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Abstract Wave direction and wave power are the main climate-related drivers of large-scale coastal
morphological hazards on open sandy coastlines. El Nifio-Southern Oscillation (ENSO) is the main
climate driver affecting global wave climates on interannual timescales. Hence, a quantification of wave
climate variability with ENSO would aid the characterization of coastal risk as a first-pass assessment tool.
However, no such data are available on the global scale at present. To address this, this work (1) quantifies
ENSO impacts on global mean wave direction and wave power, and (2) classifies the global coast
according to the ENSO wave climate hazard. The correlation coefficient (R) of the Multivariate ENSO
Index between wave power and mean wave direction was calculated. Then, employing a multivariate
technique, the resulting R values were used to classify the global coastlines. The results show that ENSO
has distinct latitudinal impacts around the world. El Nifio increases the wave power of swells generated
in the extra-tropics which propagate toward the tropics, a phenomenon which is particularly notable in
the Pacific Basin, while the most significant rotations in wave direction with ENSO occur at tropical and
subtropical latitudes. Based on this new information, the global coastline was classified into five distinct
types, depending on the directional wave climate response to ENSO.

Plain Language Summary High ocean waves can cause erosion and flooding of coastal
regions. Wave climate—the term used to describe the characteristics of ocean waves at a certain
location—varies on timescales of seasons to decades. This variability can increase or reduce the amount
of wave power received at the coast, affecting the probability of coastal flooding or erosion. One of the
principal drivers of long-term wave climate variability is El Nifio-Southern Oscillation (ENSO). This work
undertakes a global analysis of wave climate response to El Nifio and La Nifia events along the world's
coastlines. Results show that wave power is most increased/decreased during El Nifio/La Nifia at high
latitudes (extra-tropical zone), while wave direction is most impacted at low latitudes (tropical zone). As
the wave climate response to ENSO is different around the world, the global coast was classified into five
types, a criterion that can be used for regional coastal planning and management.

1. Introduction

Long-term variability of the wave climate induces interannual to multidecadal fluctuations of the shore-
line (Barnard et al., 2015; Kelly et al., 2019; Mortlock & Goodwin, 2016; Yates et al., 2009) as wave power
and direction can be driving forces of coastal morphology. This lower frequency variability can modify
erosion and flood risk on the seasonal scale (Wahl & Plant, 2015). Previous work has demonstrated the
long-term wave climate variability is strongly influenced by atmospheric teleconnection, for instance: the
Pacific Decadal Oscillation (Bromirski et al., 2013; Odériz et al., 2020), the Pacific/North American (Menén-
dez et al. 2008; Shimura et al., 2013a), or El Nifio-Southern Oscillation (ENSO; Reguero et al., 2015, 2019;
Semedo et al., 2010; Stopa & Cheung, 2014).

ENSO has been identified as one of the most important oscillatory mode of interannual variability of the
global climate system (Neelin et al., 1998), and a primary driver of global wave climate (Stopa & Che-
ung, 2014). ENSO is a coupled ocean-atmosphere phenomena, which exhibits oscillatory behavior on a
timescale of 2-8 years, with complex, diverse patterns (Takahashi et al., 2011). The most well-known types
of ENSO are Canonical or Eastern Pacific (EP) ENSO, where the Sea Surface Temperature (SST) anomaly
originates in the Eastern Pacific Ocean (Rasmusson & Carpenter, 1982) and Modoki or Central Pacific (CP)
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ENSO (Ashok et al., 2007). The asymmetry, amplitude, temporal evolution, and intensity (weak, moderate,
or extreme) of each ENSO event (Cai et al., 2015; Santoso et al., 2013) vary greatly. Depending on its char-
acteristics, the effects of ENSO on the climate can be very diverse (Timmermann et al., 2018). For instance,
Barnard et al. (2017) reported the extreme El Nifio impacts of 2015-2016 on the West coast of the USA were
different from those of previous El Nifio events. Mortlock and Goodwin (2016) found that directional wave
climates on the east coast of Australia showed significant differences between EP and CP ENSO types.

Previous work has demonstrated that the vulnerability of Pacific coasts is dominated by ENSO (Barnard
et al., 2015; Goodwin, 2005; Ruiz de Alegria-Arzaburu & Vidal-Ruiz, 2018; Silva et al., 2017). Moreover,
many studies have been carried out to identify the wave climate response to ENSO at a global scale (Mori
et al., 2018; Reguero et al, 2015, 2019; Semedo et al., 2010; Stopa & Cheung, 2014). While these contribu-
tions have provided substantial information, more data is needed on ENSO coastal morphological hazards
at a global scale from a physical perspective to assist in coastal management decisions, particularly for
data-poor locations with limited observational networks. In particular, the mean wave directional response
to ENSO, the most important driver of coastal sediment transport (Barnard et al., 2015; Morim et al., 2019;
Ranasinghe, 2016; Toimil et al., 2020), still remains undocumented on a global scale.

Therefore, this work aims (1) to quantify ENSO effects on global wave direction and wave power as cli-
mate-related drivers of coastal morphological hazards, and (2) to use this information as a basis for classify-
ing global coastal morphological hazard (based on wave direction and wave power) with ENSO. Using the
latest wave reanalysis dataset, ERA 5, a global correlation approach between wave power, mean wave direc-
tion, and ENSO climate indices was developed (ONI, Oceanic Nino Index; SOI, Southern Oscillation Index;
MEI, Multivariate ENSO Index; and Nifio 3.4). A multivariate k-mean cluster was applied to identify similar
ENSO responses on coasts around the world. The results showed different behaviors in each ocean basin
and five coastal types were identified, with different levels of ENSO coastal morphological hazard response
which we classify as Low, Moderate, High 1, High 2, and High 3. This information can be used by coastal
practitioners to gain a first-pass understanding of regional-scale coastal vulnerability to ENSO which may
be used to produce more detailed coastal hazard assessments at local scale. We also investigated the under-
lying global trends of monthly averaged wave power and wave direction over the period 1985-2018. This
was done in order to contextualize the magnitude of interannual variability with the long-term trend, and
to differentiate these components (i.e., variability/trend in wave power and direction) in their contribution
to coastal hazards (coastal erosion and flooding) over the last four decades.

This study is organized as follows: first, the data and methods used are explained in Section 2. Section 3 de-
scribes the trends observed in wave direction and wave power. Section 4 reviews and validates ENSO climate
indices. Next, the composite anomalies for ENSO phases over the past 40 years are described in order to elu-
cidate general patterns of ENSO coastal morphological hazards. Section 5 presents the coastal classification
produced in this work. Finally, a discussion of the results and conclusions are given in Sections 6 and 7.

2. Data and Methods
2.1. Wave Data

Wave power and mean wave direction are considered to be climate-related drivers of coastal morpholog-
ical hazards in this work (Barnard et al., 2015; Reguero et al., 2019). In this analysis, only the deep-water
wave climate is considered. Sea level or local effects, such as sea-bed interaction, or sediment supply are
not considered but may also be important locally. For the calculation of these wave parameters, the latest
reanalysis dataset ERA 5 (Copernicus Climate Change Service [C3S], 2017) from the European Centre for
Medium-Range Weather Forecasts from 1979 to 2018 was used, with a global resolution of 0.5°. The spectral
wave model used in the ERA 5 wave hindcast was HRES-WAM (Guenther et al., 1992), with 24 directions

2
and 30 frequencies. The wave power was calculated for irregular waves, defined as B, = Z% SZTL, (W / m);
T

where H; (m) is the significant wave height of combined wind waves and swell, and T, is the energy period
(Te =m_y/ my = aTm,s); where o = 1.08 (Webb & Fox-Kemper, 2011) and Ty,(s) is the mean wave period.
All these values were monthly averaged to allow for direct comparison with the ENSO climate indices,
which are calculated monthly.
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2.2. Validation of ERA 5

The ERA 5 wave dataset was validated with altimetry data GlobWave, which integrates different satellite al-
timeter missions (GEOSAT, ERS-1/2, TOPEX/Poseidon, GFO, Envisat, Jason-1/2, and CryoSAT), (Gavrikov
et al., 2016), the spatial resolution is 1° and the temporal resolution is monthly. Given that the grid resolu-
tion of the datasets were not the same, the monthly values of ERAS5 were interpolated to the grid resolution
of GlobWave. For the period 1992-2013 the bias (1) was calculated for the significant wave height, on a
seasonal and yearly basis:

Bias(é) = Ex|9(é) -0 = M @®

where @ is the estimator (ERAS5) and @ is the estimated value (GlobWave). Then, the interannual validation of
ERA 5 was computed. For ERA5 and GlobWave, the correlation coefficients R between ENSO climate indices
(ONI, MEI, SOI, Nino3.4, as defined in detail in Section 2.4) and the significant wave height (H;) was calcu-
lated, as explained in Section 2.5. The Bias of R between both datasets was used for interannual validation.

2.3. Long-Term Trends in Wave Power and Direction

For each time series of monthly values, the trend of P,, and Dir,, was calculated, using the Least Squares ap-
proach, where ¢ is time and y is the variable analyzed. The method defines the total deviation of the dataset
at each time step ¢;, with respect to the values projected over a lineal model (Equation 1). The optimal values
of the coefficients a and b are those that minimize the total deviation. Then, the yearly trend was calculated
by dividing the range in the time series by the time period in years (m =x;—x/tr =t ) The significance
of the trends was calculated using the Mann-Kendall (Hirsch et al.,1982) test at a 95% level of confidence.

X2 =3y~ (at, + b))’ @)

Y, =at; +b 3)

2.4. ENSO Climate Indices

ENSO has various impacts in space and time. For that reason, no one climate index can better represent
ENSO impacts than another. Even the identification of an ENSO year was debated for several years (Ashok
et al., 2007). ENSO climate indices can be classified into: those that use sea level pressure (e.g., SOI and
Equatorial Southern Oscillation), the sea surface temperature indices (e.g., Nifiol, Nifio 1.2, Nifio 3, Nifio
4, and Nino 3.4), those that consider Outgoing Longwave Radiation (OLR) and finally, those that use wind
or other parameters, combining more than one variable. Previous studies focusing on ocean waves used
the SOI (Reguero et al., 2015), Nifio 3 (Reguero et al., 2019), Nifio 3.4, (Shimura et al., 2013; Stopa & Che-
ung, 2014), and MEI (Barnard et al., 2015, 2017). However, these authors did not establish why one or
another climate index was used in their work.

In this study, four climate indices curated by the National Oceanographic and Atmospheric Administration
Earth System Research Laboratory were used. Each climate index was analyzed for its statistical signifi-
cance against wave power and direction, in order to identify which was the most appropriate for the descrip-
tion of global wave climate response to ENSO.

1. The SOI is calculated using the monthly mean Sea Level Pressure (SLP) difference between Tahiti and
Darwin. During the phase of El Nifio (La Nifia), negative (positive) values of SOI, negative (positive)
anomalies are found in Tahiti, while positive (negative) anomalies are found in Darwin

2. The Nifio 3.4 is the SST anomalies of the region (5°N-5°S, 170°W-120°W) in the tropical Pacific. This in-
dex has previously been found to be the most representative for the SST regions (Trenberth & Hoar, 1997)
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3. The ONI, is a 3-month moving average of the SST anomalies in the Nifio 3.4 region. Values greater than
0.5 are El Nifio phenomena, less than —0.5 are La Nifia and values between —0.5 and 0.5 correspond to
neutral phases

4. The MEILv2 (MEI Version 2) is a bi-monthly index of the Empirical Orthogonal Function considering
five variables (SLP, SST, OLR, zonal, and meridional components of the surface wind), over the tropical
Pacific (30°S-30°N and 100°E-70°W)

2.5. ENSO as a Wave Climate Driver

The composite anomalies for ENSO phases (El Nifio and La Nifia) were computed to depict the general
mechanism that affects the atmosphere and wave climate. Anomalies of individual extreme ENSO events
were analyzed to detect dissimilarities that may exist between individual events. For this, the monthly
anomalies (xAye,) of SLP, P,,, and Dir,,, were calculated as the values of the month n of the year analyzed

1 i=N
(%yearn) minus the average of this n month for all the years (W > Xin)-
i=0

1 i=N
XAyearn = Xyearn _ﬁ inn;n =12,..,12 (4)
i=0

The general effects of ENSO on mean wave direction and wave power were calculated using the correlation
coefficient between the residual time series of P,, and Dir,, and the MEI, ONI, SOI, and Nifio 3.4 climate
indices. The time series were considered as an Additive Model (X; = T, + S; + R,.), then the residuals R,
were calculated, removing the trend (T;) and the seasonal component (S,). The seasonal component (S,) was
calculated by applying a moving average for the 12 months.

The correlation coefficients were calculated using the Pearson approach (Kendall, 1948) with a level of con-
fidence of 95%. When the probability was less than 5% (p < 0.05) the correlation coefficient was considered
as statistically significant. From Equation 4, x4 and s4 are the mean and standard deviations of the variable
A (Climate Index) and Xz and s of the variable B (wave power and mean wave direction). Cross correlation
was computed within a 12-month lag window to find the lag when the maximum value of R was obtained.
Only values statistically significant were considered for the analysis. A 12-month window was used based
on a typical duration time of an ENSO event. This time is dependent on the travel time of oceanic Rossby
waves to reach the land boundaries and for subsequent reflection of Kelvin waves that dissipate the ENSO
signal. The results of months are presented in absolute values.

L M- |(Bi-xp
R(A’B)_N—l,zl[ ” J{ - ] 5)

2.6. Coastal Classification

The second aim of this work was to identify the patterns of ENSO coastal hazards around the world. A
multivariate k-mean clustering technique (MacQueen, 1967) was used to detect spatial patterns of ENSO
impacts on wave climate, applying the MATLAB® Statistics and Machine Learning Toolbox. This technique
gathers variables with similar characteristics, creating clusters based on the similarity (near) and dissimi-
larity (far) of the variables of other clusters. The method uses the Euclidian distance from a point x;, to the
centroid C; (Equation 5). The classification variables were the R. (MEI-Py) and R ;450 (MEI-Dir,,) for coasts
worldwide. These variables were normalized, from 0 to 1, to give the same weight to each variable in the
Euclidian distance. The optimal number was calculated by repeating the k-mean clustering technique from
2 to 10 clusters. For each number of clusters, the sum of the squared error (SSE) of the distance and the
Silhouette coefficient (Kaufman & Rousseeuw, 1990) were calculated. Then, the SSE versus the number of
clusters were plotted and the Elbow Method was applied. The Silhouette criterion was applied by selecting
the maximum value of all the Silhouette coefficients obtained.

(x.C)’ ©6)

M=

d(x,C) =
i=1
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Figure 1. (a) Global annual trend of P,, from 1985 to 2018; (b) global trend of Dir,, from 1985 to 2018. The dots mark the trends that are significant, at 95%

confidence level.

3. Global Trends

First, we investigated the global trends (1985-2018) of monthly averaged wave power and mean wave di-
rection, to differentiate them from interannual variability, and in order to later compare them in detail as
climate drivers of long-term coastal morphological hazards. The initial year of the time range was selected,
as the year when the first altimeter wave data, GEOSAT, was available (Young et al., 2011). The global
trends for the period 1979-2018 was also calculated, with no large differences (Figure S9 in Supporting In-
formation). Figure 1a shows that wave power tends to increase in all the ocean basins, with the exceptions
of the northcentral and tropical east Pacific. The trends in P,, show a latitudinal variation, with the highest
values found in the Southern Ocean, with an increase from 0.2 to 0.4 kW/m/year, and the lowest values
found in the tropical belts, from 0.02 to 0.15 kW/m/year. These effects had been already demonstrated in
global winds (Ribal & Young, 2019), and in wave climate (Babanin et al., 2019; Ribal & Young, 2019; Young
et al., 2011). The trends 1985-2018 resemble the robust consensus that an increment of the mean and high
percentiles of H, in the Southern Ocean exists (Ribal & Young, 2019; Young et al., 2011). The power of the
waves propagating from the Southern Ocean, from where most of the swell waves radiate across the Pacific,
Indian, and South Atlantic Oceans (Alves, 2006; Babanin et al., 2019), could be the reason for the increase
in wave power in almost all the ocean basins (Morim et al., 2019). This agrees with the changes found
in atmospheric circulation, where the Hadley Cell expands poleward, leading to reduced intensity in the
tropical circulation. This expansion also magnifies the extratropical westerly winds in the positive phase of
the annular modes, which is particularly clear in the southern hemisphere (Reichler, 2009). On the other
hand, the Aleutian Low is projected to decrease (Lu et al., 2008), which could explain the reduction in
wave power in the North Pacific 1985-2018. The spatial patterns and magnitude obtained for wave power
trends from 1985 to 2008 (Figure S12 in Supporting Information) are broadly similar on the global scale to
those obtained by Reguero et al. (2019). However, some dissimilarities exist between this analysis and that
of Reguero et al. (2019) for the Pacific coasts of South America. This region is affected by energetic swells
generated in the Southern Ocean and the main source of difference might be related to the reanalysis used
(GOW vs. ERA 5). GOW was forced by WaveWatch III (Tolman, 2009), and ERA 5 by WAM (Guenther
et al., 1992). While we do not purport to know which approach is best, we note that the relatively new ERA 5
wave hindcast performs consistently well for significant wave height when compared with global altimetry
observations (Timmermans et al., 2020) and with the seasonal and long-term variability of GlobWave as
shown in Figures S1, S2, and 2.

From the trends analysis, the mean wave direction shifts anticlockwise (blue) in almost all of the ocean
basins, while in the extratropical and tropical Indian Ocean, and tropical South Atlantic, the wave direction
shifts clockwise. Significant clockwise shifts in wave direction are found in the South Pacific and the North-
east Atlantic (0.3 degrees/year, or approximately 10 degrees over the period 1985-2018), while a significant
anticlockwise rotation is found in the Tropical East Pacific (up to 0.7 degrees/year, or approximately 24
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Figure 2. Bias of Correlation Coefficients (calculated sequentially between ENSO climate indices and ERA-5 derived H,, and same again for GlobWave H)
from 1992 to 2013. (a) ONI, (b) MEI, (c) Nino 3.4, and (d) SOIL. ENSO, El Nifio-Southern Oscillation; MEI, Multivariate ENSO Index; ONI, Oceanic Nino

Index; SOI, Southern Oscillation Index.

degrees for the analysis period). Since the prevailing wave direction in the South Tasman Sea (Australia/
New Zealand) is southeasterly, and is northeasterly in the Northeast Pacific (Mexican Pacific and Califor-
nian coast), these changes signify a rotation toward the south in both locations.

4. ENSO as a Wave Climate Driver

In this section the interannual variability in the general pattern of the directional wave climate induced by
ENSO, is analyzed. The potential differences that may exist between individual events is also highlighted.
Prior to this analysis, we present a validation of the seasonal and interannual variability in ERAS5 wave
heights against global altimetry measurements.

4.1. Validation of ERAS5 Seasonal to Interannual Variability

In general, significant wave heights from ERA 5 are negatively biased for seasonal variability when com-
pared to the altimetry dataset Globwave (see Figure S1), suggesting the amplitude of seasonal variation in
wave height is underestimated. Occasionally, positive bias values were found on the western boundaries of
the Atlantic and Pacific basins, in areas generally having a larger fetch and receiving longer-period swells
from the Southern Ocean. The Asian Monsoon region also presented a positive bias. This overestimation
increases in autumn and decreases in spring.

ERA 5 showed a generally good performance in replicating interannual variability compared to altimetry
measurements, much improved on the seasonal validation, with similar spatial patterns of R as the Glob-
wave dataset (see the R-maps in Figure S2 and the R-bias in Figure 2). As it can be seen, results show low
values of bias (£0.2).

4.2. ENSO Climate Indices

As explained previously, there is no specific climate index that is best to analyze ENSO impacts. It depends
on the region and the variable studied. In this section, we analyze which ENSO index is best for an analysis
of global wave power and direction. For this, the statistical significance of correlation coefficients (Figure 3)
between P, and Dir,, and each climate index, and their difference in magnitude (Figure S16) were calcu-
lated for all the ocean basins. Although both values were compared, we used statistical significance as the
robustness criteria to identify correlation. The climate index with the most statistically significant points
will be that which covers the ENSO phenomenon spatially best over the global scale. Some areas may show
high magnitude difference in R values, but if these occur in areas where the relationship between wave
parameters and the ENSO index is not statistically significant, the magnitude difference may not be a good
descriptor of the robustness of the ENSO index. Nevertheless, the differences in magnitudes between R
values are also analyzed on a regional basis.
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Figure 3. Statistical significance of the ENSO Climate Index for wave power and mean wave direction. The top and bottom panels are P, (a, b, ¢, d) and
Dir,(e.f, g, h), respectively. The first column shows the SOI (a, e), the second the ONI (b, f), the third the Nino 3.4 (c, g), and the fourth the MEI (d, h). The
red dots mark significant correlation points and the values are the percentage of statistically significant spatial cells worldwide. ENSO, El Nifio-Southern
Oscillation; MEI, Multivariate ENSO Index; ONI, Oceanic Nino Index; SOI, Southern Oscillation Index.

Each climate index considers different regions and parameters. For example, the SOI, which has the poorest
results for global analysis, uses the SLP for part of the southern hemisphere. Meanwhile, the ONI, MEIL, and
Nifio 3.4, which give better results, are calculated for regions in the tropical Pacific, where the phenome-
non is produced. Although, the ONI and Nifo 3.4 use the same SST database, the former uses a moving
average of the anomalies of SST for 3 months, and the second uses the monthly average. The differences in
the percentages presented for the P,, and Dir,, for each climate index might be associated with the fact that
the ENSO impact in the P, is delayed (it might take more than 1 month to see ENSO impacts in the P,),
while the Dir,, response to ENSO is evident in a shorter period of time. For example, the values obtained
for the climate index Nifio 3.4 is used with the SST of the tropical Pacific of each month, which is highly
correlated with the wave direction, (Figure 3h). However, correlation between wave power and Nifio 3.4 is
the second-worst performer of all indices. Instead, ONI or MEI—both which use a moving average of 2 and
3 months, respectively—perform better (Figures 3e and 3g). This suggests that the wave power response to
ENSO may be lagged in accordance with timescales used by the MEI and ONI.

The spatial distribution of the statistical significance of R shows, as expected, that the Pacific is the ocean
basin with greatest area of response to ENSO, followed by the Indian Ocean and then the Atlantic. As Fig-
ure 3 illustrates, the spatial response to ENSO is different for the two variables. P,, responds more to ENSO
than Dir,, globally. The Indian Ocean, in particular, is more affected by ENSO in the mean wave direction.
The opposite occurs in the Southern Ocean, where wave power is significantly correlated across the whole
belt, but not wave direction. The common regions for all the ENSO climate indices, where the R are statis-
tical significance are those where the individual ENSO events impact similarly always (Figure 3). However,
those regions where the statistical significance is not consistent for all the climate indices are transitions
frontiers where the individual ENSO events impact are different each time. The difference in magnitude be-
tween the ENSO climate indices (Figure S16) shows MEI reaches higher values globally distributed. Howev-
er, Nifio 3.4 shows especially higher values of R in the Monsoon area, while the wave power is clearly biased
by hemisphere, with higher correlation values in the Southern Hemisphere. The values of the SOI index
were the highest in the East Indian Ocean.

It can be said that globally no large differences, were found between the climate indices analyzed, in mag-
nitude nor in spatial patterns. For P,, the climate index offering the highest significance is the MEI and, for
direction, the Nifio 3.4, followed by the MEI The climate index selected for this work was the MEI, because
this index gives the best results for P,,, and the second best for Dir,, (from a global perspective).
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Figure 4. SLP (a and d), P, (b and e) and Dir,, (c and f) composite anomalies for warm and cold phases of ENSO. Top panels (a-c), correspond to El Nifio
and bottom panels to La Nifia. H and L in the SLP panels indicate high- and low-pressure systems. SLP, Sea Level Pressure.

4.3. Composite Anomalies for ENSO Phases

In this section we provide the basis for the correlation analysis by investigating the composite anomalies of
atmospheric and ocean configurations in ENSO phases. Figure 4 describes the anomalies in SLP (Figures 4a
and 4d), P,, (Figures 4b and 4e) and Dir,, (Figures 4c and 4f) for El Nifio and La Nifa. In the Supporting
Information (Figure S14) the anomalies are depicted for three extreme ENSO events: El Nifio 1997-1998,
La Nifia 2010-2011, and El Nifio 2015-2016. Those events were selected as they have the higher values in
ONL. The composite anomalies 1979-2018 show a general pattern, but the individual events here analyzed
show also dissimilarities between them.

The ENSO phenomenon originates in the tropical Pacific, as shown by the rectangle marked in Figure 4
panels. During canonical El Nifio events, this region shows positive anomalies in SLP in the west and nega-
tive anomalies in the east Pacific. This produces a weakening of the easterly equatorial trade winds, or even
a reverse in their direction (Reiter, 1978), in contrast to the strengthening of wave power in the tropical
Pacific (see Figure 4b).

During El Nifio, in the North Pacific, the winds shift clockwise, due to the positive anomalies of SLP over
the northern subtropical Pacific (Wallace & Gutzler, 1981; H. Wang et al., 2012). However, El Nifio events
produce an anomalously deep Aleutian Low (Figure 4a) and the wind strengthens anticlockwise in the
Northwest Pacific coast. This increases the wave power (Figure 4b) and the mean wave direction shifts
northward (Figure 4c). However, during the 2015-2016 event the wave fields rotated toward the south, due
to a different distribution in SLP during this event (Figures S14a and S14b). This dissimilarity in the wave
direction during the 2015-2016 El Nifio was reported by (Barnard et al., 2017). During El Nifio, in the South
Pacific, a mirror effect is produced in the SLP, where two blocking high pressure systems become quasista-
tionary in this area (Fogt & Bromwich, 2006). This leads to a reduction in wave power and a rotation of
the wavefield northward around the Magellan Straits. In the rest of the Southern Ocean, the wave power
increases during El Nifio. During the 2015-2016 event, the North Pacific experienced a larger increase in
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Figure 5. Correlation coefficients of MEI and; (a) wave power; (b) mean wave direction. The black dots mark significant correlation points at a significance
level of 95%. MEI, Multivariate ENSO Index.

wave power, while the South Pacific showed larger positive anomalies in P,, during the 1997-1998 event.
This could point to a pronounced hemispheric asymmetry of ENSO which other authors have also noted
(e.g., Timmermann et al., 2018). In the Indian Ocean, wave power generally weakens during El Nifio, as
a result of the strong positive anomalies that occur over the Philippine Sea (East Pacific). During El Nifio
in the North Atlantic, the Icelandic Low normally intensifies (Moron & Gouirand, 2003), which increases
wave power and rotates the wavefield clockwise. The El Nifio extreme event impacts in 1997-1998 and
2015-2016, however, were not identical for the North Atlantic margins including the coasts of Europe, USA,
and Gulf of Mexico, as shown in (Figures S14d, S14e, S14g, and S14h).

During La Nifia, global teleconnected SLP anomalies are inverted with respect to EL Nifio events (B. Wang
et al., 2000), (Figure 4d), producing a general decrease in wave power, with the exception of the East Indian
Ocean, the Northwest Pacific, the Northwest Atlantic, and part of the Southern Ocean. The wave fields
turn clockwise in the Northeast Indian Ocean during ENSO cold phases. In general, the spatial patterns of
La Nifia events tend to be weaker than El Nifio and are more similar between each other (Timmermann
et al., 2018).

4.4. ENSO as a Driver of Wave Climate: General Patterns

The previous analysis demonstrates that, while there are similarities in the basin-wide wave climate re-
sponse during ENSO events, there remains some considerable variability between events. In an effort to find
generalized behavior, the Correlation Coefficients between the MEI and the residuals time series of P,, and
Dir,, were calculated for the 1979 to 2018 period (Figure 5). During warm phases of ENSO, Figure 5 shows
that wave power in the Southern Ocean intensifies and the waves are more northerly with the exception
of the Southeast Pacific, where this power lessens, due to the blocking pressure in the Southeast Pacific, as
mentioned earlier.

The wave power responses were similar in the central Pacific (R~0.4), where the trade winds are weaker
than in ENSO neutral phase. However, the Hadley Cell contracts and strengthens and the branches intensi-
fy westerly and shift poleward, leading to a strengthening of the subtropical Jet stream in both hemispheres
(Lu et al., 2008; Reichler, 2009). Thus, the swell radiated from the extratropical belts to the tropical belt is
intensified.

In the monsoon region during the warm phase of ENSO wave energy reduces, as has also been reported by
(B. Wang et al., 2000; Zhang et al., 2016), who noted that El Nifio creates weaker monsoon winds, which
shift clockwise.

In general, in ENSO events the mean wave direction follows a well-defined regional deviation. It is positive-
ly correlated in the north and in the subtropics of the Indian Ocean, (R~0.3), southern subtropics of all the
basins, and tropics of the Pacific (R from 0.3 to 0.7) and the Atlantic (R~0.2). Concurrently, in the tropical
Indian Ocean, tropical Pacific, and North Atlantic, R acquires negative values in the North Pacific (central
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Figure 6. (a) Elbow and Silhouette criteria to identify the optimal number of clusters; (b) the cluster classification for both variables.

and east), (R~—0.3), and northern extratropics of the Atlantic (R~—0.25). The extratropics and subtropics
were positively correlated (R~0.15) in the Atlantic. This is a response to the poleward movement of the sub-
tropical jets during El Nifio (Reichler, 2009). Stronger correlations were seen in the Caribbean Sea (R~0.4).

The lagged cross-correlation analysis showed that the effects of ENSO vary temporally on a basin-by-basin
basis. Effects are almost immediate (highest R values within 0-3 months) for wave power in the Pacific basin
and the Southern Ocean region of Australia. By comparison, the wave power response in the Atlantic is lagged
by up to 12 months with respect the original ENSO climate signal. The mean wave direction responded earlier
than wave power, as was hypothesized when the climate indices were compared. Figure S17 shows the max-
imum values of R within a given 12 month period. In general, it can be seen that the extratropics of all ocean
basins are the most influenced by the ENSO signal in terms of wave power, while a wave directional response
is most significant in the Northern Hadley Cell and Subtropical Ridge regions of the North Pacific.

From the findings, general patterns of ENSO can be seen that force a latitudinal response in the wave
climate due to the anomalies identified in the atmospheric circulation. However, not all ENSO events pro-
duce the same anomalies in SLP, or in P,, and Dir,,, and the coastal hazards can be expected to vary on an
event-by-event basis, depending on the ENSO characteristics, such as was the case for the 1997-1998 and
2015-2016 El Nifio events.

5. ENSO Coastal Hazard Patterns

For classifying the global coast according to vulnerability to interannual ENSO wave impacts, the corre-
lation and pattern analysis undertaken above were used. In order to identify coastal patterns, the R-lag 0
results were extracted for global coastlines, see Figure S11 in Supporting Information. Overall, R;q4 (P, and
Dir,,) values were found to be most significant in the Americas, Southeast Asia, and Oceania, whereas Afri-
ca and Europe show minimal correlation.

Although the R-maps in the Supporting Information section are useful as input data for the global coastal
community, for management criteria a coastal classification is more practical for creating an index that
identifies coasts with similar ENSO impacts on interannual wave climate variability. The classification pre-
sented here was carried out by clustering the R of MEI-P,, and MEI-Dir,,, using the K-mean cluster tech-
nique for all the world's coasts, (see Data and Methods for detail). Using the Elbow and Silhouette criteria,
the optimal number of clusters was found to be 5, (Figure 6a). In Figure 6b, the variables used (Rygrpy VS.
Ryerpirm) in the cluster are presented, and the five groups are shown to be reasonably well defined in two-di-
mensional space.
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Figure 7. Coastal classification as a function of the level of directional wave power variability with ENSO. ENSO, El Nifio-Southern Oscillation.

Figure 7 shows this coastal classification projected on a world map. The description of each level is as
follows:

1. Coasts with a low response to ENSO events (light blue): These coasts (e.g., Argentina Uruguay, Iceland,
Portugal, Mauritania, Angola, and Iran) respond to El Nifio and La Nifia but within a range of +0.2 for
R (P, and Dir,,)

2. Coasts of High Nifia 1 ENSO response (dark blue): These areas exhibit a reduction (increase) in wave
power and a clockwise (anticlockwise) rotation of the wavefield during El Nifio (La Nifia). The coastal
response is from 0 to 0.6 for R-Dir,, and from —0.6 to 0 for R-P,,. In all cases one or both of the R-Dir,, and
R-P,, values are greater than 0.2. The coasts of Southeast Australia, North of North Island New Zealand,
Southeast China, East India, and East Cuba are all included in this classification band

3. Coasts of High Nifna 2 ENSO response (yellow): In these areas wave power reduces (increases) but turns
anticlockwise (clockwise) during El Nifio (La Nifia) events. Both Dir,, and P,, are negative, and at least
one is less than —0.2, with the R correlation ranging from —0.6 to 0. E.g., Indonesia

4. Coasts of High Nifio 1 ENSO response (orange): wave power increases (reduces) and turns anticlockwise
(clockwise) during El Nifo (La Nifia) events. For P,, 0 to 0.5 and for Dir,,. —0.5 to 0, with one of the vari-
ables always exceeding +0.2 of R. In this classification are the coasts of the US and South Japan

5. Coasts of High Nifio 2 ENSO response (maroon): In these areas wave power increases (reduces) and
turns clockwise (anticlockwise) during El Nifio (La Nifia) events. In this classification both P,, and Dir,,
are positively correlated and the greatest values of R are found. Coasts in this classification include: most
of New Zealand, South Africa, West Cuba, West Mexico, and Hawaii

The results plotted in Figure 7 show the level of coastal response (wave power and direction) to ENSO
events, which ultimately have implications for a wide range of applications, stretching from sediment budg-
ets, erosion/accretion cycles, the harvesting of wave energy to coastal ecosystem conservation.

This information is useful not only for demonstrating coastal ENSO connectivity on a global scale, but also
more practically for coastal managers to better anticipate interannual coastline response to ENSO at region-
al level. For example, wave power may be expected to increase during La Nifia events in High Nifa 1 and
2 classification bands, but only during El Nifio events for High Nifio 1 and 2 regions. Similarly, a clockwise
shift in wave direction can be expected for High Nifia 2 and 1 regions during La Nifia, whereas this reverse
rotation occurs during El Nifio events for High Nifia 1 and 2 locations also.
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6. Discussion

The investigation of the effects induced by ENSO has become of key interest in medium and long term
coastal management (Barnard et al., 2015, 2017; Escudero et al., 2019; Medellin & Torres-Freyermuth, 2019;
Mortlock & Goodwin, 2016; Ruizde Alegria-Arzaburu & Vidal-Ruiz, 2018; Storlazzi & Griggs, 1998; Storlaz-
zi & Reid, 2010) due to its impact on coastal risk, wave power extraction and coastal ecosystem responses.
The results presented here give an insight into global patterns of interannual variability of wave direction
and wave power driven by ENSO, as one of the primary climate-related drivers of basin-wide coastal vulner-
ability (Barnard et al., 2015; Morim et al., 2019).

6.1. ENSO as a Wave Climate Driver

In the analysis of global direction and wave power, no consensus had been established as to which ENSO cli-
mate index should be used. The present study found that the MEI is the best climate index to study global wave
power, and the Nifio 3.4 index is the best to analyze global mean wave direction. In this study, the MEI was
selected as the most appropriate climate index to analyze wave direction and wave power at the global scale.

The results show a general global ENSO wave climate pattern, which varies according to latitude. In particu-
lar, during EI Nifio, wave power increases in the extratropics of both hemispheres for the three ocean basins,
in response to the strength of the westerly winds in the extratropical Pacific, Atlantic and Indian Oceans
(Timmermann et al., 2018). In the tropics there is also an intensification of wave power, caused by the swell
propagated from the extratropics. This is consistent with the strengthening of the subtropical jets in both
hemispheres during El Nifio (Lu et al., 2008; Reichler, 2009). Regions of special interest, such as the Indian
Monsoon and the Tropical Warm Pool, show a decrease in wave power during ENSO warm phases. The lat-
itudinal variation in wave direction is even clearer; in the southern subtropics this turns clockwise, coming
from the north, while in the extratropics, particularly in the northern hemisphere, it shifts anticlockwise,
coming southerly direction. This is because the Aleutian Low strengthens and is displaced northeast, pro-
ducing more southerly winds at the land-sea boundary of North America. This is in agreement with the
observations found by Lu et al. (2008) and Reichler (2009), that the subtropical jets move poleward during
El Nifio events. The most direct impacts of ENSO were found in the Pacific Ocean, followed by the Indian
Ocean, which has a similar delay in the wave direction but more delays in wave power, while the effects
delay 7-12 months to impact ocean Atlantic.

We conclude that the atmospheric teleconnection induced by ENSO in the extratropics produces the great-
est impact in wave power, and the response in mean wave direction is most notable in the tropics and sub-
tropics. These findings are consistent with the theoretical results of ENSO mechanism variability and are in
agreement with the results of other authors (Reguero et al., 2019; Semedo et al., 2010; Shimura et al., 2013;
Stopa & Cheung, 2014). While there are general patterns of wave direction and wave power produced dur-
ing ENSO events, the anomalies also highlight dissimilarities in the direction and wave power in different
events, as noted by Barnard et al. (2017). These anomalies are likely to be relevant for event-specific patterns
in long-shore and cross-shore sediment transport. The estimation of ENSO impacts on wave climate needs
more investigation, particularly in identifying the impacts associated to the particular ENSO characteristics,
such as intensity, temporal evolution, or asymmetry. For example, the asymmetry of ENSO is related to the
intensification of extratropical westerly winds during El Nifio events (Timmermann et al., 2018). A more
accurate prediction of the wave climate impacts under different ENSO characteristics may lead to a reduc-
tion in the uncertainties of ENSO-driven sediment transport.

6.2. ENSO Coastal Hazards and Climate Change

Both climate change and atmospheric climate variability affect wave climate from the event to multidecad-
al scale, and must be considered for sustainable coastal management practice (Toimil et al., 2020). While
global warming has been reported by the IPCC Fourth Assessment Report to resemble an El Nifio-like SST
pattern in the Pacific, the meridional response of the atmosphere does not conform to this (Lu et al., 2008).

In the warm phases of ENSO, the Hadley Cells contract and intensify, the extratropical westerly zonal winds
shift equatorward, the Aleutian low strengthens and the subtropical highs move toward the equator, which
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is the opposite to what happens with global warming. However, both of them weaken the Walker Circula-
tion (Lu et al., 2009; Lucas et al., 2014; Reichler, 2009). From this, some responses in global warming and
in ENSO warm phases are similar, particularly the increase in wave power in the Southern Ocean, where
the swells are irradiated toward the ocean basins (Babanin et al., 2019) following the patterns identified by
Alves (2006). In the areas affected by these swells, such as Australia, Africa, or America, the phenomena,
when coupled, can expose these coasts to high levels of risk.

In the northern hemisphere, in the center-east Pacific, wave power is expected to decrease, therefore the
ENSO effects could be reduced in these regions. However, ENSO effects may amplify directional changes
in the extratopics of the Pacific, North Atlantic, southern Indian Ocean, and on the Atlantic coast of South
America. In the Southeast Atlantic and Pacific these shifts, produced by ENSO events, could be dampened
by global warming. In general, the mean wave direction shifts anticlockwise in the tropical and subtropical
Pacific, and in the subtropical Atlantic. In the extratropics, the waves tend to turn further clockwise. The
coupling of the global warming trend with ENSO can significantly dampen or amplify wave power impacts.

6.3. Integration of ENSO Response in Coastal Assessment

The regions with highest ENSO response are identified as the Pacific, Northwest Atlantic, and the eastern
Indian Ocean, while lower responses are found for African and European coasts. This classification at global
level is in accordance with results published for particular cases, for instance those identified by Barnard et al.
(2015). The classification can be used to identify regions with most risk to ENSO effects, allowing coastal
decision makers to prioritize the regions where adaptation strategies are most needed. This is most valuable
in areas where observations are limited or provide insufficient information. It should be said that this study
focuses only on incoming waves as climate-related drivers of coastal hazards, while other factors can modify
these effects, such as sea level rise, storm surges, tides, extreme fluvial discharges, and local effects, (sediment
supplies, sea bed interactions, or coastal infrastructure projects). All these factors should be considered in ho-
listic assessments of coastal risk (Goodwin et al., 2016; Storlazzi & Reid, 2010; Toimil et al., 2020).

This study has focused on monthly average wave conditions and the native resolution of the reanalysis used
was 0.5°. As such, our analysis does not focus on storm wave conditions, but rather the bulk (i.e., modal
plus storm) wave climate as the principle driver of the long-term (i.e., seasonal to multidecadal) sediment
budget. While episodic erosion and flooding events associated with extreme ENSO wave conditions are
often the focus of such studies, the longer-term fluctuations (seasonal and greater) in directional wave pow-
er is another important component of coastal risk as it preconditions coastal systems for extreme events.
In addition, an increase (decrease) in monthly mean bulk wave power is likely an indication of increased
(decreased) storminess over a seasonal basis, at least. While the influence of extra-tropical storms will be
captured in the hindcast wave data and in our analysis, tropical cyclones are likely to be underestimated as
reanalysis winds used to drive the wave hindcast are not of sufficient resolution to properly capture tropical
cyclone intensities. This problem is common to all reanalysis-driven wave hindcasts. A subsequent study to
this with a specific focus on extreme ENSO wave events is in progress.

7. Conclusions

In this work two key climate-related drivers of coastal morphological hazards, Py and Dir,,, are analyzed in
relation to their interannual variability forced by ENSO. First, a global statistical analysis was carried out,
showing that the most accurate ENSO climate index for Dir,,, is the Nifio 3.4 index, and for P,,, the MEI
index. These results establish a framework for a better selection of ENSO climate indices for regional and
local coastal and wave climate studies.

Importantly, this work has identified a strong latitudinal stratification of global ENSO wave climate, and
shows that ENSO impacts wave power most in the extratropics, while wave direction is affected most in the
tropics and subtropics. This reinforces the notion of ENSO as a global coastal phenomenon, with a direct
physical connection in the Pacific Basin and more indirect effects in other areas via atmospheric teleconnec-
tions and trans-basin swell propagation. Both global warming and ENSO warm phases intensify the swell
produced in the Southern Ocean, and the combination of these two phenomena can amplify the coastal
risks along coastlines affected by them.
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A classification of the world's coasts was presented, based on interannual directional wave climate variabil-
ity with ENSO, which is viewed as a major climate driver of coastal vulnerability. Coasts with a Low ENSO
response are little affected, while for those of High Nifia 1 response the wave power decreases (increases)
and turns clockwise (anticlockwise) during El Nifio (La Nifia) to a small degree. For coasts where the impact
of ENSO is High Niiia 2, the wave power decreases (increases) and turns anticlockwise (clockwise) during
El Nifio (La Nifia). Where the response to ENSO is classified as High Nifio 1 the wave power increases (re-
duces) and turns anticlockwise (clockwise) during El Nifio (La Nifia). High Nifio 2 response refers to areas
where the wave power increases (decreases) and turns clockwise (anticlockwise) during El Nifio (La Nifia).

This coastal classification offers a criterion for the identification of long term patterns of ENSO-related
coastal hazards, which can be used by coastal communities to develop adaptation plans, extract wave ener-
gy, or manage port operations.

Although the results obtained here offer a robust base of knowledge for the management of coastal morpho-
logical hazards driven by ENSO, more work is needed to describe the interaction between ENSO and ocean
waves. This is particularly the case for the quantification of impacts on the wave climate for individual
ENSO events with different characteristics (asymmetry, amplitude, temporal evolution and intensity). Un-
derstanding the stages or intensity of ENSO events would greatly aid our comprehension of the underlying
mechanisms and lead to more reliable projections of coastal risk around the world.
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