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Global coastal wave storminess
Hector Lobeto 1*, Alvaro Semedo 2,3, Gil Lemos 2,3, Ali Dastgheib 2,4, Melisa Menendez 1, 
Roshanka Ranasinghe 2,5,6 & Jean‑Raymond Bidlot 7

Coastal wave storms pose a massive threat to over 10% of the world’s population now inhabiting 
the low elevation coastal zone and to the trillions of $ worth of coastal zone infrastructure and 
developments therein. Using a ~ 40-year wave hindcast, we here present a world-first assessment 
of wind-wave storminess along the global coastline. Coastal regions are ranked in terms of the main 
storm characteristics, showing Northwestern Europe and Southwestern South America to suffer, 
on average, the most intense storms and the Yellow Sea coast and the South-African and Namibian 
coasts to be impacted by the most frequent storms. These characteristics are then combined to derive 
a holistic classification of the global coastlines in terms of their wave environment, showing, for 
example, that the open coasts of northwestern Europe are impacted by more than 10 storms per year 
with mean significant wave heights over 6 m. Finally, a novel metric to classify the degree of coastal 
wave storminess is presented, showing a general latitudinal storminess gradient. Iceland, Ireland, 
Scotland, Chile and Australia show the highest degree of storminess, whereas Indonesia, Papua-New 
Guinea, Malaysia, Cambodia and Myanmar show the lowest.

Coastal storms represent the ocean at its most energetic and violent state, with a considerable destructive power, 
impacting coastal areas and coastlines1. Coastal storms are related to strong winds, extreme wave heights, extreme 
sea levels, often together with intense precipitation, leading to coastal flooding and consequent damage, where not 
protected. Coastal storms are often the cause of substantial human2,3 and economic4–7 losses, as well as ecological 
disturbance and damage8–10. Nevertheless, coastal storms are part of the global weather pattern, and essential 
to the equilibrium of the climate system, bringing fresh water and nutrients to coastal ecosystems, contributing 
to their rejuvenation, and recharging coastal river catchments, underground aquifers and water reservoirs1.

This study focuses on a specific aspect of coastal storms: wind waves, henceforth referred to as coastal wave 
storms, or simply wave storms (or even just storms). Waves are usually separated into two categories: wind–sea 
and swell waves11,12. Wind–seas are waves in their generation process, under the effect of the undelaying winds. 
Swells are waves that have outrun the overlaying wind, propagating away from their generation area across long 
distances with minor attenuation13,14.

Coastal wave storms are powerful events in which the energy carried by the waves clearly exceeds the climato-
logical mean values. Therefore, wave storms can have a significant impact on coastlines. Wave set-up, combined 
with storm surges and astronomical tides, can significantly increase the total water level at the coast15, inducing 
considerable and destructive coastal flooding16–18 or overtopping events19. In this regard, the wave contribution 
to coastal flooding can either be caused by wind–sea waves generated under low-pressure systems passing close 
to the coast such as during hurricane Katrina in 200520,21, or by swell waves generated by remote storms, as in the 
wave storm event that impacted the tropical western Pacific islands7,22. Additionally, wave storms are considered a 
major coastal erosion driver23,24. It is worth mentioning that wave heights are not the only factor determining the 
impact of waves on the coast during wave storms. The wave set-up, for example, is dependent on both the wave 
period than on wave heights25. Also, the wave energy flux, determining the ability of waves to actually perform 
work12 on the coast (often called wave power), is a function of both the wave height and period, to the second 
and first orders, respectively26. Additionally, deviations of the predominant incoming wave direction during wave 
storm events, play a role in coastal erosion27,28.

Traditionally, wave storm investigations are based on significant wave height ( Hs) time series. The standard 
approach is based on identifying exceedances over a certain Hs threshold, where individual exceeding events 
are classified as wave storms. However, there is no standard or unique criterion in the literature to define this 
threshold. Its dependence on the local wave climate conditions, the availability of data and, to some extent, the 
intrinsic subjectivity of the author’s understanding of a wave storm, ends up determining the choice. The storm 
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threshold has been defined according to different criteria such as the impact on the coast29–31, the agreement to 
the Generalized Pareto distribution32–35 or, more recently, through more complex statistical methods account-
ing for the joint distribution of the variables involved in the storm definition36. A pragmatic option for larger 
scale assessments is defining the threshold based on Hs statistics. It should also be noted that the geneses of the 
wave storms arriving at the coast are significantly different across different ocean basins, and from one ocean 
region to another12,37–39. The use of the Hs 95th percentile40–46 or the combination of mean Hs and two Hs standard 
deviations47–50 are examples of different approaches that adapt well to the local climate.

Multiple studies have addressed the classification of the coastlines in terms of the characteristics of the storms 
recaching it. The energy of the storms has been considered as a pivotal element to conduct these classifications, 
as it is a key factor in the severity of the impact the storms may have at the coast. Studies differ on the metrics 
used to quantify the energy of the storms, from more simplistic ones, such as the storm power proposed by Dolan 
and Davis (1992)51 and used in multiple studies after48,52, to other metrics that consider the actual evolution over 
time of the energy impacting the coast49,53–55.

Nevertheless, all studies mentioned above have assessed wave storm conditions at local or, at the most, 
regional scales. To the extent of our knowledge, a thorough characterization and classification of coastal wave 
storms at a global scale has not been undertaken to date.

In the field of coastal science/engineering, knowledge of the dominant wave environment at a certain stretch 
of coast is important. Historically, what has been used in this regard are coarse wave environment classifications 
produced in the 1980s56 which essentially divides the world’s coast into swell waves, storm waves and monsoon 
dominated areas. In the analysis of wave storms, it is important for the coastal science/engineering community to 
know whether, at a given location, storms are spread out through the year, occur in one concentrated season, or in 
a few seasons, the storm wave period and direction (and their variation within a year/among storm seasons), etc.

In this context, this study aims to provide an updated characterization of the wave storminess along the 
world’s coasts. Here, under the definition of wave storms as episodic wave events capable of altering the mean 
wave climatological conditions of a coastal stretch, the analysis is not restricted to those regions affected by storm 
wave environments56 but extended to all global coastlines. Thus, a global wave storminess classification based on 
a ~ 40-year robust, validated, global wave hindcast is produced, which provides a much more granular descrip-
tion of coastal wave storminess characteristics at global scale.

This study provides a quantitative and qualitative assessment of the global coastal wave storminess in which 
the main characteristics of wave storms are explored. New metrics to evaluate the wave storminess are proposed 
here for the first time, such as the relative importance of wind–sea storms versus swell storms, and the count of 
storm seasons at each coastal location. All this information is combined to provide a new holistic classification 
of the global coastlines in terms of the characteristics of wave storms, facilitating comparisons between differ-
ent coastal regions. Moreover, a novel metric to qualitatively classify the degree of coastal wave storminess at a 
given location is presented, providing clear insights into regions that are more prone to be impacted by more 
potentially damaging storms.

Results
Assessment of coastal wave storm characteristics
The criterion used here to select coastal wave storms is based on the exceedances over a threshold of the Hs time 
series (see “Methods”). To that end, a high-resolution global wave hindcast, produced with a recent European 
Centre for Medium-range Weather Forecasts (ECMWF) wave model version (ecWAM)57, forced with ERA-5 
reanalysis winds and sea ice cover, is used (see “Methods”). For the sake of consistency and to allow direct 
comparisons between coastal regions, a single global threshold, the 95th percentile Hs, has been considered. 
Additionally, a sub-sample of wave storms, henceforth designated as severe wave storms, representing the most 
energetic wave storms, is separately analyzed in the study (see “Methods”).

Despite assessing the main characteristics of coastal wave storms globally is the main goal of this study, a brief 
description of the annual mean Hs wave climate (1979 to 2020) along the global coastlines is also included in 
Supplementary Material to be used as a basis for further analyses and classification of the coastal wave storminess.

Frequency of occurrence and storm duration
The frequency of occurrence relates to the number of impacting events. Thus, a higher number of events is likely 
to imply a higher number of coastal impacts. Figure 1 depicts the annual mean number of events, along with the 
mean duration of wave storms. The annual mean number of wave storms (Eq. 2) show significant heterogene-
ity along the global coastlines (Fig. 1a; results for severe storms are shown in Fig. SM10). Table 1 summarizes 
coastal regions showing the highest and lowest frequencies of occurrence of wave storms. Differences of more 
than 10 storm events per year can be observed among coastlines of different regions. Extratropical coastlines 
show a higher annual number of events compared to lower latitudes. The number of storm events poleward of 
40° roughly exceeds 11 events per year in both hemispheres (Fig. 1a). Semi-enclosed seas (e.g., Gulf of Mexico, 
Mediterranean Sea, Sea of Japan), and marginal seas (e.g., Yellow Sea), also show high storm frequencies of more 
than 10 events per year. The mean annual number of storm events decreases along open coastlines closer to the 
equator, ranging between 5 and 11. Among them, the highest annual number of storm events is found along 
coastlines exposed to swells generated in the extratropical regions (e.g., the coasts of South Sumatra and Java). 
The lowest annual number of storm events are found in the coasts of the Arabian Sea.

The occurrence variability of wave storms within the year is addressed by assessing the mean yearly cluster-
ing of storm events (Fig. 2) and, for several key points (24), the variability of the monthly frequency of occur-
rence throughout the year (Fig. 3). Most coastlines (almost four-fifths) experience only one storm season (see 
“Methods”)—in other words, wave storms mostly occur in a unique continuous period of consecutive months. 
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Other coastal locations, mostly in intertropical and subtropical latitudes, show more than one storm season (e.g., 
Eastern Japan, Northern Australia). Additionally, there are coasts where despite some (weak) seasonality, the 
number of storms remains unchanged all year round, i.e., there are no storm seasons (e.g., coast of Mozambique, 
east coast of Tasmania, southeastern coast of South America).

However, it is not only the number of events impacting the coasts that is relevant, but also the rate with which 
they reach the coast. More frequent storms can lead to more damage to the coast. If the calm period between 
storms shortens, beaches have less time to naturally recover before the arrival of the next event58,59. This may 
result in cumulative erosion60,61 and, consequently, decreased protection against flood events62,63.

Figure 1.   (a) Global coastal annual mean number of wave storms (in events/year—ev/yr) and (b) global coastal 
mean duration of wave storms (in hours) and (b) global coastal mean duration. The plots were generated using 
MATLAB R2023b (https://​matlab.​mathw​orks.​com).

Table 1.   First column: Ranking order. Second and Fourth columns: coastal regions showing the top 10 highest 
and lowest frequencies of occurrence of wave storms along the global coastlines, respectively. Third and fifth 
columns: frequency of occurrence (mean number of events per year—ev/yr) of wave storms. (+) indicates that 
values could exceed the upper limit of the range.

Rank Coastal region (highest) N (ev/yr) Coastal region (lowest) N (ev/yr)

1 Yellow Sea coast 14–15 +  Arabian Sea coast 4–7

2 South-Africa & Namibia 13–15 +  North Java 5–8

3 Northeastern USA & Eastern Canada 12–15 +  Northwestern Australia 5–10

4 Gulf of Mexico coast 12–15 +  Eastern Malaysia 6–8

5 Southern—Western Australia 12–15 +  Northern Panama 6–8

6 Northeastern Japan 12–15 +  Eastern Somalia 6–9

7 Southeastern & southwestern South America 12–15 +  North Papua-New Guinea 6–9

8 Mediterranean Europe 11–14 Myanmar 6–9

9 Northwestern USA & Western Canada 11–14 Eastern Brazil 7–9

10 New Zealand 10–14 Lesser Antilles 7–9

https://matlab.mathworks.com
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Figure 2b shows the minimum number of months where at least 75% of the storms occur (i.e., M75; see 
“Methods”). Storms in the Northern Hemisphere (NH) extratropical coasts are, in general, concentrated in a 
shorter period (~ 4–6 months) compared to the Southern Hemisphere (SH; ≥ 6 months). For example, at coastal 
locations in the extratropical NH (e.g., P1-P4 in Fig. 3) storms mostly concentrate in the winter months, whereas 
at coastal locations in the extratropical SH (e.g., points P20–P24 in Fig. 3) a more even distribution across the 
year can be seen. This stronger NH extratropical seasonal pattern is clear when analyzing the seasonal frequency 
of occurrence of the events (Figs. SM11–SM12), showing that while in the NH most events occur during the 
boreal winter in DJF and almost none in JJA, SH coasts can still experience 1 or 2 storms in DJF. Tropical coasts 
show great heterogeneity in M75. Among them, the coasts of the Arabian Sea are those where wave storms are 
concentrated in a shorter period: only three months (key point P11), probably as a consequence of the summer 
Monsoon wind features64.

The average time between storms during the storm seasons ( ITs , Eq. 4; note: along coasts with no storm 
seasons, this metric is computed considering the whole year) varies from less than 2 weeks to more than three 
weeks (Fig. 2c). In general, low inter-storm time periods are found along the northwestern coastlines of the 

Figure 2.   Global clustering of coastal wave storm events: (a) number of storm seasons (NS means no storm 
season), (b) number of months where at least 75% of wave storms occur (in months—mths), and (c) mean time 
between wave storms during the storm seasons (in weeks—wks). The plots were generated using MATLAB 
R2023b (https://​matlab.​mathw​orks.​com).

https://matlab.mathworks.com
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continents (e.g., northwestern European coast). Note that this issue is especially relevant as these coasts also 
experience energetic wave climates (Fig. SM9).

The time for which storm conditions persist relates to the potential damage caused by these events65. The 
mean duration of wave storms and severe wave storms (D, Eq. 5) is shown in Fig. 1b (5–95th duration percen-
tiles in Fig. SM13) and Fig. SM14, respectively. Additionally, the coastal regions showing the longest and the 
shortest durations are summarized in Table SM1. The spatial pattern of the mean storm duration is, in general 
terms, opposite to the mean number of events per year. The mean duration of wave storms impacting coasts in 
the extratropical regions of both hemispheres ranges between less than 24 h to more than 36 h (Fig. 1b). The 
extratropical region of both hemispheres shows similar histograms of storm durations (Fig. SM15). Thus, the 
most probable storm duration ranges between 12 and 24 h for extratropical key points, with the probability 
smoothly decreasing for longer durations (e.g., points P1–P5 for the NH and P20–P24 for the SH in Fig. SM15).

In the intertropical and subtropical latitudes, the mean wave storm duration is longer (average of 45 h between 
35°S and 35°N). There are considerable differences between coasts, with minimum mean durations of around 
36 h in, for example, the innermost coasts of the Gulf of Mexico and maximum values exceeding 120 h in eastern 
parts of the Arabian Sea coast, the latter being a consequence of the steadiness and duration of the Monsoon 
winds64. Accordingly, histograms in tropical key points differ significantly depending on the origin of the wave 
storms. Tropical coasts mainly affected by extratropical swell storms (e.g., P14, P16 in Fig. SM15) show a similar 
histogram to points located in the extratropical region (e.g., P21, P22 in Fig. SM15). On the other hand, tropical 
coasts affected at the same time by wave storms with different geneses: tropical cyclones (TCs), extratropical 
cyclones (ETCs) and trade winds, show more complex histograms characterized by multiple local maxima (e.g., 
P9, P19 in Fig. SM15).

The most energetic storms generated in the extratropical regions can last, on average, more than 48 h over the 
analyzed threshold. These extreme events, with enhanced destructive power, are notably long (> 60 h) along the 
west coast of Europe and USA. The most probable mean duration of severe storms in the extratropical region is 
higher than for regular wave storms, lying between 36 and 60 h. Consistently, the mean duration in the inter-
tropical and subtropical regions also increases, showing minimum durations of 60 h along open coastlines and, 
particularly, longer than 132 h in most of the Arabian Sea coast.

Figure 3.   Monthly percentage frequency of occurrence of wave storm events at twenty-four key locations (P1 
to P24: see map). Bars represent the monthly percentage frequency of occurrence of wave storms (green) and 
severe wave storms (purple). The plots were generated using MATLAB R2023b (https://​matlab.​mathw​orks.​com).

https://matlab.mathworks.com
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Integrated wave climate parameters
The wave height, period and direction of wave storms play a key role in coastal processes such as flooding and 
erosion. Therefore, accurately assessing these values is crucial for determining potential impacts caused by storm 
events. The significant wave height of the storms is a primary driver of coastal erosion. Moreover, the incident 
angle of the waves and the period also influences sediment movement66. Regarding coastal flooding, both the 
wave period and the wave height play a prominent role in the set up generated by waves25, and hence, in the 
contribution of waves to extreme coastal total water levels. Also, the design of coastal structures is conditioned 
by the height, period and direction of incident wave storms67–69. This subsection examines the mean value of 
these parameters within storm events along the global coastlines.

Figure 4 shows the mean values of Hs and θm integrated wave parameters during wave storms and their 
change during severe wave storms. The mean Hs of wave storms (Eq. 6) is shown in Fig. 4a (5–95th Hs percen-
tiles in Fig. SM21a-b). Additionally, Table 2 summarizes the coastal regions impacted by the highest and lowest 
wave storm events. The mean Hs of wave storms shows a latitudinal gradient with higher values at extratropical 
latitudes, along the western coastlines of the continents. Severe wave storms show, in general, a similar mean 
Hs pattern but, as expected, with higher magnitudes. In this regard, Fig. 4b depicts the increase in mean Hs in 
severe storms compared to regular wave storms (the mean Hs values for severe storms are shown in Fig. SM16), 
showing a heterogenous pattern along the global coastlines with relative increases ranging between less than 
2% to more than 25%.

The northwestern European coasts are impacted by wave storms characterized by high mean Hs (e.g., the 
west coasts of Ireland and Scotland), and severe storms with values 5–10% higher. Some coastal regions in the 

Figure 4.   Global coastal (a) mean Hs (in m) and (c) mean θm (in º) of wave storms. Global coastal increase in 
(b) mean Hs (in %) and (d) mean θm (in º) for severe wave storms with respect to wave storms. The plots were 
generated using MATLAB R2023b (https://​matlab.​mathw​orks.​com).

Table 2.   First column: Ranking order. Second and fourth columns: top 10 coastal regions showing the highest 
and lowest mean Hs along the global coastlines, respectively. Third and fifth columns: mean Hs (meters—m) 
of wave storms and, between brackets, of severe wave storms. (+) indicates that values could exceed the upper 
limit of the range.

Rank Coastal region (Highest) Hs(m) Coastal region (lowest) Hs(m)

1 Northwestern Europe 4–8 + (5–8+) Indonesian interior seas coasts 0–2(0–3)

2 Southwestern South America 4–8 + (5–8+) Red Sea coast 0–2(0–3)

3 Southern Australia 3–7(3–7) Northern Australia 0–3(0–3)

4 New Zealand 3–7(3–7) Gulf of California coast 1–2(1–3)

5 Gulf of Alaska coast 3–6(4–7) Gulf of Guinea coast 1–2(1–3)

6 Southwestern Europe 3–6(4–7) Persian Gulf coast 1–2(1–3)

7 South Africa 3–6(4–6) Northern Papua-New Guinea 1–2(1–3)

8 Eastern Canada 3–6(3–6) Pacific Central America 1–2(1–3)

9 Northeastern Japan 3–6(3–7) Yellow Sea coast 1–2(1–4)

10 NH Tropical western Pacific coast 2–5(2–7) Gulf of Bengal coast 1–3(1–4)

https://matlab.mathworks.com
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SH extratropical region show mean Hs during storms of similar order of magnitude, such as the southernmost 
coast of Chile, southern New Zealand and some parts of the southern Australian coast.

The coasts affected by TCs show mean Hs consistently higher than 2 m. Furthermore, these coasts show a 
distinct increase in mean Hs for severe storms with respect to regular storms, exceeding 25% in, for example, 
the southern coasts of Japan and the northwestern coast of Australia. The high mean Hs of the storms along the 
coasts of the Arabian Sea during the summer monsoon, with mean Hs close to 3.5 m, are noteworthy, which 
when combined with the extremely long storm durations (Fig. 1b), significantly increases destructive power. 
Open coastlines directly affected by the propagation of energetic swells from the extratropical regions, such as 
the south coast of Sumatra, southern India and Sri Lanka, the coasts of Chile and Peru and the Atlantic coast 
of Morocco (among others), also suffer wave storms with notably high wave heights (> 2 m), together with very 
long periods (Fig. SM19; 5–95th Tm percentiles in Fig. SM21c-d).

The lowest wave storm mean Hs values can be observed in some marginal seas in intertropical and subtropical 
latitudes (e.g., the Persian Gulf, Gulf of Thailand) and in the coastlines facing the interior seas in Indonesia (Java 
and Banda Seas). The mean Hs of storms in these regions range only between 0.5 to 2 m. Although in general 
these coasts show moderate increases lower than 10% in mean Hs of severe wave storms relative to regular storms, 
the north coast of Java stands out with a significant increase exceeding 20%.

Note that the most extreme values are smoothed in the Hs averaging during the storm event (hourly resolu-
tion). Therefore, in order to appreciate the most extreme wave storms reaching the global coastlines, Fig. SM17 
shows the mean of the maximum Hs in extreme storms in each of the 42 years analyzed (i.e., the mean annual 
maxima Hs ). Results show values higher than 10 m in the northwestern European coasts and the southernmost 
part of the Chilean coast. In addition, the TC activity is more clearly reflected by this parameter, with Hs values 
exceeding 9 m in the NH tropical western Pacific Ocean, 6 m in the SH tropical west Indian Ocean and 4 m 
in the Gulf of Mexico and Caribbean Sea. For completeness, the mean storm-peak Hs during wave storms and 
severe wave storms are included in Fig. SM18.

The mean θm (Eq. 6) of wave storms (Fig. 4c) shows that the wave storm climate along the western coasts of 
the continents is mostly driven by waves generated by extratropical storms. Thus, the mean θm during storms 
along these coasts is mainly determined by the propagating trajectory of these wave systems (e.g., mean θm in 
northwestern Europe is westerly and in South Australia it is southwesterly).

To a very good extent, wave storm climate in the eastern coastlines of the continents is more complex than 
in the western coastlines. This is due to the coexistence of wave storms with different geneses across the year 
(ETCs or TCs, for example).Additionally, the trade winds are the main driving force of the wave storm climate 
in the eastern intertropical and subtropical coastlines, inducing mean θm during storms with a prominent east 
component. Also, most of the eastern tropical coastal areas are affected by TCs. Therefore, ETCs, trade winds 
and TCs are the main wave storm generating systems impacting the eastern continental coasts, apart from local 
systems such as the Nortes-induced wave storms in the Gulf of Mexico, or the Monsoon-induced wave storms 
in the Arabian Sea.

Results for severe wave storms are very similar to those for wave storms, as the differences are lower than 15º 
in 85% of the global coastlines (Fig. 4d). Most of the exceptions show that severe wave storms are significantly 
rotated anticlockwise compared to regular wave storms, (e.g., Atlantic coast of USA,the east coast of India or the 
southwest coast of Spain). Others, such as the northwest coast of Australia or the east coast of Taiwan show the 
opposite behavior, i.e. clockwise rotation of severe wave storms with respect to regular wave storms.

Besides the integrated parameters included in Fig. 4, the mean Ef  (see “Methods” for Ef  definition) during 
wave storms has also been assessed (Fig. SM20; 5–95th Ef  percentiles in Fig. SM21e-f). The highest Ef  values are 
observed along the coastlines affected by storms with the highest mean Hs , and at the same time characterized 
by long Tm . On the other hand, the coasts exposed to swell storms with the longest Tm and relatively low Hs , such 
as in the Gulf of Guinea and South Sumatra, do not show energy fluxes as high as those in areas with the highest 
storm mean Hs . Therefore, the highest Ef  are observed along the western extratropical coastlines, as in the west 
coast of Ireland and in the southernmost coast of Chile.

Wind–sea vs. swell dominance during wave storms
The characteristics of waves can vary significantly based on their stage of development. Therefore, swell storms 
and wind–sea storms may pose significant differences on the impact they may cause along the coast. For example, 
the erosive response of a sandy beach to storms will differ depending on whether it is caused by swell waves or 
wind–sea waves70,71. Likewise, the overtopping over coastal defenses caused by waves can also vary according to 
the swell/wind–sea nature of the waves72,73.

Results show that wave storms are mostly dominated by wind–sea waves (Fig. 5). By definition, a wave storm 
is a highly convoluted sea state where waves are, in most cases, under their generation process. However, by using 
a local quantitative approach to define the wave storm threshold, coastal sea states can be classified as storms 
under close to pure swell sea states if Hs conditions significantly exceed the mean Hs climatology (see “Meth-
ods”). Therefore, the mean proportion of wind–sea and swell energy during storm sea states will determine the 
wind–sea vs. swell dominance at a certain coastal location ( WDs and WDws , Eqs. 8–9). The proportion of the 
global coastlines dominated by swells (i.e., WDs>50%) during wave storms is around 40% and that percentage 
drops to around 35% if only severe storms are considered.

Differences between the eastern and western open ocean coastlines are noticeable, due to the dominant 
wave (and atmospheric) eastward propagation paths in extratropical latitudes, as well as due to the predomi-
nant cyclogenesis areas of extratropical storms over the ocean. The opposite occurs in lower latitudes, with the 
trade winds blowing in the opposite direction along with wave systems and wave propagation. For that reason, 
western coastlines are mainly dominated by swells, especially in the intertropical and subtropical latitudes, due 
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to the propagation of extratropical swells equatorward, reaching swell dominance values during wave storms 
of above 75% in the coasts of the Gulf of Guinea, for example. As latitude increases, wave storms start to be 
mostly controlled by wind–sea waves. Poleward of 40º, coasts are impacted by very high waves, mostly still on 
their developing stage (wind–seas). Additionally, Table SM2 summarizes the main coastal regions showing plain 
wind–sea and swell dominance patterns during storms.

The northwestern European coasts show the most intense wind–sea dominance pattern during storms, espe-
cially in the North Sea, due to the protection against swell storms generated remotely. The extratropical North 
Pacific storm track shows its highest ETC track density close to the west coast of Alaska and a decrease to the 
east74,75, which is consistent with the wind–sea dominance pattern found. Nevertheless, the fact that western 
American coasts are, mostly, fully opened to the ocean, makes them susceptible to being impacted by energetic 
swells generated remotely, thus countering the wind–sea wave storms dominance, most likely explaining the swell 
dominance in the east coast of the Gulf of Alaska. Finally, regarding the SH, it is worth mentioning that South 
America reaches the southernmost part of any continent (except for Antarctica), extending poleward of 50ºS. 
The extratropical southern storm track reaches the coast of Chile, in latitudes characterized by a high-cyclone 
track density75,76, inducing very high wind–sea waves that dominate the wave storm climate there. The strong 
wind–sea dominance of storms in the southernmost part of the Argentinean coast, a coast protected against 
the high westerly swells generated in the South Indian Ocean, reflects the strong wind–sea wave storm activity 
in these latitudes.

On the other hand, the storm dominance along the eastern coastlines of the continents is not so clear, showing 
an heterogenous pattern combining wind–sea-dominated storm coasts (e.g., northeast coast of Australia), swell-
dominated storm coasts (e.g., north coast of Papua New Guinea) and coastal regions showing a split dominance 
(e.g., north coast of Brazil). Marginal and semi-enclosed seas, protected to the open ocean, show, in general, a 
clear wind–sea dominance of storms (e.g., Gulf of Mexico, Red Sea).

The dominance pattern for severe wave storms is very similar to the one for regular wave storms. The main 
exceptions found (highlighted in Fig. 5) show an increase in the swell dominance during severe storms (e.g., east 
coast of Taiwan, northwest coast of Australia).

Storm intensity
The intensity of storms, quantified as the energy transported by these events, has been related in previous studies 
to coastal processes such as coastal erosion53,54,77. The intensity of wave storms is assessed in the present study 
through two indices: the energy content (EC, Eq. 1) and the total storm wave energy (TSWE, Eq. 7). The 5–95th 
percentiles for both intensity metrics are included in Fig. SM23. Despite only TSWE considering the wave period, 
results show a very similar global intensity pattern with respect to EC index, which is only based on storm wave 
heights. Note that the fact that both indices include the storm duration (integrating in time) explains the similar 
patterns along coastlines impacted by very long storms (e.g., Western India). Therefore, only results for EC index 
will be shown here (Fig. 6), whereas those for TSWE are depicted in Fig. SM22. Additionally, the coastal regions 
showing the strongest intensities are ranked in Table 3.

Results show a strong gradient between the high storm intensities along extratropical coasts and low intensi-
ties in intertropical and subtropical latitudes both for wave storms and severe wave storms (Fig. 6a,b, respec-
tively). In the NH, the northwestern European coast experience the most intense storm events, reaching EC 
values of 2000 m2h and, for severe storms, intensities that can exceed ECs of 3400 m2h. Wave storms reaching 
the coasts in the SH extratropical region are also characterized by high intensities, exceeding 1500 m2h for wave 
storms and 2000 m2h for severe storms in the southernmost coasts of Chile, for example. Despite the storm 
intensity latitudinal gradient, some specific intertropical and subtropical coasts may still suffer the impact of 
intense wave storms, such as the coastlines along the Arabian Sea during the Indian summer monsoon, mainly 
due to the very long storm durations (Fig. 1b). The intensity of TCs, which are extremely energetic events, also 

Figure 5.   Global coastal mean swell (WDs) vs. wind–sea (WDws) dominance during wave storms (in %; 
Eqs. 8–9). Coastal regions where the difference in the dominance between wave storms and severe wave storms 
is higher than 10% are highlighted (dashed boxes). Arrows’ direction indicates an increase or a decrease in the 
swell dominance. The plots were generated using MATLAB R2023b (https://​matlab.​mathw​orks.​com).

https://matlab.mathworks.com
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induces high storm intensities in coastal regions affected by wave storms generated by these events (EC > 1000 
m2h). The intensity of the storms in the rest of intertropical and subtropical coastlines is much lower, with EC 
values of around 500 m2h or less.

Degree of coastal storminess classification
The global coastlines are classified in terms of the wave storminess based on a new index, the degree of stormi-
ness. The DS parameter introduced here (Eqs. 10–13) provides an integrated qualitative view of how stormy a 
coast can be (Fig. 7). The integration of the number of events blended with the intensity index (EC, Eq. 1) offers 
information about the duration and the wave height of the events. Results show, a clear latitudinal gradient, 
albeit with some exceptions.

Only a few coastal areas are classified as very high DS. These coasts are, in the NH, the west coasts of Ireland 
and Scotland, the westernmost coast of the Azores Islands and the south coasts of Iceland and Greenland. In the 
SH, Tasmania and the southernmost coast of Chile are also classified as very high DS. These regions are char-
acterized by their prone geographical location, at the extratropical latitudes of both hemispheres, and exposed 
to vast areas of open ocean. They are highly energetic areas, frequently experiencing intense storms, a situation 
favored by long fetches and strong atmospheric-generating conditions. The coasts classified with a high DS are 

Figure 6.   Global coastal mean energy content (EC; in m2h) for (a) wave storms and (b) severe wave storms. The 
plots were generated using MATLAB R2023b (https://​matlab.​mathw​orks.​com).

Table 3.   First column: ranking order. Second column: top 5 coastal regions impacted by the most intense 
wave storms along the global coastlines. Third column: maximum EC index (m2h) of wave storms and, 
between brackets, of severe wave storms within the region. Fourth column: maximum TSWE index (kWh/m) 
of wave storms and, between brackets, of severe wave storms within the region. k indicates that the value is 
multiplied by 103. (+) indicates that values could exceed the upper limit of the range.

Rank Coastal region EC (m2h) TSWE (kWh/m)

1 Northwestern Europe 1.75–2 k(2.25–2.5 k+) 10.5–12 k(13.5–15 k+)

2 Southwestern South America 1.5–1.75 k(2.25–2.5 k+) 9–10.5 k(13.5–15 k)

3 Southern Australia 1.5–1.75 k(2.25–2.5 k+) 7.5–9 k(13.5–15 k+)

4 Southwestern Europe 1.25–1.5 k(2.25–2.5 k+) 7.5–9 k(13.5–15 k+)

5 Western India 1.25–1.5 k(2.25–2.5 k+) 6–7.5 k(13.5–15 k)

https://matlab.mathworks.com
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always poleward of 30º (e.g., Gulf of Alaska, Southern Australia). The remainder of coasts poleward of 30º can 
be broadly classified as medium stormy.

In the intertropical and subtropical regions, coastlines are characterized by low or very low DS. Exceptions 
(medium DS) occur in the western latitudinal coasts of the South Pacific Ocean, affected by cyclones, such as the 
south coasts of Japan, Taiwan and the north shores of the Philippines. The coast of the Gulf of Mexico (medium 
DS), mainly affected by wave storms caused by the Nortes systems and by TCs wave storms, is also an exception. 
A very low storminess can be found in intertropical latitude coasts, close to the equator, in all oceans. Thus, the 
main coasts falling into very low DS classification are the protected coasts of Indonesia, Northern Papua-New 
Guinea, Northern Australia, Southwestern India and the southernmost coasts of Myanmar. In general, these 
regions experience storms with low wave heights due to their geographical sheltering from the paths of extreme 
waves originating in the open ocean, particularly in the Indian and Pacific Oceans. Furthermore, within the 
internal seas of the Maritime Continent, wave growth is constrained by the short fetches. Consequently, the 
storm intensity in these areas is very low, which in turn results in a very low DS.

Storm wave climate classification
Figure 8 provides a holistic classification that integrates the main individual characteristics of storm events: 
frequency of occurrence, duration, wave height, direction and the swell vs. wind–sea dominance during storm 
events. Each storm characteristic is divided into different ranges of variation and represented differently so that 
all can be displayed together.

The information depicted in Fig. 8 allows an easy identification of coastlines, sometimes of hundreds of 
kilometers, which have a similar wave storm climate. For example, the coasts along the Gulf of Guinea, which 
extends for more than 3000 km, shows a homogenous wave storm climate with mean Hs lower than 2 m and mean 
duration between 1.5 and 2.5 days. In addition, it makes the comparison between the wave storm conditions in 
coasts from different regions and continents easier. It is possible to see, for example, that the main characteristics 

Figure 7.   Classification of the global coastlines in terms of the degree of storminess (Eqs. 10–13). The plot was 
generated using MATLAB R2023b (https://​matlab.​mathw​orks.​com).

Figure 8.   Storm wave climate classification along the global coastlines according to key characteristics of 
wave storms: mean Hs (color), mean number of events (color scale), mean storm duration (hatching), mean θm 
(arrow direction) and swell vs. wind–sea dominance (arrowhead color). The plot was generated using MATLAB 
R2023b (https://​matlab.​mathw​orks.​com).

https://matlab.mathworks.com
https://matlab.mathworks.com
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of the wave storms at the southernmost coast of Chile and the west coast of Tasmania are quite similar in terms of 
mean duration, mean Hs and mean frequency. The same occurs for the Gulf of Alaska and South South-Africa. In 
this regard, it is noteworthy to point out that all the coasts classified with a very high degree of storminess share 
relatively high frequency of occurrence of wave storms, more than 10 times per year, as well as very high wave 
heights (above 6 m), with mean durations of less than 1.5 days. Contrarily, coasts classified with very low stormi-
ness are affected by storms of low wave heights, normally below 2 m, with longer durations: more than 1.5 days.

Discussion and conclusions
The present study has assessed the wave storm characteristics along the global coastlines, based on the output of 
a 42-year global wave hindcast at a relative high resolution (16 km). Despite multiple storm classification criteria 
used in previous studies, for simplicity and consistency across the global coastlines, a unique criterion widely 
used in the literature has been applied: sea state events are classified as wave storms by analyzing the exceedances 
over the Hs 95th percentile threshold. Additionally, the most energetic wave storms (severe wave storms), are 
isolated based on their energy content and independently analyzed.

Some wave storm statistics and indices are presented here for the first time, such as inter-arrival time between 
storm events within storm seasons and the degree of storminess (see “Methods”). The key features of wave 
storms: frequency of occurrence, duration and intensity, as well as the mean integrated wave parameters Hs and 
θm , have been analyzed. For completeness, the swell vs. wind–sea dominance during the storm events has also 
been assessed.

A classification of coastal wave storminess, based on the new index DS (Fig. 7), is proposed. This new metric 
combines the energy content and the frequency of occurrence of wave storms. The coastal storminess has been 
categorized considering solely the energy of the events in multiple studies, frequently considering the energy 
content as the basis for these classifications54,55. The integration of the energy of the storms with the number of 
storms impacting the coastlines acknowledges that both factors play crucial roles in assessing coastal impacts. 
A higher frequency of events would potentially suggest a greater number of impact events, whereas a higher 
energy content would likely imply greater severity of the impacts. Since DS is calculated by adding both metrics 
with an even contribution, it can be deduced that a very high DS corresponds to high values of both character-
istics. Therefore, coastal regions affected by a very high DS are potentially exposed to more frequent and severe 
impact events. Similarly, coastal regions classified with a high DS may experience medium-to-high frequency 
of impactful events with corresponding medium-to-high severity.

The storminess pattern along global coastlines is shown to be characterized by a latitudinal gradient, with 
higher DS at coastlines in higher latitudes in both hemispheres. The coasts in the extra-tropical regions experi-
ence a higher mean number of storm events per year, each of them lasting, on average, less than 1.5 days. These 
storms are generated by ETCs, with a higher frequency of occurrence in the respective hemisphere winter and a 
strong seasonality. Wave storms arriving at the coast with a certain incoming direction can either be generated 
remotely and propagate as swells, or they can occur with the landfall of a storm, then dominated by wind–seas. 
Coasts in extratropical latitudes, especially in the western continental coastlines, are impacted by highly intense 
storms with the highest mean Hs along the global coastlines, exceeding 6 m in some coastal regions. Poleward 
of 40º, in both hemispheres, wave storms are dominated, in most cases, by wind–sea waves. As latitude reduces, 
the wind–sea dominance in the western coasts evolves to an almost-full swell dominance and lower mean wave 
storm Hs . Severe storms in the extra-tropical regions show lower frequencies and, as expected, longer durations, 
higher mean Hs and higher intensities.

Wave storms along the intertropical and subtropical coastlines have a more complex wave storm climate due 
to the convergence of wave storms with different geneses: extra-tropical storms propagating equatorward, wave 
storms generated by the trade winds, wave storms generated by TCs and wave storms generated by local wind 
features (e.g., Nortes in the Gulf of Mexico or the monsoon in the Arabian Sea). Wave storms generated by ETCs 
mainly affect the intertropical and subtropical western coasts of the continents. These wave storms are swell-pre-
dominant, mostly impacting during the winter months. Trade winds generate low-intensity storms that control 
the wave storm events along the eastern coasts of the continents in tropical latitudes, in both hemispheres. Wave 
storms induced by TCs are characterized by high wave heights, and, not surprisingly, dominated by wind–sea 
waves. Such events can be best observed in the NH tropical western Pacific coasts as this is the region with the 
highest frequency of TCs in the world78, exceeding mean Hs of 4 m and, if only considering severe storms, 5 m.

However, results in areas affected by TCs should be critically evaluated. Despite the hindcast having been 
demonstrated to represent storms generated by TCs, an underestimation in the highest peaks can still be observed 
(Fig. SM7). Moreover, despite the approach used to define storms having been used in TCs regions in previ-
ous studies47, it could lead to including wave events with different origins than TCs, thus masking, in part, the 
extreme values associated with these events. An additional analysis of the mean annual maximum Hs helps to 
better identify the trace of TCs along the coastline, showing values of 8 m in the NH tropical western Pacific 
coasts (Fig. SM17).

This study also presents a series of limitations that need to be addressed for a critical interpretation of the 
results. Regarding the data used, a single hindcast product has been utilized. In this regard, recent studies have 
shown notable differences between hindcast products, particularly in the representation of extremes79. However, 
the validation conducted for the present hindcast (Fig. SM1-SM7) indicates the robustness of our results. Moreo-
ver, results have been compared against another hindcast (GOW280). Despite this product being developed using 
a different numerical propagation model (WAM vs. WW3) and driver forcings (ERA5 vs. CFSR), results show 
good consistency between both products (Fig. SM25). Nevertheless, results of this study should be interpreted 
with the awareness that the hindcast product do not provide perfect results and that slight discrepancies could 
be found when utilizing a different historical wave database.
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It is also necessary to mention that this study was conducted using a standard simplified methodology to 
facilitate valid comparisons among different coastal regions. However, the chosen methodology for defining wave 
storms also has inherent limitations. To facilitate a comprehensive global assessment and due to computational 
constraints linked to the scale of the study, certain simplifications were made. Therefore, when applying these 
findings to inform high-resolution local coastal impact studies or infrastructure design, a critical assessment 
is essential. For example, selecting a site-specific threshold for conducting a local scale study is recommended, 
especially if the findings are intended for subsequent extreme value analysis and return period estimations at the 
site. Moreover, the use of a 12-h minimum duration criterion may vary depending on the goal of the study, as it 
can result too long or too short events. If a local study is being conducted on a coastline influenced by a diurnal 
tidal regime or in an area where tide is not a determining factor for extreme water level occurrences, different 
criteria might be needed. The same applies for the independence time between storms. While statistical analyses 
in this study generally ensure storm independence, a local study could potentially achieve this with a shorter 
period (or even require a longer one). Consequently, while this study provides a standardized and consistent 
approach to global wave storminess and efforts have been made to integrate the global results, readers must be 
aware of the underlying assumptions and the local scale and case-focus character of the problem.

Nevertheless, despite the existing limitations, this study provides holistic understanding of the main char-
acteristics of coastal wave storms at a global scale, which have been summarized in Fig. 8. The use of a unique 
and flexible criterion that adopts the local climate and a high enough threshold to classify storms, as well as 
the isolation and independent analysis of severe storms, provide a reliable basis to understand the global wave 
storm behavior and illustrates the main differences in storm climate in different coastal regions. The findings 
presented here could be useful in other oceanography fields, such as fisheries, the offshore energy industry and 
navigation. Additionally, the they could be used as a reliable source for identifying coastal areas experiencing 
a high wave storminess, as well as to specifically identify certain storm characteristics affecting certain coastal 
processes. These insights could be valuable in the development of adaptation strategies, assessment of environ-
mental and ecological impacts of storms, coastal development and land use planning, or coastal management 
and disaster preparedness.

Methods
Wave climate data
The present study uses a global high-resolution wave hindcast, produced by the ECMWF, covering the period 
from 1979 to 2020, and produced using ERA-5 reanalysis forcing and sea ice coverage. The ERA-5 is the latest 
ECMWF global coupled atmosphere-wave reanalysis57. Its atmospheric data have a horizontal resolution of 32 km 
(TL639), whereas its ocean wave products have a resolution of 40 km (0.36°; 24 directions and 30 frequencies), 
both are available with the time resolution of 1 h57.

A high-resolution (16 km, Tco639, horizontal resolution and hourly output) stand-alone run (not coupled) 
global wave hindcast, forced with hourly ERA-5 neutral 10 m winds, air density, wind gustiness and sea ice 
coverage, has been produced: the ERA-5H. It was obtained using a more recent version of the ECMWF IFS 
(Integrated Forecasting System Cy46r1; ECMWF 2019), with an improved wave physics for wind input and swell 
dissipation81, a more recent global bathymetry (ETOPO182) and a finer spectral resolution (36 directions and 36 
frequencies). No ocean surface currents or changing water level were considered.

The current study uses hourly wave fields of Hs , mean wave energy period ( Tm ), and mean wave direction 
( θm ) parameters from ERA-5H. Grid nodes close to the global coastal areas along the coastline were selected to 
conduct the analysis. In particular, the second closest points to the coasts were selected for the analysis, which 
secures that most points are located at depths (Fig. SM8) associated with deep or intermediate waters. An analy-
sis of the depth-induced wave breaking at these points indicates that less of 0.1% of the analyzed points could 
experience this phenomenon, even for the largest waves (see Supplementary Material). Additionally, to ensure 
sufficient data during stormy seasons, grid nodes covered by ice for more than 15% of the time within winter 
months are not considered in the analysis83.

A validation and performance evaluation of the hindcast, particularly focused on coastal regions, is presented 
in Supplementary Material based on the comparison with in-situ observations. A total of 286 in-situ locations 
have been selected for validation purposes. Results show a good performance of the hindcast in the representation 
of the parameter Hs, a pivotal element of the selected approach (Fig. SM1-SM3). Additionally, the representation 
of extremes, analyzed through the 95th percentile Hs, calculated over the available buoy data period, also show 
good results against instrumental data (Fig. SM4-SM6).

A specific validation of the representation of TCs has been conducted in the Gulf of Mexico and the southern 
coast of Japan (Fig. SM7). Results demonstrate that the TCs are reasonably well represented within the model 
outcomes. Nevertheless, a slight underestimation can be seen in the most extreme wave height peaks.

A detailed analysis at twenty-four specific locations (key points) distributed across the global coastal regions 
has also been conducted. The points were selected based on two primary factors. The first was to ensure a 
homogeneous coverage of the global coastlines, and the second was to represent the diverse storm conditions.

Regarding the first factor, ten of these points are located along the Pacific Ocean coastlines, five of them in 
the Northern Hemisphere (NH) and five in the Southern Hemisphere (SH). Eight points are disposed along the 
Atlantic Ocean coastlines, five in the NH and three in the SH. One more point is in the Mediterranean Sea. The 
remaining five points are in the Indian Ocean coastlines, two in the NH and three in the SH.

With respect to the second factor, the coastal regions experiencing the highest number of events are repre-
sented by P3, P5, P7 and P24. For example, the longest durations, which are found in the Arabian Sea, are rep-
resented by point P11. The highest wave heights are captured by P4, P20 and P22, while the longest periods are 
represented by P14, P16, P18 and P22. The effects of TC-induced waves are represented at points P7, P13 and P17.
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Wave storm definition
The Hs 95th percentile ( Hs95 ) at a specific coastal position is selected as threshold to classify wave events as wave 
storms, following similar approaches as previous studies at regional scale32,41–43,84. This method has been chosen 
as it provides a different magnitude for the threshold based on the local wave conditions85, which is an essential 
requirement for large-scale assessments (global in this case). This is in contrast to a single absolute magnitude 
threshold (e.g., 3 m), which does not offer the same level of adaptability.

The wave storm classification also requires two additional criteria: the calm sea state period between consecu-
tive storms and the minimum duration of storm events86. The time between storms must ensure the independ-
ence between consecutive events. Hence, two wave storm events are here considered as independent when the 
time between the two consecutive Hs peaks over the Hs95 threshold exceeds 48 hours87,88. The validity of this 
assumption has been tested using Kendall’s tau correlation parameter89, as it has been done in previous studies90,91. 
Results demonstrate that events can be considered as independent in most of the global coastlines (> 85% at 5% 
significance level; Fig. SM24).

In this study, the duration of the storm is defined as the exceedance time over the Hs95 threshold between the 
starting time and the end of the event. Imposing a minimum duration of the storms avoids short sparse exceed-
ances that would not have a significant impact on the coast. In fact, besides the energy impairing the coastline, 
i.e., the intensity of the wave storm, the duration of that extreme event is in fact what causes more impact on the 
coast92. The storm duration criterion has been chosen in previous studies according to different criteria, such as 
the time series resolution32, the duration of the tidal cycle52,84,93,94, or the minimum duration assumed to cause 
erosion damage in the coastline31,53,95. Here, we choose a single minimum storm duration of 12 h, for several 
reasons. First, the use of a single criterion is the standard practice in regional studies42,47,50,96 and it allows a 
homogenous comparison across coastal areas. Second, the selected minimum duration has been used in multiple 
studies, covering coastal regions affected by different storm wave climates, which encourage its use at global scale: 
Mediterranean Sea50,96–99, the Gulf of Mexico and the Caribbean Sea47, Eastern North Atlantic31,52,84,93,95,99,100, 
Western North Atlantic88,100, the Eastern North Pacific94,99 and the Black Sea101. Third, this criterion captures 
long events, avoiding sparse weak events that may not cause coastal damage. Fourth, most common values of 
minimum duration in the literature are 6 h and 12 h86, so the selected value is within the given range. Lastly, this 
criterion ensures that wave storms occur during at least one tidal cycle in semi-diurnal and mixed tide regimes, 
which cover most of the global coastlines102,103.

Following the criteria mentioned above, in summary:

•	 a wave storm event starts at the up-crossing time and it ends at the down-crossing time of the Hs95 threshold;
•	 when the time between these two moments is higher than 12 h; and
•	 two wave storms are considered independent, and classified as two single events, when the time between 

the Hs peaks is higher than 48 h (if the time gap is lower than that the two events are merged into one wave 
storm).

Nevertheless, since this approach may provide too weak storms in some coastal areas, smoothing out relevant 
information about extreme sea state events, severe wave storms are identified by assessing the intensity of the 
storms. The intensity of the storms is quantified through the energy content index ( EC)53, which is calculated as 
the integration of H2

s  during storm events:

where t0,i is the starting time of the storm i , tf ,i is the ending time of the storm i and Nt is the total number of 
storms.

Thus, after computing the EC of wave storms, severe wave storms are defined as those events exceeding the 
upper quartile of energy—in other words, storms exceeding the 75th percentile EC, which ensures severe storms 
to be highly energetic events and potentially more impacting along the global coastlines.

Wave storms analysis
The wave storm frequency of occurrence has been computed annually and seasonally, hence resulting in the 
mean number of storms ( N ) per year or season at each location, respectively, as:

where Ntr is the total number of storms over the reference period (i.e., year, season or month), calculated over 
the total hindcast period, and Ny is the number of available hindcast years.

The number of storm seasons, i.e. the continuous periods of time recurrently affected by the impact of wave 
storms, is also assessed. This number is computed by first estimating the minimum number of months where 
at least 75% of the storms occur ( M75 ) and, then, the number of independent periods in which they group (i.e., 
periods separated by at least one month). Along some coasts the monthly number of storms remains more or 
less constant throughout the year. Since these cases cannot be directly inferred by this method, a new metric that 
measures the variability of the monthly mean number of storms is proposed ( Rm ), computed as:

(1)EC =

∑i=Nt
i=1

∫ tf ,i
t0,iH

2
s dt

Nt
,

(2)N =
Ntr

Ny
,
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where Nm,min is the minimum monthly mean number of storms and Nm,max is the maximum monthly mean 
number of storms.

A value of Rm < 1/3 may be taken to be indicative of coastal locations with practically no storm seasons.
Because the time between storms is of critical importance for beach recovery after storm events, the mean 

time between storms within storm seasons is also computed ( ITs ) at each coastal location, as:

where its,i,k is the time between the pair i of consecutive storm peaks in storm season k , Ns,k is the total number 
of storms in the storm season k , Nst is the total number of storms in all storm seasons and NSe is the number 
of storm seasons.

The mean wave storm duration ( D ) is computed as:

where di is the duration of each individual storm.
The mean integrated wave parameters of wave storms ( IWP ) are computed as:

where IWPi  is the mean integrated wave parameter (e.g., Hs, θm ) during the storm i.
The intensity of the wave storms is assessed through two indices. First, the EC index54. Second, the total storm 

wave energy50 ( TSWE ), calculated as the integration of the wave energy flux (Ef ) during storm events, defined 
as Ef = cgE =

ρg2

64π
TmH

2
s  ; where cg is the group speed, E is the total wave energy, ρ is the water density and g is 

the gravity acceleration. Therefore, both indices consider not only the energy of the storms, but implicitly also 
its duration, via time integration. These indices are computed at each computational point (node point) across 
the global coastal areas, as:

where t0,i is the starting time of the storm i and tf ,i is the ending time of the storm i.
The wave field (or sea state) during coastal wave storms can be dominated by wind–sea or swell waves, 

depending on the respective (wind–sea and swell) energy balance within the wave spectrum of the storm12. The 
wind–sea and swell parts of the wave energy spectrum follows the WAM wave model spectral partition12,104, based 
on the wave age principle105,106. The wind–sea and swell dominance ( WDws and WDs , respectively) is calculated 
based on the ratio between the swell zeroth-order moment ( ms

0 ) and the total zeroth-order moment ( m0) , as:

where ms
0 is the swell zeroth order moment and m0 is the total zeroth order moment.

A new index, named “degree of storminess” ( DS ) is defined in the present study to assess how stormy a coastal 
location is. It integrates the information about the storm frequency of occurrence, and the storm duration and 
its significant wave height through the EC index (Eq. 1). DS is computed by attributing the same weight to both 
N (Eq. 2) and EC (Eq. 1) components.

N and EC are first re-scaled ( In and Iec , respectively) by applying the transformation Y(x) , as:

where Y(x) = xi−min(x)
max(x)−min(x)

The degree of storminess ( DS ) is then defined as:

Finally, DS is re-scaled by applying Y(x) and qualitative labels are attributed as:

(3)Rm =
Nm,min

Nm,max
,

(4)ITs =

∑k=NS
k=1

∑i=Ns,k−1

i=1 its,i,k

Nst − NSe
,

(5)D =

∑i=Nt
i=1 di

Nt
,

(6)IWP =

∑i=Nt
i=1 IWPi

Nt
,

(7)TSWE =

∑i=Nt
i=1

∫ tf ,i
t0,i Ef dt

Nt
,

(8)
WDs =

∑i=Nt
i=1

−
(

ms
0

m0

)

i

Nt
x100,

(9)WDws = 100−WDs ,

(10)In = Y(N),

(11)Iec = Y(EC),

(12)DS = In + Iec ,
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The analysis of wave storms is pursued yearly and seasonally. Since the present study is done at a global scale, 
no distinction is made between (boreal or austral) winter or summer seasons, unless that is specifically needed. 
Seasons are defined following the WMO (World Meteorological Organization) standards, as: December to Feb-
ruary (DJF), March to May (MAM), June to August (JJA), and September to November (SON).

For the sake of coherence, to facilitate the understanding of the geographical coastline locations, in the present 
study, in both hemispheres, intertropical latitudes are taken to extend from the equator to the tropics, subtropical 
to extend from the tropics to 35° and extratropical latitudes are higher than 35°.

Data availability
The data to conduct the analysis is available at: https://​doi.​org/​10.​21957/​y03s-​tz09, https://​doi.​org/​10.​21957/​
strn-​cs36, https://​doi.​org/​10.​21957/​dgkx-​1485, https://​doi.​org/​10.​21957/​t3vj-​b111.

Received: 15 September 2023; Accepted: 4 January 2024

References
	 1.	 Harley, M. Coastal storm definition. In Coastal Storms: Processes and Impacts 1–21 (2017). Available from: https://​onlin​elibr​ary.​

wiley.​com/​doi/​abs/​10.​1002/​97811​18937​099.​ch1.
	 2.	 Woodruff, J. D., Irish, J. L. & Camargo, S. J. Coastal flooding by tropical cyclones and sea-level rise. Nature 504, 44–52. https://​

doi.​org/​10.​1038/​natur​e12855 (2013).
	 3.	 Hossain, M. N. Analysis of human vulnerability to cyclones and storm surges based on influencing physical and socioeconomic 

factors: Evidences from coastal Bangladesh. Int. J. Disaster Risk Reduct. 13, 66–75 (2015).
	 4.	 Toimil, A., Díaz-Simal, P., Losada, I. J. & Camus, P. Estimating the risk of loss of beach recreation value under climate change. 

Tour. Manag. 68, 387–400 (2018).
	 5.	 Vousdoukas, M. I. et al. Economic motivation for raising coastal flood defenses in Europe. Nat. Commun. 11(1), 2119 (2020).
	 6.	 You, Z.-J., Ji, Z. & Bai, Y. Impacts of storm wave-induced coastal hazards on the coast of China. J. Coast. Res. 85, 826–830 (2018).
	 7.	 Hoeke, R. K. et al. Widespread inundation of Pacific islands triggered by distant-source wind-waves. Glob. Planet Change 108, 

128–138 (2013).
	 8.	 Paprotny, D., Terefenko, P., Giza, A., Czapliński, P. & Vousdoukas, M. I. Future losses of ecosystem services due to coastal erosion 

in Europe. Sci. Total Environ. 760, 144310 (2021).
	 9.	 Roebeling, P. C., Costa, L., Magalhães-Filho, L. & Tekken, V. Ecosystem service value losses from coastal erosion in Europe: 

Historical trends and future projections. J. Coast. Conserv. 17, 389–395 (2013).
	 10.	 Denny, M. W. Ocean waves, nearshore ecology, and natural selection. Aquat. Ecol. 40, 439–461 (2006).
	 11.	 Carrasco, A., Semedo, A., Isachsen, P. E., Christensen, K. H. & Saetra, Ø. Global surface wave drift climate from ERA-40: The 

contributions from wind–sea and swell. Ocean Dyn. 64, 1815–1829 (2014).
	 12.	 Semedo, A., SušElj, K., Rutgersson, A. & Sterl, A. A global view on the wind sea and swell climate and variability from ERA-40. 

J. Clim. 24, 1461–1479 (2011).
	 13.	 Ardhuin, F., Chapron, B. & Collard, F. Observation of swell dissipation across oceans. Geophys. Res. Lett. 36(6) (2009).
	 14.	 Jiang, H. et al. Tracking the attenuation and nonbreaking dissipation of swells using altimeters. J. Geophys. Res. Oceans 121, 

1445–1458 (2016).
	 15.	 Melet, A., Meyssignac, B., Almar, R. & le Cozannet, G. Under-estimated wave contribution to coastal sea-level rise. Nat. Clim. 

Change 8, 234–239 (2018).
	 16.	 Vousdoukas, M. I. et al. Global probabilistic projections of extreme sea levels show intensification of coastal flood hazard. Nat. 

Commun. 9, 2360 (2018).
	 17.	 Kirezci, E. et al. Projections of global-scale extreme sea levels and resulting episodic coastal flooding over the 21st Century. Sci. 

Rep. 10, 11629 (2020).
	 18.	 Vousdoukas, M. I., Mentaschi, L., Feyen, L. & Voukouvalas, E. Earth ’ s Future Extreme sea levels on the rise along Europe ’ s 

coasts Earth ’ s Future. Earths Future 5, 1–20 (2017).
	 19.	 Almar, R. et al. A global analysis of extreme coastal water levels with implications for potential coastal overtopping. Nat. Com-

mun. 12, 3775 (2021).
	 20.	 Dietrich, J. C. et al. A high-resolution coupled riverine flow, tide, wind, wind wave, and storm surge model for southern Louisiana 

and Mississippi. Part II: Synoptic description and analysis of Hurricanes Katrina and Rita. Mon. Weather Rev. 138, 378–404 
(2010).

	 21.	 Link, L. E. The anatomy of a disaster, an overview of Hurricane Katrina and New Orleans. Ocean Eng. 37, 4–12 (2010).
	 22.	 Smithers, S. G. & Hoeke, R. K. Geomorphological impacts of high-latitude storm waves on low-latitude reef islands - Observa-

tions of the December 2008 event on Nukutoa, Takuu, Papua New Guinea. Geomorphology 222, 106–121 (2014).
	 23.	 Toimil, A. et al. Climate change-driven coastal erosion modelling in temperate sandy beaches: Methods and uncertainty treat-

ment. Earth Sci. Rev. https://​doi.​org/​10.​1016/j.​earsc​irev.​2020.​103110 (2020).
	 24.	 Ranasinghe, R. Assessing climate change impacts on open sandy coasts: A review. Earth Sci. Rev. 160, 320–332. https://​doi.​org/​

10.​1016/j.​earsc​irev.​2016.​07.​011 (2016).
	 25.	 Stockdon, H. F., Holman, R. A., Howd, P. A. & Sallenger, A. H. Empirical parameterization of setup, swash, and runup. Coast. 

Eng. 53, 573–588 (2006).
	 26.	 Holthuijsen, L. H. Waves in Oceanic and Coastal Waters, vol. 9780521860284 (2007).
	 27.	 Harley, M. D. et al. Extreme coastal erosion enhanced by anomalous extratropical storm wave direction. Sci. Rep. 7, 6033 (2017).
	 28.	 Splinter, K. D., Turner, I. L., Reinhardt, M. & Ruessink, G. Rapid adjustment of shoreline behavior to changing seasonality of 

storms: observations and modelling at an open-coast beach. Earth Surf. Process. Landf. 42, 1186–1194 (2017).
	 29.	 Armaroli, C. et al. Critical storm thresholds for significant morphological changes and damage along the Emilia-Romagna 

coastline, Italy. Geomorphology 143–144, 34–51 (2012).
	 30.	 Trifonova, E. V., Valchev, N. N., Andreeva, N. K. & Eftimova, P. T. Critical storm thresholds for morphological changes in the 

western Black Sea coastal zone. Geomorphology 143–144, 81–94 (2012).

(13)



















if DS ≤ 0.2 → Very low
if 0.2 < DS ≤ 0.4 → Low

if 0.4 < DS ≤ 0.6 → Medium
if 0.6 < DS ≤ 0.8 → High
DS > 0.8 → Very high

https://doi.org/10.21957/y03s-tz09
https://doi.org/10.21957/strn-cs36
https://doi.org/10.21957/strn-cs36
https://doi.org/10.21957/dgkx-1485
https://doi.org/10.21957/t3vj-b111
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118937099.ch1
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118937099.ch1
https://doi.org/10.1038/nature12855
https://doi.org/10.1038/nature12855
https://doi.org/10.1016/j.earscirev.2020.103110
https://doi.org/10.1016/j.earscirev.2016.07.011
https://doi.org/10.1016/j.earscirev.2016.07.011


16

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3726  | https://doi.org/10.1038/s41598-024-51420-0

www.nature.com/scientificreports/

	 31.	 Del Río, L., Plomaritis, T. A., Benavente, J., Valladares, M. & Ribera, P. Establishing storm thresholds for the Spanish Gulf of 
Cádiz coast. Geomorphology 143–144, 13–23 (2012).

	 32.	 Martzikos, N. et al. Storm clustering and classification for the port of Rethymno in Greece. Water Util. J. 20, 67–79 (2018).
	 33.	 Bernardara, P., Mazas, F., Kergadallan, X. & Hamm, L. A two-step framework for over-threshold modelling of environmental 

extremes. Nat. Hazards Earth Syst. Sci. 14, 635–647 (2014).
	 34.	 Li, F., van Gelder, P. H. A. J. M., Ranasinghe, R., Callaghan, D. P. & Jongejan, R. B. Probabilistic modelling of extreme storms 

along the Dutch coast. Coast. Eng. 86, 1–13 (2014).
	 35.	 Ortego, M. I., Tolosana-Delgado, R., Gibergans-Báguena, J., Egozcue, J. J. & Sánchez-Arcilla, A. Assessing wavestorm hazard 

evolution in the NW Mediterranean with hindcast and buoy data. Clim. Change 113, 713–731 (2012).
	 36.	 Lira-Loarca, A., Cobos, M., Losada, M. Á. & Baquerizo, A. Storm characterization and simulation for damage evolution models 

of maritime structures. Coast. Eng. 156, 103620 (2020).
	 37.	 Young, I. R. Seasonal variability of the global ocean wind and wave climate. Int. J. Climatol. 19, 931–950 (1999).
	 38.	 Lemos, G., Semedo, A., Hemer, M., Menendez, M. & Miranda, P. M. A. Remote climate change propagation across the oceans—

the directional swell signature. Environ. Res. Lett. 16, 064080 (2021).
	 39.	 Lobeto, H., Menendez, M., Losada, I. J. & Hemer, M. The effect of climate change on wind-wave directional spectra. Glob. Planet 

Change 213, 103820 (2022).
	 40.	 Castelle, B. et al. Impact of the winter 2013–2014 series of severe Western Europe storms on a double-barred sandy coast: Beach 

and dune erosion and megacusp embayments. Geomorphology 238, 135–148 (2015).
	 41.	 Masselink, G., Austin, M., Scott, T., Poate, T. & Russell, P. Role of wave forcing, storms and NAO in outer bar dynamics on a 

high-energy, macro-tidal beach. Geomorphology 226, 76–93 (2014).
	 42.	 Martzikos, N. T., Prinos, P. E., Memos, C. D. & Tsoukala, V. K. Statistical analysis of Mediterranean coastal storms. Oceanologia 

63, 133–148 (2021).
	 43.	 Davies, G. et al. Improved treatment of non-stationary conditions and uncertainties in probabilistic models of storm wave 

climate. Coast. Eng. 127, 1–19 (2017).
	 44.	 Billson, O., Russell, P. & Davidson, M. Storm waves at the shoreline: When and where are infragravity waves important?. J. Mar. 

Sci. Eng. 7(5), 139 (2019).
	 45.	 Gad, F. K., Chatzinaki, M., Vandarakis, D., Kyriakidou, C. & Kapsimalis, V. Assessment of wave storm-induced flood vulner-

ability in Rhodes Island, Greece. Water (Switzerland) 12, 1–16 (2020).
	 46.	 Rivas, V., Garmendia, C. & Rasilla, D. Analysis of ocean parameters as sources of coastal storm damage: Regional empirical 

thresholds in Northern Spain. Climate 10, 88 (2022).
	 47.	 Ojeda, E., Appendini, C. M. & Mendoza, E. T. Storm-wave trends in Mexican waters of the Gulf of Mexico and Caribbean Sea. 

Nat. Hazards Earth Syst. Sci. 17(8), 1305–1317 (2017).
	 48.	 Amarouche, K., Akpınar, A., Çakmak, R. E., Houma, F. & Bachari, N. E. I. Assessment of storm events along the Algiers coast 

and their potential impacts. Ocean Eng. 210, 107432 (2020).
	 49.	 Mendoza, E. T. et al. Storm characterization and coastal hazards in the Yucatan Peninsula. J. Coast Res. 65, 790–795 (2013).
	 50.	 Amarouche, K., Akpınar, A. & Semedo, A. Wave storm events in the Western Mediterranean Sea over four decades. Ocean Model. 

(Oxf.) 170, 101933 (2022).
	 51.	 Dolan, R. & Davis, R. E. An intensity scale for Atlantic Coast Northeast Storms. J. Coast. Res. 8, 840–853 (1992).
	 52.	 Anfuso, G., Rangel-Buitrago, N., Cortés-Useche, C., Iglesias Castillo, B. & Gracia, F. J. Characterization of storm events along 

the Gulf of Cadiz (eastern central Atlantic Ocean). Int. J. Climatol. 36, 3690–3707 (2016).
	 53.	 Mendoza, E. T., Jiménez, J. A. & Mendoza, E. T. Storm-induced beach erosion potential on the Catalonian coast the national 

coastal resilience laboratory view project storm-induced beach erosion potential on the Catalonian coast. Proc. Spain J. Coast. 
Res. 48, 81–88 (2006).

	 54.	 Mendoza, E. T., Jimenez, J. A. & Mateo, J. A coastal storms intensity scale for the Catalan sea (NW Mediterranean). Nat. Hazards 
Earth Syst. Sci. 11, 2453–2462 (2011).

	 55.	 Casas-Prat, M. & Sierra, J. P. Trend analysis of wave storminess: Wave direction and its impact on harbour agitation. Nat. Hazards 
Earth Syst. Sci. 10, 2327–2340 (2010).

	 56.	 Davies, J. L. & Clayton, K. M. Geographical variation in coastal development. (No Title) (1980).
	 57.	 Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999–2049 (2020).
	 58.	 Dodet, G. et al. Beach recovery from extreme storm activity during the 2013–14 winter along the Atlantic coast of Europe. Earth 

Surf. Process. Landf. 44, 393–401 (2019).
	 59.	 Eichentopf, S., Karunarathna, H. & Alsina, J. M. Morphodynamics of sandy beaches under the influence of storm sequences: 

Current research status and future needs. Water Sci. Eng. 12, 221–234 (2019).
	 60.	 Loureiro, C., Ferreira, Ó. & Cooper, J. A. G. Extreme erosion on high-energy embayed beaches: Influence of megarips and storm 

grouping. Geomorphology 139–140, 155–171 (2012).
	 61.	 Callaghan, D. P., Nielsen, P., Short, A. & Ranasinghe, R. Statistical simulation of wave climate and extreme beach erosion. Coast. 

Eng. 55, 375–390 (2008).
	 62.	 Toimil, A., Álvarez-Cuesta, M. & Losada, I. J. Neglecting the effect of long- and short-term erosion can lead to spurious coastal 

flood risk projections and maladaptation. Coast. Eng. 179, 104248 (2023).
	 63.	 Toimil, A., Losada, I. J., Álvarez-Cuesta, M. & Le Cozannet, G. Demonstrating the value of beaches for adaptation to future 

coastal flood risk. Nat. Commun. 14, 3474 (2023).
	 64.	 Goswami, B. N., Wu, G. & Yasunari, T. The annual cycle, intraseasonal oscillations, and roadblock to seasonal predictability of 

the Asian summer monsoon. J. Clim. 19, 5078–5099 (2006).
	 65.	 Wahl, T., Plant, N. G. & Long, J. W. Probabilistic assessment of erosion and flooding risk in the northern Gulf of Mexico. J. 

Geophys. Res. Oceans. 121, 3029–3043 (2016).
	 66.	 Roelvink, D. et al. Modelling storm impacts on beaches, dunes and barrier islands. Coast. Eng. 56, 1133–1152 (2009).
	 67.	 Losada, M. A. & Gimenez-Curto, L. A. The joint effect of the wave height and period on the stability of rubble mound breakwaters 

using Iribarren’s number. Coast. Eng. 3, 77–96 (1979).
	 68.	 Van der Meer, J. W. Stability of breakwater armour layers—design formulae. Coast. Eng. 11, 219–239 (1987).
	 69.	 Goda, Y. Random Seas and Design of Maritime Structures Vol. 33 (World Scientific Publishing Company, Singapore, 2010).
	 70.	 Van Rijn, L. C. A simple general expression for longshore transport of sand, gravel and shingle. Coast. Eng. 90, 23–39 (2014).
	 71.	 Ranasinghe, R., Callaghan, D. P., Li, F., Wainwright, D. J. & Duong, T. M. Assessing coastline recession for adaptation planning: 

Sea level rise versus storm erosion. Sci. Rep. 13, 8286 (2023).
	 72.	 van der Werf, I. M. & van Gent, M. R. A. Wave overtopping over coastal structures with obliquewind and swell waves. J. Mar. 

Sci. Eng. 6, 149 (2018).
	 73.	 Orimoloye, S., Horrillo-Caraballo, J., Karunarathna, H. & Reeve, D. E. Wave overtopping of smooth impermeable seawalls under 

unidirectional bimodal sea conditions. Coast. Eng. 165, 103792 (2021).
	 74.	 Shaw, T. A. et al. Storm track processes and the opposing influences of climate change. Nat. Geosci. 9, 656–664. https://​doi.​org/​

10.​1038/​ngeo2​783 (2016).
	 75.	 Ulbrich, U., Leckebusch, G. C. & Pinto, J. G. Extra-tropical cyclones in the present and future climate: A review. In Theoretical 

and Applied Climatology vol. 96 117–131 (Springer, Wien, 2009).

https://doi.org/10.1038/ngeo2783
https://doi.org/10.1038/ngeo2783


17

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3726  | https://doi.org/10.1038/s41598-024-51420-0

www.nature.com/scientificreports/

	 76.	 Hoskins, B. J. & Hodges, K. I. A new perspective on Southern Hemisphere storm tracks. J Clim 18, 4108–4129 (2005).
	 77.	 Morton, R. A. & Sallenger Jr, A. H. Morphological impacts of extreme storms on sandy beaches and barriers. J. Coast. Res. 

560–573 (2003).
	 78.	 Sobel, A. H. et al. Tropical cyclone frequency. Earth’s Future. https://​doi.​org/​10.​1029/​2021E​F0022​75 (2021).
	 79.	 Morim, J. et al. Understanding Uncertainties in Contemporary and Future Extreme Wave Events for Broad-Scale Impact and 

Adaptation Planning. https://​www.​scien​ce.​org (2023).
	 80.	 Perez, J., Menendez, M. & Losada, I. J. GOW2: A global wave hindcast for coastal applications. Coast. Eng. 124, 1–11 (2017).
	 81.	 Ardhuin, F. et al. Semiempirical dissipation source functions for ocean waves. Part I: Definition, calibration, and validation. J. 

Phys. Oceanogr. 40, 1917–1941 (2010).
	 82.	 Amante, C. & Eakins, B. W. ETOPO1 arc-minute global relief model: Procedures, data sources and analysis (2009).
	 83.	 Tuomi, L., Kahma, K. K. & Pettersson, H. Wave Hindcast Statistics in the Seasonally Ice-Covered Baltic Sea. www.​smhi.​se (2010).
	 84.	 Senechal, N., Coco, G., Castelle, B. & Marieu, V. Storm impact on the seasonal shoreline dynamics of a meso- to macrotidal 

open sandy beach (Biscarrosse, France). Geomorphology 228, 448–461 (2015).
	 85.	 Tank, A. M. G. K. & Zwiers, F. W. Guidelines on analysis of extremes in a changing climate in support of informed decisions for 

adaptation. World Meteorological Organization (2009).
	 86.	 Martzikos, N. T., Prinos, P. E., Memos, C. D. & Tsoukala, V. K. Key research issues of coastal storm analysis. Ocean Coast. Manag. 

https://​doi.​org/​10.​1016/j.​oceco​aman.​2020.​105389 (2021).
	 87.	 Meucci, A., Young, I. R., Hemer, M., Kirezci, E. & Ranasinghe, R. Projected 21st century changes in extreme wind-wave events. 

Sci. Adv. 6, 7295–7305 (2020).
	 88.	 Laface, V. & Arena, F. On correlation between wind and wave storms. J. Mar. Sci. Eng. 9, 1426 (2021).
	 89.	 Ferguson, T. S., Genest, C. & Hallin, M. Kendall’s tau for serial dependence. Can. J. Stat. 28, 587–604 (2000).
	 90.	 Solari, S., Egüen, M., Polo, M. J. & Losada, M. A. Peaks over threshold (POT): A methodology for automatic threshold estima-

tion using goodness of fit p-value. Water Resour. Res. 53, 2833–2849 (2017).
	 91.	 Claps, P. & Laio, F. Can continuous streamflow data support flood frequency analysis? An alternative to the partial duration 

series approach. Water Resour. Res. 39 (2003).
	 92.	 van Gent, M. R. A. & Wolters, G. Effects of storm duration and oblique wave attack on open filters underneath rock armoured 

slopes. Coast. Eng. 135, 55–65 (2018).
	 93.	 Rangel-Buitrago, N. & Anfuso, G. Coastal storm characterization and morphological impacts on sandy coasts. Earth Surf. Process. 

Landf. 36, 1997–2010 (2011).
	 94.	 Bromirski, P. D., Cayan, D. R., Helly, J. & Wittmann, P. Wave power variability and trends across the North Pacific. J. Geophys. 

Res. Oceans 118, 6329–6348 (2013).
	 95.	 Puig, M., Del Río, L., Plomaritis, T. A. & Benavente, J. Contribution of storms to shoreline changes in mesotidal dissipative 

beaches: Case study in the Gulf of Cádiz (SW Spain). Nat. Hazards Earth Syst. Sci. 16, 2543–2557 (2016).
	 96.	 Amarouche, K. & Akpinar, A. Increasing trend on stormwave intensity in thewestern mediterranean. Climate 9, 1–17 (2021).
	 97.	 Molina, R., Manno, G., Re, C. L., Anfuso, G. & Ciraolo, G. Storm energy flux characterization along the mediterranean coast of 

Andalusia (Spain). Water (Switzerland) 11, 509 (2019).
	 98.	 Lin-Ye, J., Garcia-Leon, M., Gracia, V. & Sanchez-Arcilla, A. A multivariate statistical model of extreme events: An application 

to the Catalan coast. Coast. Eng. 117, 138–156 (2016).
	 99.	 Laface, V., Arena, F. & Soares, C. G. Directional analysis of sea storms. Ocean Eng. 107, 45–53 (2015).
	100.	 D’Agostini, A., Bernardino, M. & Guedes Soares, C. Projected wave storm conditions under the RCP8.5 climate change scenario 

in the North Atlantic Ocean. Ocean Eng. 266, 112874 (2022).
	101.	 Bernardino, M. & Guedes Soares, C. A Lagrangian perspective of the 2013/2014 winter wave storms in the North Atlantic. In 

Maritime Technology and Engineering—Proceedings of MARTECH 2014: 2nd International Conference on Maritime Technology 
and Engineering 1381–1387 (CRC Press/Balkema, 2015). https://​doi.​org/​10.​1201/​b17494-​187.

	102.	 Gerkema, T. An Introduction to Tides (Cambridge University Press, Cambridge, 2019).
	103.	 Pinet, P. R. Invitation to oceanography. (Jones & Bartlett Learning, 2019).
	104.	 wamdi_group_1988.
	105.	 Semedo, A., Rutgersson, A., Sterl, A. & Sušelj, K. The global wave age climate. In Maritime Engineering and Technology—Proceed-

ings of 1st International Conference on Maritime Technology and Engineering, MARTECH 2011 539–543 (2012). doi:https://​doi.​
org/​10.​1201/​b12726-​75.

	106.	 Bidlot, J. ECMWF wave model product. ECMWF Newslett. 91, 9–15 (2001).

Acknowledgements
H.L. and M.M. acknowledge the financial support from the European Commission through the project CoCliCo 
(101003598, Call: H2020-LC-CLA-2020-2), and the ThinkInAzul programme, with funding from European 
Union NextGenerationEU/PRTR-C17.I1 and the Comunidad de Cantabria. The authors acknowledge the Euro-
pean Centre for Medium-range Weather Forecasts for providing the data to conduct the analysis.

Author contributions
R.R. developed the concept. H.L., A.S. and G.L. designed the study. H.L. conducted the analysis. H.L. and A.S. 
wrote the manuscript. All authors discussed the results and reviewed and edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​51420-0.

Correspondence and requests for materials should be addressed to H.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1029/2021EF002275
https://www.science.org
http://www.smhi.se
https://doi.org/10.1016/j.ocecoaman.2020.105389
https://doi.org/10.1201/b17494-187
https://doi.org/10.1201/b12726-75
https://doi.org/10.1201/b12726-75
https://doi.org/10.1038/s41598-024-51420-0
https://doi.org/10.1038/s41598-024-51420-0
www.nature.com/reprints


18

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3726  | https://doi.org/10.1038/s41598-024-51420-0

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Global coastal wave storminess
	Results
	Assessment of coastal wave storm characteristics
	Frequency of occurrence and storm duration
	Integrated wave climate parameters
	Wind–sea vs. swell dominance during wave storms
	Storm intensity

	Degree of coastal storminess classification
	Storm wave climate classification

	Discussion and conclusions
	Methods
	Wave climate data
	Wave storm definition
	Wave storms analysis

	References
	Acknowledgements


