure 2. (a) Composite anomalies of wave power induced by tropical and extratropical climate variability, and trends of wave power, wind-sea wave power, 
near-surface wind velocity, and sea surface temperature, associated with each wave climate types between 1985 and 2018 (only the anomalies and trends that 
are significant at 95% confidence levels are shown), (b) summary of the most relevant wave climate impacts.
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PDO (Bromirski et al., 2013; Odériz, Silva, Mortlock, & Mendoza, et al., 2020) and of the ENSO (Izaguirre 
et al., 2011; Shimura et al., 2013; Stopa & Cheung, 2014; Yang & Oh, 2020).

Likewise, El Niño weakens the Walker cell and trade winds (Reiter, 1978), which aligns with a debilitated 
tropical WCT in the Indian Ocean ( ∼1 kW/m). Conversely, our investigation shows a reinforced tropical 
WCT in the Pacific during periods of El Niño. This may be associated with above-average tropical cyclone 
activity in the Pacific (Bell & Chelliah, 2006) during El Niño, and we should be cautious of taking only this 
averaged WCT for representing the region. On the other hand, the ENSO-negative phase weakens the Ice-
landic Low (Odériz, Silva, Mortlock, & Mori, 2020), and when is coupled with SAM a PDO, influences the 
dynamics of the polar WCT in the North Atlantic ( ∼7 kW/m).

A positive SAM increases the sea level pressure gradient between the extratropical and subtropical belts 
(Wang & Cai,  2013) and, as a result, intensifies the swells generated in the Southern Ocean (Godoi & 
Júnior, 2020). Consequently, a positive SAM also intensifies the ENSO wave power signal in the extratrop-
ical WCTs in the Indian Ocean ( ∼ + 6 kW/m) and the South Pacific ( ∼ + 6–9 kW/m). Waves and winds 
in the extratropical belt of the Southern Ocean have previously been identified as being highly affected by 
natural variation (Clem et al., 2020; Hemer et al., 2010; Wang & Cai, 2013). La Niña reinforces the wave 
power of the monsoon WCT in the Indian Ocean ( ∼ + 0.7 kW/m), due to the increase in the pressure gra-
dient between the Indian Ocean and East Pacific (Wang et al., 2000; Wang & He, 2012; Zhang et al., 1996), a 
pattern which is reversed during El Niño. This effect is reinforced by the PDO (Wang et al., 2008), and when 
La Niña and a negative PDO coincide, the monsoon WCT strengthens ( ∼ + 0.8 kW/m). Positive SAM also 
amplifies the impact of La Niña on wave power for this WCT ( ∼ + 3 kW/m).

4. Historical Variability and Ocean Warming
The long-term trends in the spatially averaged wave direction (Dirm), wave power (for both swell and wind 
seas combined, Pwm , and wind seas only, Pwm-ws), and the occupied area (AT) of each WCT were calculated 
over the same period as the natural variability analysis (1985–2018); see Figures 3(a-w), Figures 2a and Ta-
ble S3. Only those trends that are significant to the 95% confidence level are discussed here.

Over the past 34 years, there has been a significant increase in wave power ( ∼3–9 kW/m) in both the extra-
tropical and subtropical WCTs in the Southern Hemisphere, supporting the notion of an intensification of 
the wave climate in this Hemisphere, as suggested by other authors (Liu et al., 2016; Ribal & Young, 2019; 
Young et al., 2011). The increase in wave power in the Indian and South Atlantic Oceans coincides with a 
simultaneous increase in wind seas (+0.4 kW/m) and winds (+0.1–0.3 m/s). In addition, the region occu-
pied by the subtropical WCT in the Indian Ocean has experienced a warming in SST of ∼0.6°C, over the 
same period.

Similarly, both wind speeds (  ∼0.2  m/s) and wave power (both for total swell and wind sea com-
bined ∼2 kW/m and wind sea ∼0.4 kW/m) associated with the tropical WCTs in the Pacific and Atlantic 
Oceans have increased, as previously described by (England et al., 2014; Young & Ribal, 2019). The tropical 
regions of the Indian, Pacific, and Atlantic Oceans have all experienced warming of approximately 0.6°C. 
Similarly, the warm pool WCT shows a significant upward trend in wave power ( ∼1.6 kW/m), as do SSTs 
over the same area and time period ( ∼0.7°C). Here we find that the monsoon WCT shows a non-significant 
increase in wave power, although this trend is in agreement with other authors (Anoop et al., 2015), and 
this region also has the highest rate of SST warming ( ∼0.8°C). Conversely, it has been known for some time 
that wave power has reduced in the North Atlantic (Morim et al., 2019; Reguero et al., 2019), which we can 
now show is associated with the reduction in wave power of the subpolar WCT, although no links with SST 
warming and wind in this area were found. Results also indicate that in recent decades the area covered by 
this WCT has contracted.

Statistically significant trends in wave direction were only found for WCTs in the subtropical South Atlan-
tic and polar North Atlantic. Neither of these changes appear to be related to SST warming, suggesting an 
alternative mechanism for shifts in wave direction. However, there is a general pattern of the high latitude 
WCTs (polar and extratropical) shifting poleward and the subtropical WCTs shifting toward the tropics. In 
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Figure 3. Trends of wave power (Pwm), mean wave direction (Dirm), wind-sea wave power (Pwm-ws), wind velocity U10, and sea surface temperature (SST) for (a) 
southerlies, (b) westerlies, and (c) easterlies wave climate types (WCTs). Time series and trends of WCTs (d)–(h) Pwm (i–m) Dirm (n–r) U10, and (s–w) SST, for (d, 
i, n, s) the extratropical Indian Ocean (e, j, o, t) subtropical Indian Ocean (f, k, p, u) tropical Pacific (g, l, q, v) tropical Atlantic, and (h, m, r, w) subtropical South 
Atlantic. Correlation coefficients R for mean wave power, mean wave direction, and total area between the WCTs, x) positive correlation denoting either an 
increase/increase or decrease/decrease global teleconnection pattern, and y) negative correlation indicating an inverse (i.e., increase/decrease) teleconnection 
pattern.
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the Southern Hemisphere, this is most probably related to a decrease in pressure across the high-latitudes 
(Clem et al., 2020).

In general, we found that the greatest changes in wave direction around the world are driven by natural 
variability. Overall, when summed across all WCTs, there is a net increase in global wave power, which is 
concentrated in the Southern Hemisphere. The global warming signal lies outside the upper bounds of 
natural variability in wave power for warm pool WCTs, the subtropical and the extratropical WCTs of the 
Indian Ocean, and the tropical WCTs of the Atlantic and Pacific basins. Extratropical WCTs in the South 
Pacific also show a significant upward trend in wave power that is greater than the anomalies produced by 
ENSO, although this appears not to be related to the global warming signal and is exceeded by variations in-
duced by the ENSO and SAM when these climate patterns are coupled. A strong downward trend was found 
in wave power associated with the subpolar WCT in the North Atlantic but exceeded by natural variability 
when both negative ENSO and SAM phases occur. For other WCTs, including the subtropical South Pacific, 
the monsoon, the extratropical North Pacific, the tropical Indian Ocean and the Polar WCTs, the long-term 
trends over recent decades remain within the bounds of natural variability.

5. Ocean-Wave Teleconnection Patterns
Ocean-wave teleconnection patterns provide a basis for a global classification of coastal climates that link 
geographically disparate areas. The teleconnection patterns are distant wave climates having variability 
driven by remote climate forcing. The most well-known wave climate teleconnection is the relation between 
local wind sea and propagated swell (e.g., Delpey et al., 2010; Hanson & Phillips, 2001; Jiang, 2019). While 
the ocean-wave teleconnection patterns induced by remote regional winds is a topic not fully explored. The 
works of Echevarria et al. (2019) and Jiang (2020) analyzed seasonal variability at the global scale but do not 
examine the interconnected nature of hemispheric wave climate. The works of Semedo et al. (2011) and Sto-
pa & Cheung (2014) examine wave climate teleconnections at the ocean basin scale. Reguero et al. (2019) 
explore global teleconnections between wave power and SST, but do not examine the causal mechanisms of 
these relationships via atmospheric pressure and surface wind patterns.

Results indicate that there are inter-basin, tropical-extratropical-subtropical, and inter-hemispheric con-
nections between WCTs, not only related to their patterns of propagation but also by their origins in the 
atmospheric circulation. To analyze the interconnections between WCTs, the correlation coefficient (R) 
was calculated for wave power ( wmP ) (Table S4), direction mDir  (Table S5), and total area ( TA ) for each WCT 
(Table S6).

For wave power, the results show a pan-hemispheric interconnection between WCTs that is influenced by 
seasonal variability, as shown in Figures 3x and 3y, commensurate with findings by other authors (Echevar-
ria et al., 2019; Jiang, 2020). In the Southern Hemisphere, the extratropical and subtropical WCTs exhibit 
the same response to atmospheric variability. However, in the Atlantic and Pacific basins, the tropical WCTs 
intensify simultaneously with the extratropical and subtropical WCTs of the Northern Hemisphere (see 
Figure 1 and Figure S6-S7). This concurrent behavior indicates that these WCTs are all governed by the 
intensity and position of the Northern Hemisphere subtropical high-pressure belt.

For wave direction, it was found that the subtropical WCT in the Indian Ocean rotates in the opposite direc-
tion to the extratropical WCTs in the Pacific and Indian Ocean. All extratropical WCTs rotate in the same 
direction, with the exception of that in the North Atlantic basin that is dominated by the position and in-
tensity of the Icelandic Low. The tropical WCTs in the Pacific and Atlantic all rotate in line with movements 
in the Hadley cells.

Through this mechanism, we can identify coasts where Extratropical WCTs prevail, such as those of Chile, 
the Mexican Pacific, Northwest Europe, Southern Africa and South Australia, and those where tropical 
WCTs dominate, including those bounding the Caribbean Sea, Indonesia, Madagascar or East of Australia. 
Other regions are intermittently dominated by both tropical and subtropical WCTs (e.g., the coasts of Japan 
and Argentina, Eastern New Zealand, and Eastern USA). These regions have the same wave conditions 
throughout the year (Fairley et al., 2020).
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6. Conclusions
A novel “dynamic clustering” method was developed to classify the global ocean WCTs according to the 
planetary wind systems responsible for their genesis, allowing them to be traceable in time and space across 
the world’s oceans. At the highest-level, the global ocean wave climate is classified into the extratropical, 
monsoon, warm pool, subtropical, subpolar, polar, and tropical WCTs.

Results suggest that natural variability is the principal driver of variations in the subtropical WCT of the 
South Pacific Ocean, the monsoon, the extratropical WCTs of the Pacific, the tropical WCT of the Indian 
Ocean, and the Polar WCTs, over the last 34 years. The WCTs in which changes in wave conditions are 
linked to a global warming signal include the warm pool, extratropical, and subtropical WCTs of the Indi-
an Ocean, and the tropical WCTs of the Atlantic and Pacific Oceans. WCTs with large natural variability 
may mask a global warming signal that is emerging, but, because of large internal fluctuations, this signal 
takes longer to emerge than in regions with less variation. Although we could not identify the driver, a 
strong long-term trend was detected in the extratropical WCT of the South Pacific (∼6 kW/m) but this was 
masked by natural variability when the positive phases of ENSO and SAM occurred simultaneously (up to 
10 kW/m). In the next century, the ENSO (Cai et al., 2015) and SAM (Arblaster & Meehl, 2006) are projected 
to intensify, and Global Couple Models have limitations in capturing both when coupled (Lim et al., 2016). 
This study can diminish the uncertainty of their impacts in projected wave climate and provide relevant 
information on quantifying the natural variability and global warming for coastal hazard assessments.

In addition, global wave climate teleconnection patterns were explored. The WCTs exhibit strong inter-ba-
sin, inter-hemisphere, and tropical-subtropical-extratropical-subpolar teleconnections in different regions 
of the world. This implies a level of connection between coastal areas where the same WCTs prevail, driven 
by remote wind systems. A coastal management framework built on wave climate types-dominated coasts 
could deliver key opportunities for climate change adaptation and mitigation on national and pan-nation-
al levels. Likewise, to identify the transitional wave climate regions (e.g., tropical-subtropical) (Duarte 
et al., 2020; Wernberg et al., 2016). These transition zones are those most likely to experience a shift in the 
prevailing climate, giving rise to wave conditions that exceed the thresholds of the current natural varia-
bility. As such, further research into the vulnerability of these locations to wave climate changes is needed.

Data Availability Statement
Wave and wind data is from the European Center for Medium-Range Weather Forecasts (https://www.ecm-
wf.int/en/forecasts/datasets/reanalysis-datasets/era5). The climate index is from NOAA (https://psl.noaa.
gov/data/climateindices/list/). The SST data is from Climate Forecast System Reanalysis (https://www.
ncdc.noaa.gov/data-access/model-data/model-datasets/climate-forecast-system-version2-cfsv2). A reposi-
tory data is provided in: http://dx.doi.org/10.17632/mh9d3494kp.1
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