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Abstract

Both seasonal and extreme climate conditions are influenced by long-term natural internal
variability. However, in general, long-term hazard variation has not been incorporated into coastal
risk assessments. There are coastal regions of high interest, such as urban areas, where a large
number of people are exposed to hydrometeorological hazards, and ecosystems, which provide

protection, where long-term natural variability should be considered a design factor. In this study,
we systematized climate analysis to identify high-interest regions where hazard long-term
variability should be considered in risk assessment, disaster reduction, and future climate change
adaptation and protection designs. To achieve this goal, we examined the effect of the leading
modes of climate variability (Arctic Oscillation, Southern Annular Mode, and El Nino—Southern
Oscillation) on the variation in the recurrence of extreme coastal hazard events, including as a first
step sea surface temperature, winds, and waves. Neglecting long-term variability could potentially

lead to the underperformance of solutions, or even irreversible damage that compromises the
conditions of ecosystems for which nature-based solutions are designed.

1. Introduction

In coastal regions, the largest number of people and
economic assets that are linked to critical infrastruc-
ture, such as ports and airports are concentrated in
cities [1]. Windstorms can lead to disruptions in ports
[2], causing delays, depreciation of goods, and addi-
tional transportation costs [3], with consequential
impacts on the global economy [4]. Meanwhile, waves
contribute to coastal erosion and flooding [5], to
which many coastal areas are exposed.

In addition, mangroves [6], coral reefs [7] and
sandy coasts [8] provide coastal protection to human
shelters, reducing the economic risk resulting from
natural disasters. However, coastal ecosystems nat-
urally experience climate stress. For example, high
sea surface temperatures (SSTs) are thermal stressors
for coral reefs and are responsible for bleaching and

© 2024 The Author(s). Published by IOP Publishing Ltd

mortality [9]. Mangroves are frequently exposed to
extreme winds. Tree mortality and shifts in forest
structure are directly dependent on the wind speed.
For example, Hurricane Donna in 1960, classified as
a category 4 hurricane, caused 25%-100% tree mor-
tality in South Florida [10].

It is well known that interannual variability can
lead to changes in seasonal climate conditions [11-
15] and extreme events [11, 16, 17] in coastal hazards,
including winds, waves and SST. Studies have focused
on exploring their impacts on wave conditions in
specific planetary regions, such as the Northern
Hemisphere [18] and in each ocean basin [12].
Specific modes of climate variability have been the
focus of other studies; for example, Odériz et al [19]
analyzed the El Nino—Southern Oscillation (ENSO),
while Marshall et al [20] assessed the effect of the
Southern Annular Mode (SAM) on ocean waves. The
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ENSO also modifies ecosystem functioning [21] by
altering SST, serving as an amplifier of heatwaves,
as observed during the 1997/1998 El Nino event
[22]. Global patterns of long-term variability in near-
surface winds have also been studied [12, 23].

The average and extreme conditions of waves
(energy and direction), winds (speed and direction),
and SST are critical variables for coastal impacts,
the operability of certain economic sectors, and the
functioning of ecosystems. A description of impacts
related to the hazards assessed in this work are sum-
marized in table 1. Understanding long-term expos-
ure to hazards, as documented in historical records,
is essential for studying the future trajectories of
these systems. Although it is widely accepted that the
long-term variability induced by these three modes—
ENSO, Arctic Oscillation (AO), and SAM—controls
weather patterns with potential repercussions on sea-
sonal coastal risks [24], assessments that can provide
knowledge and guidance for long-term risk and
coastal protection design have not yet been applied to
ecosystems and urban areas in coastal zones, due to a
gap in our knowledge of where and which modes can
affect coastal hazards.

This study aimed to identify global coastal
regions, encompassing ecosystems and urban areas,
exposed to long-term hazard variability. The analysis
is based on the long-term variability in the seasonal
and extreme conditions of coastal hazards (e.g. ocean
waves, winds and SST) influenced by the ENSO, AO,
and SAM.

2. Materials and methods

In this study, we selected climate variables related
to impacts, examining both seasonal averages and
extreme conditions in urban areas, mangroves and
coral reefs, as indicated in table 1. We then calcu-
lated seasonal composite anomalies to evaluate fluc-
tuations in average conditions and to explain tele-
connections. Additionally, we analyzed the extreme
distribution of seasonal maximum blocks to assess
changes in the 20 yr return period (RP20). Extreme
analysis was conducted for high-interest areas, with
SST analyzed for coral reefs, winds for mangroves,
and both winds and waves for coastal urban areas.
Finally, we compared the results with the observed
events coinciding with the phases of the modes of cli-
mate variability (hereinafter climate modes) analyzed
in this paper. A brief explanation of the methods is
provided below.

2.1. Data

To identify the geographic locations of the exposed
regions considered, we selected urban areas located
within 0.1° of the shoreline [25]. Coral reefs and man-
groves were defined based on the UNEP-WCMC [26]
and Bunting et al [27] datasets, respectively.
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We used climatic parameters from the ERA5
reanalysis dataset [28], covering the period from
1979 to 2018. Seasonal averages were calculated using
monthly anomalies of the wind velocity (U, ms™1),
total wave power (P, kW h™1), and total swell wave
power (P, kW h™1!). For extreme conditions, max-
imum values of the SST (MSST, °C), wave power
(MPy, kW h™1), and wind gust speed (MU, ms™!)
derived from hourly time series were employed for
each season. The seasons were defined as December,
January, and February (DJF), March, April, and May
(MAM), July, June, and August (JJA) and September,
October, and November (SON).

To identify the positive and negative phases of
the different climate modes, the following monthly
climate indices from the National Oceanographic
and Atmospheric Administration were used: AO
(monthly mean AO index), SAM (monthly mean the
Antarctic Oscillation (AAO) Index), and ENSO (mul-
tivariate ENSO Index version 2, MEL.v2). We focused
on the impacts of the AO in the Northern Hemisphere
and the SAM in the Southern Hemisphere because the
resulting interhemispheric teleconnection may imply
complex mechanisms not well demonstrated in the
literature.

2.2. Long-term variability under average
conditions

In contrast to the SST, winds and waves have crit-
ical directional components in terms of the induced
coastal impacts. Under seasonal average conditions,
the directional component was incorporated by cal-
culating composite anomalies applied to the global
wind system and the wave climate conditions pro-
posed by Odériz et al [29] (figure S1b). Based on the
wind direction and speed, Odériz et al [29] classified
wind climate into easterlies, westerlies, and souther-
lies, obtaining an equivalent classification for waves
(based on wave power and direction). For each plan-
etary wind system and wave climate, monthly anom-
alies of the wind velocity (Ujy), total wave power (P,,)
were calculated by subtracting monthly data from the
mean of the corresponding month for the full time
series (1979-2018). Composite anomalies were calcu-
lated as the anomaly mean of the wave or wind cli-
mate for the months corresponding to the seasonal
timeframe of phase occurrence. Statistical signific-
ance was determined using a two-tailed Student’s ¢
test at the 95% confidence level, following the meth-
ods described by Odériz et al [29].

The SST, a scalar variable, was calculated similarly
but without including climate classification. For sim-
plicity, this work focused on the positive (+) phases
of the AO during DJE the SAM in JJA, as these seasons
have a high impact. The ENSO was considered for all
seasons, as it shows a more complex hazard influence
that varies from season to season [19].
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2.3. Seasonal extreme conditions

Extreme analysis was conducted using a nonstation-
ary GEV cumulative distribution function [30], con-
sidering changes in block maxima within the ana-
lyzed period (1979-2018). This approach has been
widely employed for extreme analysis in marine cli-
mate studies [11, 17, 31]. The location, shape, and
scale of the GEV distribution are time dependent,
and climate indices were used as covariates. Initially,
coefficients and constants were derived from linear
regression of the climate index and GEV parameters,
assuming a nonstationary GEV function without cov-
ariates. Subsequently, for each season, we calculated
the climate index time series, and we detrended and
normalized the series, which was then integrated as a
covariate of the GEV function.

The Kolmogorov—Smirnov test at the 95% con-
fidence level was applied to verify that the data fol-
lowed a GEV distribution. For significant results, the
20 yr return period (RP20) was obtained for 1979-
2018. The selected return period was chosen as a
safety level defined by standards, ensuring confidence
in the projections derived from the time series length
of each phase. The percentage change in RP20 attrib-
utable to the climate modes was calculated as the ratio
of the long-term average to the positive phase aver-
age. The RP20 of the positive phase is calculated as the
average of the RP of the months when the index indic-
ates a positive phase (over 0.5 for MEIv2 and over
o + p for the AO and AAO indices). Using different
threshold for climate indices will analyse the effects
of varying intensities of climate modes in extreme
events. For example, how weak moderate and strong
El Nino modify the intensity of RP20 and their spa-
tial patterns. We considered RP20 values lower than
the long-term average return period within the safety
levels for urban areas and within the range of tolerable
maximum conditions for ecosystems.

3. Long-term hazard variability under
average conditions

The long-term SST variability patterns induced by
ENSO+ events are well known: warming in the east-
ern Pacific and cooling in the western Pacific [32].
The findings showed that the Indian Ocean also
warms during ENSO+- events, as do some regions of
the South Atlantic (figures S2(e) and (f)). Generally,
the SST patterns for SAM+ and AO+ were spatially
more heterogeneous and less well defined (figures
S2(g) and (h)). At mid-latitudes, a temperature
increase was observed during AO+ in northeastern
regions of the Pacific and Atlantic Oceans.

The results for winds and waves are shown in
figure 1. The regions most impacted by each climate
mode, with a related increase (decrease) in the swell
wave power or wind velocity, are highlighted in red

1 Odériz et al

(blue). The arrows indicate the directions of winds
and waves in the detected anomalies.

In DJE during ENSO+ events, extratropical
winds intensified in the mid-latitude regions of the
Northcentral Pacific (~+0.5 m s~!), induced by
an intensification of the Aleutian Low [33] (figure
S2(a)). A decrease in the wind speed was found
in the northwest and southeast Pacific (approx-
imately —0.4 m s !). During this season, west-
erly swells strengthened in the extratropical regions
of the Northeast Pacific (~+15 kW m™!), in the
Southern Ocean, southern Atlantic and Indian
Oceans (figure 1(f)). The AO+ phase induced oppos-
ing sea level pressure responses at high and mid-
northern latitudes (figure S1(c)). During this season,
it caused higher wind speeds and wave powers at
high latitudes in the Atlantic Ocean (~+1 ms™!, ~
+23 kW m™") (figures 1(b) and (e)).

In JJA, SAM+ intensified extratropical winds and
waves at high latitudes in the Southern Hemisphere,
and conversely, they were weakened at mid-latitudes.
Southerly waves are swell-dominated [29], and
energetic southerly swells in the Eastern Pacific
(figure 1(k)) intensified in JJA due to increased
extratropical wave power (+9 kW m™!). However,
ENSO+ generated the opposite effect on westerly
and southerly swells (~—4 kW m™!), reducing their
energy in the southeastern Pacific. Annular modes
and ENSO induce opposite effects on extratropical
and southerly swells, which affect the east coast of
the Pacific. For these swells, the SAM+ phase (JJA)
serves as an amplifying factor. In the Indian Ocean
and Pacific Ocean, SAM+ intensified southern trop-
ical winds (~-+0.75 m s~!). However, in the tropical
Atlantic, ENSO+ intensified windsup to ~ +2ms™ L
triggering an increase in swells in the Caribbean Sea
(~+2kW m~!). ENSO+ intensified monsoon winds
(~ 4+0.5 m s7!) in the Bay of Bengal. In contrast,
in the Arabian Sea, a decrease (~—0.3 m s~!) in
the wind velocity and swell energy (~ —0.3 m s~ ;
~—3 kW m™!) was recorded (figures S3(i)—(1)).

During ENSO+ in MAM (figures S5(g)—(1), (r)),
extratropical winds decreased near the Strait of
Magellan (~—0.5 m s~ 1), while on the Pacific coast
of Mexico, they increased. During this season, swells
propagating from the west intensified in the north-
east Pacific (~+8 kw m™!) and decreased in South
America (~ —8 kwm™!). In SON, the southern trade
winds decreased (~ —0.75 ms~!), which also affected
the southern tropical belt.

4. Long-term hazard variability in extreme
events

The results, expressed as changes in the intensity of
RP20 events, exhibited patterns similar to those under
the average conditions, with some exceptions.



Environ. Res. Lett. 19 (2024) 114040 1 Odériz et al
ENSO+ (EI Nifio) SAM+ (JJA) AO+ (DJF)
a) Wind (DJF) b) Wind (JJA) ¢) Wind d) Wind
r i‘
SH I -
[ A - =N e - - _ . B - - — 2o S
' i R i 1] i, DRI ol Al
I,,JJ . ,,Z4 h} ik | ] N~
e) Swell (DJF) ) Swell (JJA) g) Swell h)Swell
P |
P |
-~ g # 5, — —a. ——— ———————
; S — :’:/ '~ A ‘ NH
! \ 4 i 20 || oo {
B s RS e

wind/swell decreases in velocity/wave power wind/swell increases in velocity/wave power

\’,_\}

Easterlies Westerlies Southerlies

S~ ]

Easterlies Westerlies Southerlies

Region where the mode of climate
variability occurs

Figure 1. Long-term spatial hazards patterns of wind (a)—(d) and swell (e)—(h) during the positive phases of ENSO+ (DJF and

JJA), SAM+ (JJA), and AO+ (DJF).

4.1.SST

The habitat of coral reefs is restricted by the thermal
range: between 25 °C and 29 °C [34], while tem-
peratures below 18 °C or over 40 °C cannot be
tolerated [35]. In JJA, the RP20 over the entire ana-
lysis period showed an increase in the SST from
north to south (figure 2(d)), contrasting with the
results for DJF (figure 2(a)). This pattern is sim-
ilar to the seasonal variability in warm waters. The
highest RP20 values were found north of Australia in
DJF (31 °C) and in the Persian Gulf in JJA (36 °C).
Moreover, in the Indian Ocean, the RP20 values were
greater in MAM, as shown in figure 2, where Panels
a and b show the long-term average RP20 for each
season. The black regions denote the locations of
coral habitats where significant GEV fitting was not
observed.

In DJF, El Nino warmed Caribbean waters by up
to 0.4% and the southwest Pacific and west Indian
Oceans (Somalia, Kenya, and Tanzania), which is con-
sistent with the seasonal anomalies observed under
average conditions. The AO+ increased the RP20
of the SST in the North Mexican Gulf (0.3%) and
the Red Sea (0.7%), conforming with the anom-
alies found under seasonal average conditions (figure
52(g)).

The ENSO warms tropical east Pacific waters,
with an increase found here in all seasons, with the
greatest increase in JJA, when the RT20 increased by
up to 1%. SAM+ showed a notable increase in the
warm pool region and northeast of Australia, with
the RP20 in the Indo-Pacific, averaging 0.3%, reach-
ing 0.7% in the northern region of the Great Barrier
Reef, Australia.

The extreme SST is most affected by ENSO+ in
MAM, and the greatest anomalies were found dur-
ing this period, impacting the Isthmus of Panama, the

5

Red Sea, the Arabian Sea, and Southeast Asia by up
to 1.2%. In contrast, in SON, the seasonal variabil-
ity was less influenced by ENSO+-. This finding aligns
with the variations obtained under average condi-
tions, where the SST anomalies in MAM extend over
large oceanic areas, particularly in the Indian Ocean
and Atlantic. In contrast, the anomalies were reduced
in SON, especially in these regions.

4.2. Extreme winds

We identified high-interest regions exposed to
extreme winds affected by climate modes. Since wind
power is proportional to the cube of the wind speed,
even minor shifts in speed can result in significant
implications for risks. Seasonally, higher RP20 val-
ues were found at mid-latitudes due to extratrop-
ical winds, while subtropical and tropical regions
exhibited lower wind speeds. There were regions
with RP20 values of over 40 m s~ !: northern Europe
in DJF, affected by extratropical cyclones; eastern
Asia in JJA and SON; and the eastern USA and
Caribbean countries in SON, affected by tropical
cyclones (figures 3(a), (d), S6(a), (b)).

In DJE anomalies in wind patterns induced by
AO-+ were observed in the West North Pacific, North
Europe, and tropical regions, generally without any
relevant changes affecting coastal cities, although
there were exceptions.

In JJA, ENSO+ impacted many cities, particu-
larly in the northwest Atlantic and northwest Pacific.
RP20 values greater than those listed above were
found in 3 cities, namely, Coatzacoalcos (Mexico),
Kill Devil Hills (USA), and Nassau (Bahamas), with
values of up to 7%. SAM+ induced less variation
in the RP20 in the Southern Hemisphere for coastal
cities, with the maximum value reaching 2.85% for
Hobart (Australia).
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Figure 2. Thermal stress for coral reefs. The 20 yr return period of extreme SST in (a) DJF and variations induced by (b) AO+

The ENSO+ in MAM exhibited the highest
fluctuations for the climate modes analyzed. San
Sebastian (Chile) experienced the greatest increase,
25.6%, with no significant variations under average
conditions. Other cities in Japan exhibited increases
of up to 6%—-7% from April to December, marking
the start of a typhoon season more intense than nor-
mal. In contrast, SON exhibited less spatial extension
impacted by ENSO+, with the highest variation in
RT20 in Qinzhou (China), at 4.17%.

Mangroves are greatly affected by tropical cyc-
lones, with large regions exposed to high winds,
including the northwest of Australia in DJF the
USA (Florida), and China in JJA. In the Southern
Hemisphere, SAM+ (JJA) led to a greater increase in
extreme winds in mangrove areas than in cities. In

DJF, ENSO+ intensified extreme winds over Fiji and
northwest of Australia (7.1%). During this season,
AO+ affected New Orleans (3.98%), the eastern coast
of India (up to 6.15%) and some regions in southern
East Asia.

ENSO+ in MAM was again the mode with
most influence, with notable anomalies in north-
ern Australia (19.8%), the east coast of Madagascar
(10%), and the central Pacific coast of Mexico (8.5%).
SON is the season in which fewer impacts of ENSO+
were registered globally, although there were higher
values in certain mangrove areas.

4.3. Ocean waves
There were significant variations in the geograph-
ical distribution of wave energy during the different
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Figure 3. Extreme winds for mangroves. The 20 yr return period of extreme wind gusts speed in (a) DJF and variations induced

seasons for the three climate modes, as figure 4
shows. In contrast to winds, the RP20 of waves
yielded less clear latitudinal patterns, due to the
directional nature of wave propagation. In DJE
the regions with greater return periods include the
coasts of Japan, Europe and the USA. South Africa,
Madagascar, Australia, and New Zealand also experi-
enced heightened intensity during this season. In JJA,
wave energy increased along the coasts of southern
America, the west coast of India, and the Gulf of
Mexico and Caribbean, primarily influenced by trop-
ical cyclones.

In MAM, under the influence of the ENSO, Torres
in southern Brazil experienced a 44.14% increase,
while Mahajanga (Madagascar) experienced a 22%

increase under RP20. In JJA, ENSO- affected the west
coast of Mexico, Japan, and the northeast Atlantic.
Locations such as Pykkviba (Iceland) exhibited a sub-
stantial increase (105.22%), Kushiro in Japan experi-
enced a 59.55% increase, and Coronel in Chile recor-
ded a 49.34% increase.

The SAM+ phase in JJA induced an increase in
the intensity of RP20 in various regions, including
Scottburgh in South Africa (164.6%), Old Bar in
Australia (49.18%), and Iquique, Dichato and Arica
in Chile (up to 66.34%). Cities on the west coast of
Mexico (Acapulco) and Indonesia (Bengkulu) were
also affected by the intensification of swells origin-
ating from the Southern Hemisphere, as suggested
by the anomalies found under average conditions.
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a) Wave power (kW/m) for Tr=20 years in JJA
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Figure 4. Extreme waves for coastal urban areas. The 20 yr return period of extreme wave power in (a) JJA and variations induced
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Interestingly, there was a greater increase in extreme
waves on the coasts of Indonesia and Mexico than that
in seasonal average conditions.

In DJF, similar to the AO, ENSO+ contributed
to increased wave power in cities such as Castletown
(UK) and Les Cousteaux (France). Overall, in Europe,
the variability in the wave climate during the positive
ENSO and AO phases influenced extreme wave con-
ditions in a similar way. The intensification observed
in the Caribbean during the SAM was not identified,
with swells propagating from the south under average
conditions.

5. Discussion

In this section, we explore how the literature on
teleconnection mechanisms can explain and sup-
port our results. In addition, the potential imple-

mentation of the findings in practical applications is
described.

5.1. Results consistent with established
teleconnection mechanisms and observed extreme
events

Identifying the atmospheric and oceanographic
mechanisms behind teleconnections is beyond the
scope of this study. However, understanding these
mechanisms is crucial for determining the role of
these modes in the observed variations. Figure 5
shows the regions where the long-term variability
affects extreme events. We compare these findings
with observations found in the literature.

In thermal stress analysis, the regions where
climate modes impact extreme temperatures
(figure 5(c)) are Central America, the Arabian
Peninsula, the Indo-Pacific region, Mozambique,
and Madagascar. The Gulf of Suez, where the AO
signal has been detected in historical records [36],
is the region most affected by the AO+ phase in
DJF. Under the influence of ENSO-, the results
showed an increase in the eastern Caribbean Sea, the
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Figure 5. Exposure regions where the modes of climate variability have influenced the 20-year return period for coastal hazards:
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central Indian Ocean, and the eastern Pacific Ocean,
where the impacts of the ENSO on coral reefs have
been documented [34], such as in the Lakshadweep
Archipelago of the Indian Ocean [37]. Our results
showed that the Galapagos coral reef is the region
most affected during ENSO+ events in JJA. In this
region, records exceeded 43 °C during El Nino
events from 1982-1983 and 1997-1998 [38]. The
variability induced by SAM+ in the coral reefs of the
Indo-Pacific was noteworthy in our extreme analysis.
Studies have related higher surface temperatures in
the southwestern Pacific to heighten positive phases
of the SAM [39].

It has been widely demonstrated that tropical
and extratropical cyclones are influenced by climate

modes. In the North Atlantic, our results showed that
winds were intensified during El Nino at the begin-
ning of the hurricane season (JJA), but decreased
towards the end of the season (SON). El Nino
enhances the frequency and intensity of tropical cyc-
lones in the Pacific [40-42], and our results fur-
ther underscored the role of ENSO+ in augment-
ing tropical cyclone activity. In particular, in MAM,
typhoon activity increased with smaller increases in
JJA and SON. In SON, an increase in the intensity
of RP20 along the Mexican Pacific coast was detec-
ted. In DJF, the eastern Australian coast was impacted
by a more active tropical cyclone season. During
ENSO+ events, our results did not show an increase
in extreme winds for the northwestern coast of the
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USA. In this area, several authors [43, 44] have repor-
ted that the frequency of extreme winds decreases
during the boreal winter months under El Nino.

Additionally, our results revealed that there are
significant correlations between the AO+ phase and
extreme wind variations in Europe. However, we
observed similar regional patterns for the ENSO and
AO. The impacts of the AO in Europe described in this
work are consistent with current state-of-the-art find-
ings. In the case of the ENSO, the intensity of RP20
increased with extratropical wind activity, which
agrees with previous studies [45]. Conversely, other
studies have suggested that ENSO patterns resemble
NAO patterns in the European climate [46]. This
long-term behavior leads us to hypothesize that the
NAO (asimilar pattern to that of the AO but restricted
to the Atlantic Ocean [15] and not analyzed here) may
become a critical mode for this region in the future,
where projected changes and internal atmospheric
variability cannot be confidently separated [47-49].
Further investigation for this region is needed to bet-
ter understand the interaction between the ENSO
and AO. With our analysis, we could determine that
the ENSO and AO interact, but we could not clarify
whether our results suggest temporal synchronicity
for both climate modes, leading to similar outcomes,
or whether there is a teleconnection mechanism that
produces these similarities. Consistent with earlier
works [13, 19], ENSO+ modifies extratropical waves
in the Pacific region. The results shown here demon-
strate that ENSO+ is linked to intensification of the
northern extratropical wave climate in DJF and MAM
and to a decrease in swells coming from the Southern
Hemisphere in MAM. Therefore, swells originating
from the south are enhanced by the SAM, which
explains the energetic swells affecting the Pacific coast
of America (from Peru to California) over the last
decade [50]. Under average conditions, the ENSO and
annular modes induce opposite responses in terms of
swell energy off the east coast of the Pacific. The AO+
phase triggers a decrease in the swell energy origin-
ating from the west, while ENSO+ strengthens it. In
Europe, wave power responds similarly to the ENSO
and AO, showing both mode connections, similar to
what was determined for extreme winds.

In addition, natural variability is affected by
anthropogenic drivers [47, 51]. Many studies suggest
that it is likely that the ENSO will intensify [52, 53], as
will the positive phase of the annular modes [54, 55].
These changes in natural variability over the next cen-
tury can have repercussions on future coastal hazards
[56], as well as on the spatial regions defined in this
work.

5.2. Potential practical implication

In this study, we highlight the fact that seasonal
changes in extreme events of the main climate
variables related to coastal impacts (SST, winds, and
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waves) result from weather patterns and interannual
variations. These changes have been associated with
urban areas and regions where mangroves and coral
reefs are located, both of which are valuable, due to
the several services they provide. Our study identified
regions, shown in figure 5, where long-term variabil-
ity affects the RP20. This might have implications for
seasonal forecasting and risk assessment across these
timescales. While it is beyond the scope of this study
to demonstrate the consequences of climate modes on
coastal risk and adaptation, the information provided
on regions at a global scale might be useful for devel-
oping in-depth analysis of climate variability for long-
term risk reduction, designing nature-based solu-
tions (NbS), or planning the adaptation of urbanized
coastal areas. The purpose of this section is to discuss
how this study can build a bridge between long-term
hazard variability and its implications for risk, adapt-
ation, and NbS designs.

The need for seasonal forecasts has been emphas-
ized by the IPCC [57]. Long-term variability mod-
ulates seasonal extreme conditions, and for some
regions, the integration of climate modes might be
required to guarantee accurate seasonal forecasting.
Our results illustrated the changes in intensity of the
20 yr return period (a familiar parameter for risk
experts) in response to interannual variations. Future
analyses should address how hazard variability and
its effects on coastal risk assessment could poten-
tially lead to underestimating the real risk in urban
areas.

NDS are promising alternatives for climate change
adaptation and disaster risk reduction. However, the
long-term response of ecosystems to global change
remains highly uncertain, and the effectiveness of
NbS may be compromised due to an incomplete
understanding of the long-term hazard variability.
The biophysical characteristics of ecosystems respond
to both average and extreme climate conditions. For
instance, the seasonal average of winds plays a cru-
cial role in dispersal pollination [58, 59], while trop-
ical cyclones can modify mangrove forest structures
[60, 61]. In this study, we examined the long-term
variation in both seasonal average conditions and
extreme conditions, recognizing that the resilience
of ecosystems, and thus their provided services, may
respond in different ways under different climate
conditions [62]. This long-term climate variabil-
ity is a critical element to be incorporated in the
design, construction and maintenance of NbS since,
in contrast to rigid infrastructure, the biophysical
features of NbS (e.g. forest structure, cover, or bio-
mass) can vary with time, affecting their perform-
ance in coastal protection. For example, the biophys-
ical features of NbS, which can be modified by long-
term climate variability, are crucial for quantifying
the coastal protection services provided during their
lifetime [63].
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6. Conclusions and future work

This study analyzed the exposure of coastal urban
areas and ecosystems to long-term hazard variability.
In particular, we characterized variability of coastal
hazards and identified regions where the seasonal
average and extreme conditions of the SST, extreme
winds, and waves are modified under the influence of
the main polar (AO and SAM) and tropical (ENSO)
climate modes. These results show exposed systems
(urban areas, mangroves and coral reefs) worldwide.

In general, ENSO increases the intensity of events
with a 20 yr return period probability for winds,
waves, and SST. Meanwhile, the AO during DJF
increases extreme waves intensity related with a RT20
in Europe, and the SAM during JJA increases intens-
ity in Australia, South America, and South Africa.
Extreme SSTs with a 20 yr return period increase in
intensity due to ENSO during MAM and JJA, SAM in
the coral reefs located in the Indo-Asian Ocean, and
AO in the Red Sea.

The findings are presented in a manner that is eas-
ily interpretable and implementable for stakeholders,
and provide information for determining whether
these variations should be incorporated into site-
specific studies, and this study serves as a reference
for future climate consequences.

In future research, efforts should be developed
towards analysing climate modes and risk, as neg-
lecting this factor might lead to inappropriate risk
reduction planning, protection design, and adapt-
ation measures for some regions. We emphasize
the importance of further research on incorporating
long-term hazard variation into the design of NbS,
since ecosystem services change with climate stress.
This can potentially affect the reliability assessment
and the design of NbS to ensure the maintenance the
required standards for protection during the project’s
lifetime. This methodology can be applied to other
exposed systems, such as critical infrastructure, and
to other ecosystems. It can also be extended to include
additional hazards, such as precipitation and storm
surge. More importantly, these models should be
integrated into long-term risk reduction assessments
that consider multihazard and multisector scenarios,
where cities and ecosystems coexist. Such integration
would allow analysis of the consequences for several
systems, considering the co-occurrence of hazards,
which is essential for a more realistic characterization
of our complex world.
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