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On the need to integrate
interannual natural variability
into coastal multihazard
assessments

I. Odériz*™, I. J. Losada?, R. Silva? & N. Mori3*

The co-occurrence of multiple hazards can either exacerbate or mitigate risks. The interrelationships
between multiple hazards greatly depend on the spatiotemporal scale and can be difficult to detect
from large to local scales. In this paper, we identified coastal regions worldwide where the leading
tropical (El Nifio-Southern Oscillation, ENSO) and polar (Arctic Oscillation, AO; Southern Annular
Mode, SAM) modes of climate variability simultaneously modify the seasonal conditions of multiple
hazards, including the near-surface wind speed and swell and wind-sea wave powers. We classified

the results at the national and municipal levels, with a focus on multiple hazards simultaneously
occurring in space and time. The results revealed that the ENSO modulates multiple hazards, affecting
approximately 40% of coastal countries, while the polar annular modes affect approximately 30% of
coastal countries. The ENSO induced a greater diversity of multiple hazards, with Asian countries (e.g.,
Indonesia experienced increases of + 2% in wind and + 7% in swell) and countries in the Americas (e.g.,
Peru exhibited increases of + 1.5% in wind and + 6% in wind-sea) the most notably affected. The SAM
imposed a greater influence on swells in the eastern countries of ocean basins (+2.5% in Chile) than in
other countries, while the influence of the AO was greater in Norway and the UK (+ 12% for wind-sea
and 8% for swell). Low-lying islands exhibited notable variations in pairwise hazards between phases
and seasons. Our results could facilitate the interpretation of multihazard interactions and pave the
way for a wide range of potential implementations of different coastal industries.
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Climate trends and natural variability greatly impact the global economy. In Europe, weather variability is
associated with a cost of more than € 560 billion Euros per year', while in the United States, the estimated cost
in 2008 accounted for approximately 3.4% of the gross domestic product?. At the interannual scale, the El Nifio-
Southern Oscillation (ENSO) affects economic growth in countries with climate-sensitive sectors, increasing
their vulnerability®. This is the case for countries with coastal areas dependent on tourism, marine energy and
the port industry*.

From a climate dynamics perspective, it is widely considered that natural climate variability modes (hereinaf-
ter referred to as climate modes) can modulate single hazards—wind* and waves®®. During the positive phase of
the Southern Annular Mode (SAM), ocean waves increase in wave height>® and energy®® in the Southern Ocean.
The positive phase of the ENSO, referred to as El Nifio, is associated with intensified extratropical winds'® and
ocean waves in the central North Pacific!!. The positive phase of the Arctic Oscillation (AO) is associated with
increased wind velocity and wave height levels in the North Atlantic®!2

Winds and waves are responsible for several coastal impacts, Fig. 1a. Winds can lead to maritime disruptions'?,
variations in energy production'* and damage to energy infrastructure and buildings'®. Wind setup is also a driver
of storm surge that can cause flooding!®. Waves, on the other hand, influence wave energy supply, port operability,
damage to infrastructure, coastal erosion and flooding'’, depending on wave direction and on the type of wave
system, swell and wind-sea's-?!. However, to date, interannual variations have not been recognized as drivers of
flooding in the same way as long-term variations in mean and total sea levels?’, nor are long-term wind® and
wave variabilities?* considered for investments in the energy* and insurance industries®. Linkages between the
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Figure 1. (a) Scheme of coastal impacts related to winds and waves. (b) A catalogue of historical impacts
related to modes of climate variability. It includes scientific studies that demonstrated the linkage between
impacts and climate modes, as well as news related to extreme events during a mode of climate variability,
although this linkage has not been demonstrated yet. References of this figure can be found in Supplementary

Table S1. (¢) Scheme of temporal and spatial dependencies analysed in this study.
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above climate modes and coastal impacts have been demonstrated primarily for explaining exceptional extreme
events” or in a limited number of regions with monitoring records®, leaving many regions worldwide under-
represented (Fig. 1b).

The focus of existing research is multihazard®® analysis because the dependencies between multiple hazards
can either exacerbate or mitigate risks?®. Multihazards are defined by Sendai Fremework® as multiple major
hazards with potential interrelated effects over time. In response to a series of consecutive disasters, the Euro-
pean Union has recommended the evaluation of risks over longer timescales, extending beyond the immediate
post-disaster recovery period*®. Examples shown in Fig. 1b illustrate how climate modes can modify the seasonal
climate worldwide, leading to changes in storminess and contributing to coastal impacts.

In coastal areas, despite the fact that the long-term variation in single hazards induced by climate modes
has been studied in depth, neither the anomalies of multiple hazards derived from the natural variability nor
the linkages between various climate modes and coastal impacts have been fully explained on a global scale. As
a preliminary step, in this work, we aimed to identify coastal regions worldwide at the national and municipal
scales, where the leading tropical (ENSO) and polar (AO and SAM) climate modes®"*? modify seasonality of
multiple hazards by considering the near-surface wind speed and wave power. Regarding the latter, wind-sea
and swell wave powers were differentiated. We started by analysing the temporal dependencies between seasonal
hazard variations and climate modes. Then, we evaluated spatial dependencies at the local and national scales.

Climate modes and multihazard dependencies

Based on the literature?****-35 we synthetized the interrelationships between multiple hazard elements, as
shown in Fig. 1c. Following the typology proposed by Zscheischler et al.?%, the elements of the ENSO, AO and
SAM were identified as modulators—climatic drivers that influence the frequency and location of hazards. In
this paper, the hazards that trigger coastal impacts are waves and winds. The dependencies between the elements
were categorized into (1) time lags between events (e.g., concurrent or consecutive), (2) spatial dependencies
(which can involve fixed or multiple regions), and (3) relationships between the elements (which can depend
on whether a given element is caused or modulated by another element or not). In this study, we analysed the
seasonal variations (time-dependent) in one or multiple hazards at fixed locations induced by a given climate
mode, where the climate mode and hazards are dependent. Subsequently, the co-occurrences of these multiple
hazards in multiple regions were analysed. For the latter we have used coastal municipalities as work units. These
are the geographic area with local governments, which practitioners can understand better the interaction of
impacts and consequences in a spatial interaction.

We analysed a total of nine hazards, combining wave power and wind speed, depending if waves or winds
belong to a specific climate regime. Additionally, we distinguished between wind-sea and swell wave powers.
Thus, hazards were classified in climates. For this, we used the dataset of Odériz et al.°, which consists of a
classification of global winds and waves from 1979 to 2018 by applying a dynamic clustering algorithm®, with
parameters from ERA5 reanalysis data and subsequently referred to as wind (W, E, and S), wind-sea (W, E, and
S), and swell (W, E, and S). It should be noted that the terms speed and wave power are not used in this paper,
as at all times, wind denotes the wind speed, and wind-sea and swell denote the corresponding wave powers.

We identified the phases of climate modes using climate indices from the National Weather Service Climate
Prediction Center of the National Oceanic and Atmospheric Administration (NOAA), namely, the monthly
AO index (for the Arctic Oscillation), monthly SAM index (for the Southern Annular Mode), and multivariate
ENSO index version 2 (MEILv2) (for the El Nifio-Southern Oscillation). The positive/negative phases of these
climate modes were expressed as ENSO +/ENSO-, AO +/AO-, and SAM +/SAM-. The seasons were classified as
follows: December, January, and February (DJF), March, April, and May (MAM), June, July, and August (JJA),
and September, October, and November (SON).

For each hazard, we calculated composite anomalies by averaging hazard anomalies under a specific climate
(W, S, and E) and season during a given climate mode phase. Seasonal composite anomalies contribute to
identifying when and where these hazards occur at more or less intensely than during an average season. Only
significative values were considered. Throughout this paper, composite anomalies are expressed as percentages of
the anomalies mean compared to the average seasonal value for a given location. A positive (negative) value indi-
cates an increase (decrease) in the percentage of the seasonal hazard intensity compared to the seasonal average.

Finally, using these results, we established a multihazard criteria. This criterion identifies locations where
the modulator changes the seasonal pattern of single or multiple hazards (time-dependent with a modulator
impacted a singles hazard) and multiple locations where regions exhibit the same response.

For simplification, we focused on the seasons when larger anomalies were observed during positive phases,
specifically during the coldest season in each hemisphere (JJA for the SAM, DJF for the AO, and DJF for the
ENSO). The results for negative phases can found in Supplementary Information (Fig S7-15).

Modulator-multiple hazards

El Nirio-Southern Oscillation (ENSO)

While temporal dependency results were obtained at the municipal level, encompassing the national and local
scales, Figs. 2, 3 show the national-scale results to maintain the global context. The results for ENSO™ (DJF)
revealed the following patterns: in the northeast Pacific, swell (W) was enhanced, affecting the American coast
from Canada (+2%) to Peru (+1%), with the largest anomalies observed on the western coast of Mexico (up
to+28.8%) (Supplementary Fig. 1). Conversely, in the northwest Pacific, wind-sea (W) and swell (W) decreased
in Japan (2% for both parameters), Indonesia (—5%; —3%) and Australia (—3% for swell). In the Southern Ocean,
wind and wave (W) increased at lower latitudes, with swell (W) intensification recorded on the coast of South
Africa (+1%) (Supplementary Fig. S1). Wind-sea (S) intensified on the coasts of Fiji and Ecuador (+ 8% in both
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a Multi-hazards in coastal municipalities during ENSO+ (DJF)
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Figure 2. Regions impacted by long-term multihazards variability. (a) Municipalities affected by multihazards
during El Niflo (ENSO +) in the boreal winter (DJF). (b) Municipalities affected by multihazards during AO +in

the boreal winter (DJF).

areas), while wind-sea and swell (S) increased on the coasts of French Polynesia (+4%;+2%) (Supplementary
Fig. S1).

In the northern tropical Pacific, wind (E) and wind-sea (E) increased on Pacific islands such as the Philippines
(+1%; + 1%), Indonesia (+ 1%; + 6%), Fiji (+ 2%; + 7%), Kiribati (+ 1%; + 5%), the Marshall Islands (+ 1%; +2%)
and Vanuatu (+4%). Tonga (+6%) experienced an increase in wind-sea (E) only. Anomalies of swell (E) also
affected Pacific islands (Papua New Guinea, Fiji, Tonga, Tuvalu, Nauru, Vanuatu, and Malaysia), with an increase
of + 2%, while in Indonesia, swell (E) increased by up to+ 7% (Supplementary Fig. S1). Wind (E) decreased on
the coasts of the Philippines (—5%), Australia (-4.5%), Vietnam (-5%) and the Paracel Islands (-3%) (Supple-
mentary Fig. S1). In the western Pacific, wind-sea (E) decreased in Vietnam (—5%), the Paracel Islands (-3%) and
the Philippines (—4.5%), and swell (E) decreased in Vietnam (-2%) and the Philippines (—2%) (Supplementary
Fig. S1). In the Atlantic Ocean (Supplementary Fig. S1), wind (—0.5%) and wind-sea (E) (-3%) decreased on the
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a Multi-hazards in coastal municipalities during SAM+ (JJA)
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Figure 3. Regions impacted by long-term multihazards variability and countries with the highest number of
affected municipalities. (a) Municipalities affected by multihazards during SAM + in the boreal summer (JJA).
(b) Top 5 countries with the highest number of affected municipalities by season and climate mode.

coasts of Caribbean islands (e.g., Barbados, Dominica, Anguilla, Antigua, Barbuda, Cuba, Monserrat, St. Kitts
and Nevis, Guadalupe, Martinique and Puerto Rico). In the southern tropical Atlantic, wind-sea (E) in Colombia
(8%) and swell (E) in Venezuela (-1%) decreased (Supplementary Fig. S1).
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Arctic oscillation
During the AO + phase (DJF), an increase in wind (W) was observed on the coasts of Ireland and the UK (+2%)
(Supplementary Fig. S2). Moreover, a reduction in wind (E) was observed on the eastern coast of Russia (-2%).
Wind-sea (W) and swell (W) increased in Ireland (+ 11% and + 9%, respectively), Norway (+ 15% and + 9%,
respectively) and the UK (+12% and + 8%, respectively) (Supplementary Fig. S2). Additionally, on the northern
coast of Spain and west of France, swell (W) increased by + 4% above the seasonal average. In contrast, swell
(W) decreased in Japan (-3%), North Korea and South Korea (—4%). Waves originating from the south were
unaffected by this climate mode, except on the coast of Iceland, where higher levels of wind-sea and swell were
observed (+4% and + 4%, respectively).
Across the northern tropical Atlantic belt, wind (E) exhibited anomalies of ~ + 1% in the Bahamas, Cuba,
Dominica, Dominican Republic, Haiti, Puerto Rico and the Canary Islands (Spain). Wind-sea (E) and swell (E)
showed anomalies of approximately ~ + 5% in the Caribbean Sea (Supplementary Fig. S2).

Southern annular mode (SAM)

During the SAM* phase (JJA), swell (W) (Supplementary Fig. S3) increased on the coasts of Chile (~+2%),
southeastern Australia (~+2%), and New Zealand (~ +2%), while it decreased in southwestern Australia (~-2%),
South Africa (~—2%), and the Philippines (~ —4%). Therefore, the increase in extratropical wind-sea (W) and
swell (S) affected countries in the eastern Pacific (Supplementary Fig. S3): Peru, Ecuador, Mexico, Panama, Guate-
mala, Costa Rica, and Nicaragua (+ 1.5%). In the southeast Atlantic and Indian Oceans, swell (S) decreased (Sup-
plementary Fig. $3) by approximately —1.5% (Ghana, Angola, Namibia, Indonesia, Madagascar, and St. Helena).

Multiple locations

We identified regions where concurrent seasonal anomalies of multiple hazards occurred under the influence of
climate modes. Given that the dependencies and interactions between multiple hazards greatly depend on the
spatial scale®, we assessed two scales in this study: global and local.

In general, the ENSO (Fig. 2a) affected a larger number of coastal countries, reaching its maximum spatial
influence during the colder seasons in each hemisphere (~38% of coastal countries in JJA and ~44% of coastal
countries in DJF). Along with the SAM, Europe was the least impacted by the ENSO (Fig. 2a). In comparison,
the AO (Fig. 2b) and SAM (Fig. 3a) affected approximately 30% of coastal countries.

The ENSO induced a greater diversity of multihazard combinations. While the AO and ENSO induced
anomalies in both wind/wind-sea and wind/swell, the SAM did not significantly modify these pairwise anomalies
but more notably influenced swells as a single hazard. This pattern is consistent with the considerable impact of
this climate mode on the southern extratropical belts, where the most energetic swells develop and propagate
towards the eastern coasts of the basins®.

During all seasons, India and the Philippines exhibited the largest number of municipalities affected by
El Nifo, followed by countries on the American continent, such as Brazil, the USA, Chile, and Peru (Fig. 3b).

The SAM primarily affected countries such as Australia, China, Chile, and Indonesia, while the influence
of the AO was greater in Norway, Mexico, the UK, Japan, and some countries located in the tropical Atlantic
region, such as Cuba. While low-lying islands were not among the nations with the largest number of affected
municipalities, some relevant results should be highlighted due to their high vulnerability to sea level rise®.
During the ENSO + phase (DJF), trade winds exhibited complex patterns in the Pacific (Kiribati, the Paracel
Islands, and the Philippines) and Atlantic (Cape Verde and Haiti), with variations of up to 5%, see Supplemen-
tary Information Fig. S4. The Pacific tropical islands (Fiji, Kiribati, the Marshall Islands, and Tonga) affected
by wind-sea (E) exhibited variations of up to 17%, and swell (E) in the Marshall Islands, Tonga, and Vanuatu
exhibited variations of up to 5%.

During the AO + phase (DJF), tropical Atlantic islands such as Cuba and Puerto Rico experienced wind (E)
variations of up to 3% and swell variations of up to 5%. During the ENSO + phase (JJA), wind-sea on Papua
New Guinea fluctuated by up to 15% (E) and 25% (S), and wind (S) varied by up to 10%. The combinations of
hazards affecting islands varied with season and climate mode: some experienced a single hazard (e.g., Vanuatu
and New Caledonia), while others faced multiple hazards (e.g., Papua New Guinea, Dominica and Martinique).

Regarding the negative phases, while the dynamics and physics can be explained as opposite behaviors, the
results change the panorama completely in terms of the regions affected by coastal multihazards. For instance,
during La Nifia, global teleconnected SLP anomalies are inverted with respect to El Nifio events®. During this
phase, the regions most affected by multihazards are found in the Southern Hemisphere. Different phases can
completely change the pairwise interactions and alter their spatial patterns.

Discussion

Our study revealed hazard patterns that align with those identified in previous studies focusing on wave
and wind dynamics®. Several studies have focused on analysing the effect of natural variability on single coastal
hazards. However, these studies targeted specific regions heterogeneously distributed in space. At the global
scale, detecting dependencies between hazards over time and space is complex, requiring the integration of the
spatiotemporal variations in hazards and governing competencies in risk management across different regions.
In this study, the global effects of climate modes on the seasonal intensity of concurrent hazards and their spatial
variations were identified. While our focus is on winds and waves, it is important to note that other significant
coastal hazards, such as river discharge, are not considered in this study. Additionally, an analysis was conducted
at national and municipal levels, encompassing administration units with coastal risk competencies. The analysis
provides a wide range of possibilities for interpretation and implementation by coastal practitioners.

5,6,8
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Physical links with climate modes and multihazards

Our results are in line with previous studies related to the interannual variability of single hazards. The findings
show that El Nifo is the climate mode that most influences seasonal changes in multiple hazards. This is con-
sistent with the anomaly patterns detected by other authors in winds and waves. In the tropical Pacific, where
multihazards are compounded by winds, the trade winds weaken or even reverse®®. Consistent with earlier
works!#40 in the North Pacific, ENSO + modifies extratropical waves in the Pacific region, where multihazards
in the Northeast Pacific are caused by waves, both swells and wind-sea. El Nifio induces a decrease in wave power
in the Chilean coast by creating blocking high-pressure systems in this region*' which, in comparison with La
Nina, increase the wave power in the south of Chile. These results are captured by our multihazard analysis.

The AO is characterized by an increase in sea level pressure in high latitudes and a decrease in mid-latitudes
in the Northern Hemisphere*>. In the North Atlantic, during DJF under the positive phase of the AO, winds
and wave energy intensify in high latitudes and decrease in mid-latitudes®, affecting countries such as the UK,
Norway, and the south of Iceland'** as identified by multihazard analysis. Although the Pacific exhibits a weaker
variation in signal induced by this climate mode than the Atlantic*, our results show a significant impact on
winds in the Northwest Pacific. The AO is known to influence the tropical belt of the Atlantic, which is sig-
nificantly affected by multihazard combined wind and wind-sea. However, the results related to the Southern
Hemisphere do not have a clear physical explanation due to the undemonstrated teleconnection between the
hemispheres. Nonetheless, there could be some synchronization* that leads to significant results.

Both the AO and ENSO control tropical cyclone activity*é, which can modify the seasonal average of winds
in the North Atlantic. In this study, in the tropical Atlantic, anomalies induced by these climate modes has been
detected for both winds and waves propagating from the east for both climate modes.

The SAM modulates winds and waves in the extratropical belt of the Southern Hemisphere®**”. However,
during the positive phase of SAM, westerlies are intensified in high latitudes of the Southern Hemisphere, but
they do not reach the coasts*. Consequently, the results related to multihazard in coastal areas show variations
only in the seasonal average of swell wave power, which aligns with previous studies®*.

Interaction of scales within the multihazard dependencies
The episodic cases shown in the Fig. 1 and described in the Supplementary Information can be explained using
the proposed seasonal analysis approach.

Although this study did not focus on individual extreme events and acknowledges differences in the order of
magnitude between synoptic events and seasonal averages, seasonal anomalies could encompass extreme events
and capture patterns that may influence the intensity and seasonal probability distribution of storms*’. We rec-
ognize that this can be perceived as a limitation of this study. However, the seasonal scale is important for risk
response formulation, providing a practical approach to reduce the existing gap between disaster independence
(hours), considered by the insurance industry, and the recovery period (years) for a given distaster™.

Interannual anomalies influenced by climate modes can dominate seasonal conditions. This study quantifies
these variations on different coastal hazards that can help towards the inclusion of climate modes as predictor in
multihazards and distinguish where, geographically, to include them, or not. Contributing to the use of climate
modes as seasonal predicants in coastal multihazards, in the same way it has been done for coastal sea level'®.
Interannual variations within seasons are influenced by climate modes, and seasonal warning systems have
been implemented in different fields such as agriculture®®>! and fisheries®***, primarily focused on the ENSO.
These systems are instrumental for disaster risk reduction and contribute to improving planning in response to
long-term climate variability.

However, such forecasts have yet to be implemented for multiple hazards in coastal areas. Seasonal forecasts
of winds and waves could support annual decision-making processes in coastal planning, aiding in the preven-
tion of critical structural damage and operability caused by co-occurring hazards.

Dependencies were comprehensively examined to synthesize the complex relationship between the long-term
natural variability and seasonal variations from the global to local scales. In recent years, given the complexity of
defining a multihazard event, several frameworks have been developed to facilitate understanding and assessment
(e.g., Zscheischler et al.?, Tilloy et al.**, Gill and Malumud et al.**). To identify multihazard patterns induced
by climate modes at the national and municipal levels, we refrained from using a specific typology and instead
considered temporal, spatial, and related-element dependencies. We understand that the combination of these
dependencies serves as a guideline for identifying multihazard types in any existing framework. Clearly, the
next step will involve exploring the nature and typology of multiple hazards that can arise from climate modes
at synoptic temporal scale, such as consecutive (a succession of storms), dependent (such as wind and wind-
sea), and independent (wind and swell) hazards, to assess the joint likelihood of co-occurrence events and the
induced risk. Additionally, we believe that the recovery time after a disaster is a dependency not yet integrated
into multihazard classification.

Spatial scales are often more challenging to discern than temporal scales. At a single location, it is easier to
understand the times and agents involved in post-disaster scenarios compared to analysing multiple locations,
whether the economic, governmental, or transportation systems are part of a network. For instance, as noted by
Ruiter et al.*, when hazards co-occur at a distant location, they are assessed as consecutive events at the national
level but are treated as a single hazard at each affected location. Conversely, if economic activity is relocated to an
unaffected locality, the resulting consequences affect the local scale, while the economy of the country remains
balanced®. Considering several administration levels, as was done in this study, could facilitate discerning mul-
tiregional interactions, although further research is needed to better understand the linkages with governance,
tourism, maritime transport and coastal urban networks.
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Relevance of the natural variability in attribution studies of coastal impacts

Attribution studies are critical for analysing climate change consequences, as they provide a criterion for dis-
tinguishing the relative contributions of different drivers to damage®. Natural variability is critical for such
attribution analysis, as it can mask emerging global warming trends in areas characterized by substantial natural
fluctuations, such as the Southern Ocean®. In this study, we identified whether long-term natural variability
should be considered. For example, the sequence of storms during the 2013-2014 winter season was influenced
in part by climate modes and climate change®. Nevertheless, these studies require holistic case-by-case studies
and further research to explore the interplay between the long-term natural variability and climate change at
the regional or global scale.

According to the results, the uncertainty in some regions is relatively high (Supplementary Fig. $4), exhibiting
changes in magnitude and even in sign from one event to another. These changes are likely induced by shifts in
the characteristics of the climate modes, which can create a barrier for multirisk assessment. A higher variance
in mode-induced hazards was observed for the ENSO than for the polar climate modes (AO and SAM). This
finding is consistent with the existing knowledge of the complexity of the ENSO; its magnitude, amplitude, and
skewness render its predictability and modelling challenging, in contrast to annular modes, which exhibit more
stable behaviour!?. Moreover, for short-term projections (less than 15 years), the natural variability is the major
source of uncertainty in climate predictions®*°. In future projections, despite improvements in the observed
variability and characterization of the initial state”, climate simulations do not perfectly replicate the sequence
of climate modes, which is very important for shoreline evolution and requires an accurate climatic chronology.
Additionally, it is acknowledged that climate modes respond to greenhouse gases, but there is a limited ability
to quantify their responses®.

Conclusions

Climate modes have been recognized as critical long-term drivers affecting seasonal waves® and wind
conditions?, thereby influencing multiple hazards and their consequences for coastal erosion® and impacting
wind energy investment?. Nevertheless, until now, the causal links between climate modes and multiple hazards
in coastal areas have not been established globally. This study focused on the local and global scales to facilitate
the tracking of the complex interactions between hazards and consequences on different scales.

We emphasize that natural climate variability modes should be recognized as modulators of multiple hazards
in coastal regions. Among the three leading climate modes analysed in this study, the ENSO is the climate driver
causing the greatest disturbances in multiple hazards, affecting winds and waves in a pairwise manner in coastal
areas worldwide, except Europe. Swells, which are related to flooding events, exhibit seasonal anomalies in the
boreal summer during the positive phase of the SAM and in the boreal winter during El Nifio. These findings are
particularly important for low-lying islands, where waves play a crucial role in flooding events.

Methods

The proposed methodology aims to analyse the variability of climate modes on wind and wave hazards and to
categorize municipalities based on the concurrent seasonal anomalies of multiple hazards. We first classified the
hazards based on climates (Fig. 4a) which they belong— defined as the regions in the global oceans with similar
characteristics, wave power and direction for waves and wind speed and direction for winds. This results into
westerlies, easterlies and southerlies climates for both winds and waves. Second, we have identified the seasonal
anomalies of each variable induced by a climate mode (Fig. 4b). With these results we applied a multihazard
criteria (Fig. 4c). A detailed description of the method is provided and shown in Fig. 4.

Data

ERAD5 near-surface winds and ocean wave parameters®, for which the global performance of the seasonal and
interannual variabilities has been widely validated'>%. The parameters of the near-surface wind speed (U,), wind
direction (Dir,,), wave direction (Dir,,) and wave power (P,) were used. The wave power of irregular waves was
obtained from the spectral energy density function expressed as Pw = 22T, H,,0*, where the energy period is
a function of the spectral mean period T, = %: o Top, with a=1.08%". Regarding the total wave power (P,,),
we used the wave height of combined wind-sea waves and swells (H,,,o) and the mean wave period T,. Regarding
the swell-wave power, we used the height (H,,,) and wave period (T,_,) of swells. Regarding the wind-sea
wave power, we used the height (H,,.,,,) and mean wave period (Tj,._,,,) of wind-sea waves.

The positive phases (expressed as ENSO*, AO*, and SAM™) and negative phases (expressed as ENSO", AO,
and SAM, respectively) of the climate modes were identified by using climate indices of the National Weather
Service Climate Prediction Centre of the National Oceanographic and Administration (NOAA), namely, the AO
(monthly AO index), SAM (monthly SAM index), and ENSO (multivariate ENSO index version 2, MEIL.v2). For
the AO and SAM, the positive/negative phases were defined by values above/lower than the average plus/minus
the standard deviation (p + ¢) of each index, while for El Nifo, the positive phases of the ENSO were identified
as MEIv2 > 0.5, and for La Nifia, the negative phase of the ENSO was identified as MEIv2 <-0.5.

Hazard classification into climates.

Global winds and waves from 1979 to 2018 were classified using a dynamic clustering algorithm®. The advantages
of using this “dynamic clustering” in multihazad analysis are that it identifies the similarities between spatially and
temporally neighbouring data and tracks and relates climate data with similar variability. This method, without
applying a dimensionality reduction, identifies similar waves and winds that are separated geographical areas
driven by atmosphere dynamics. These characteristics show some advantages for detecting long-term variability
in multihazards compared to common approaches. For instance, correlation analysis (implemented in other
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Figure 4. Overall view of the proposed methodology.

studies for single hazard®!"*) is insufficient for quantifying the amplitude magnitude and describing spatial
depencency®>%, while time dependency is not well detected when empirical orthogonal functions are applied
(implemented in other studies for single studies®**). Following, a brief explanation of the global spatiotemporal
classification of winds and waves is provided, but for further details, readers are referred to Odériz et al.°.

The input monthly variables for winds were the wind speed (U,) and directional components cos(Dir,,) and
sin(Dir,,). For ocean waves, the variables chosen were the wave power for irregular waves (P,,) and directional
components (cos(Dir,,) and sin(Dir,,)). The dynamic clustering algorithm® was applied separately for winds
and waves and consisted of (i) normalizing the variables from 0 to 1; (ii) building an input matrix, which was
reshaped from a 3D matrix (longitude, latitude, and time) to a 1D array; (iii) applying the K-means clustering
algorithm® and elbow method® to identify the optimal number of clusters; and finally, (iv) reshaping the clas-
sification from a 1D array to a 3D array.

This resulted in a series of spatiotemporal indicators to identify waves and winds parameters (P,, and Dir,,;
U,pand Dir,) classified by westerlies, southerlies and easterlies winds and waves. In this paper, they are referred
as W, S and E, respectively.

Interannual anomalies
This analysis focused only on the offshore points closest to coasts. Interannual anomalies of wind and wave
climate conditions were addressed by computing composite anomalies (Fig. 1b). First, for each wind and wave
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climate (E, S and W), monthly anomalies (A;) of the wind speed (U,,), total wave power (P,,), wind-sea wave
power (P,.,), and swell wave power (P,,;) were calculated as the monthly values for each year minus the cor-
responding monthly value averaged over all the years considered (1979-2018). The seasons were designated as
follows: DJF for December, January and February; MAM for March, April and May; JJA for July, June and August;
and SON for September, October and November.

Then, the composite anomalies for each s¢ason were calculated as the average of the monthly anomalies for

. . k=1 i,k . f .

a season, climate, and variable Jijk = #’ With these seasonal composite anomalies, we calculate the
average of all the values of seasonal composite anomalies and test their significance. The statistical significance
of the composite anomalies was calculated using a two-tailed Student’s t test at the 95% confidence level, with

the null hypothesis of Hy : 1 = 2 and the alternative hypothesis of Hy : 1 # 2, and being the test statistic

T= };27’; following the indications of Odériz et al.® Only composed anomalies that met the statistical test at the

95% confidence level were considered.

Then, to capture how much the phase of each climate mode perturbs seasonal winds and wave climatology,
the percentage of the seasonal composite anomalies respect to the seasonal average was calculated. The study is
able to identify variability in seasonal average conditions of 1%. The standard deviation of the seasonal composite
anomalies was calculated to assess the uncertainty of the results.

Multiple hazards

Once we identified the influences of climate modes and hazard temporal dependencies, we categorized the
municipalities based on the number of concurrent seasonal anomalies of multiple hazards. The spatial scale is
critical when assessing multiple hazards because impacts can occur at the local scale, but their consequences
can extend to larger areas. Furthermore, the results were provided at two administration levels: the national and
municipal levels. To enable an understanding between spatial scales of climate modes and multiple hazards, the
analysis is assessed at various administrative levels, national and municipal. Coastal municipality were selected
from the GARDM data (version 4.0, https://gadm.org/). For this, the analysis was focusing only on the offshore
points closest to coasts to the centroid of each municipality.

The municipalities were classified based on the following categories:

Modulator—single hazard

A climate mode induces a seasonal anomaly in a single hazard (wind, swell or wind-sea). These are time-
dependent, as the climate mode induces a seasonal anomaly that can translate into changes in storminess and/
or average conditions of the season.

Modulator—multiple hazards
A climate mode induces a seasonal anomaly in multiple hazards (wind and wind-sea; wind and swell; wind-sea
and swell; wind, wind-sea, and swell.). The same time-dependent criteria apply, except the climate mode induces
anomalies in several hazards.

Multiple locations
Regions affected under a season and a climate mode that are impacted by the first and second multihazard.

Data availability

Wave and wind data are sourced from the Copernicus Services (https://cds.climate.copernicus.eu/cdsapp#!/datas
et/reanalysis-era5-single-levels?tab=overview). The climate index is obtained from NOAA (https://psl.noaa.gov/
data/climateindices/list/). The coastal municipalities data is based on information provided by GADM (https://
gadm.org/). All the data reported in the main text and supplementary information are available at the repository
Zenodo with DOI https://doi.org/10.5281/zenod0.8406271.

Code availability
The figures were generated with Python, surfer (Golden Software) and ArcMap. Routines are available upon
request from the corresponding author I.O.
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