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è 600 million people live at less than 10 meters above sea level. 

è Without  mitigation  = displacement of up to 200 million people
in 100 years
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… the susceptibility of a coastal area to be affected by 
either flooding or erosion processes 



èAnthropogenic constraint

What causes flooding / erosion?
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scenario (K14/RCP 2.6), compared to 9–19M today, and with
another 7–20 million on land threatened by annual storm surge.
Bangladesh, India, Indonesia, and the Philippines see a 5-fold to
10-fold change in estimated current populations below the
projected high tide line after applying CoastalDEM. Globally,
application of CoastalDEM leads to increased exposure estimates
for the great majority of nations (Fig. 3).

Percentage rather than absolute exposure serves as a normal-
ized metric of threat (Supplementary Data 4). In Asia,

CoastalDEM indicates that even with deep cuts to carbon
emissions (K14/RCP 2.6), Bangladesh, Vietnam, and Thailand
may, by end-of-century, face high tide lines higher than land now
home to 19 (15–25)%, 26 (23–31)%, and 17 (15–18)% of their
people, respectively, before accounting for episodic flooding
events. These figures correspond to marginal exposure increases
of 13 (9–19)%, 5 (2–10)%, and 15 (13–16)% of national
populations. Continued high emissions with Antarctic instability
(K17/RCP 8.5) could entail land currently home to roughly one-
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Fig. 1 Permanent inundation surfaces predicted by CoastalDEM and SRTM given the median K17/RCP 8.5/2100 sea-level projection. Locations include (a)
the Pearl River Delta, China; (b) Bangladesh; (c) Jakarta, Indonesia; and (d) Bangkok, Thailand. Low-lying areas isolated from the ocean are removed from
the inundation surface using connected components analysis. Current water bodies are derived from the SRTM Water Body Dataset. Gray areas represent
dry land. Axis labels denote latitude and longitude
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èAnthropogenic constraint

Permanent inundation surfaces predicted by 
topographic elevation model given the median 
K17/RCP 8.5/2050 sea-level projection. 

third of Bangladesh’s and Vietnam’s populations permanently
falling below the high tide line. It follows that some coastal
municipalities within these nations will see even larger propor-
tions of their populations threatened with displacement.

Outside of Asia and excluding the Netherlands, where an
extensive flood control network is not captured by any of the
elevation models studied, CoastalDEM indicates that 19 other
countries are expected to see land currently home to 10% or more
of their total populations fall below end-of-century high tide lines
(based on median estimates), even under the deep emissions cuts
of RCP 2.6. This count is up from two using SRTM. Except for

Djibouti and Guyana, all of these are island nations, and thirteen
are classified by the United Nations as Small Island Developing
States (SIDS).

Supplementary Data 1 and 4 provide results for the present,
mid-century, and 2100.

Validation. The aspirational outcome of applying CoastalDEM to
ECWL exposure analysis is to, as closely as possible, estimate the
same amount of coastal vulnerability that a DEM derived from
airborne lidar data would. We validate our results by first per-
forming three representative ECWL exposure analyses using
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Fig. 2 Total populations on vulnerable land. a Current population on land below projected mean higher high water level in 2100 assuming intermediate
carbon emissions (RCP 4.5) and relatively stable Antarctic ice sheets (sea level model K14). Estimates based on CoastalDEM. b Factor by which
CoastalDEM increases estimates of people on vulnerable land over SRTM in each country under K14/RCP 4.5. Countries wholly north of 60 degrees N are
excluded because CoastalDEM is undefined at those latitudes. Source data are provided as a Source Data file. National boundaries based on public domain
vector map data by Natural Earth (naturalearthdata.com)
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OUTLINE:

1) A new paradigm for the influence of El Niño on 
coastal wave extremes in the Pacific

2) The global influence of El Niño on coastal hazards



1) A new paradigm for the complex influence of El Niño on pan-Pacific coastal wave extremes 
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Coastal vulnerability across the Pacific dominated
by El Niño/Southern Oscillation
Patrick L. Barnard1*, Andrew D. Short2, Mitchell D. Harley3,4, Kristen D. Splinter4, Sean Vitousek1,
Ian L. Turner4, Jonathan Allan5, Masayuki Banno6, Karin R. Bryan7, André Doria8, Je! E. Hansen9,
Shigeru Kato10, Yoshiaki Kuriyama6, Evan Randall-Goodwin1,11, Peter Ruggiero12, Ian J. Walker13

and Derek K. Heathfield13

To predict future coastal hazards, it is important to quantify any links between climate drivers and spatial patterns of
coastal change. However, most studies of future coastal vulnerability do not account for the dynamic components of coastal
water levels during storms, notably wave-driven processes, storm surges and seasonal water level anomalies, although
these components can add metres to water levels during extreme events. Here we synthesize multi-decadal, co-located
data assimilated between 1979 and 2012 that describe wave climate, local water levels and coastal change for 48 beaches
throughout the Pacific Ocean basin. We find that observed coastal erosion across the Pacific varies most closely with
El Niño/Southern Oscillation, with a smaller influence from the Southern Annular Mode and the Pacific North American
pattern. In the northern and southern Pacific Ocean, regional wave and water level anomalies are significantly correlated
to a suite of climate indices, particularly during boreal winter; conditions in the northeast Pacific Ocean are often opposite
to those in the western and southern Pacific. We conclude that, if projections for an increasing frequency of extreme El Niño
and La Niña events over the twenty-first century are confirmed, then populated regions on opposite sides of the Pacific Ocean
basin could be alternately exposed to extreme coastal erosion and flooding, independent of sea-level rise.

Upper-end sea-level rise scenarios could displace up to
187 million people by the end of the twenty-first century1,
with flood losses exceeding US$1 trillion per year for

the world’s major coastal cities by 2050 (ref. 2). However, prior
studies typically omit key oceanographic components of water
level elevations during storms that drive severe beach erosion and
flooding of coastal communities, and can be highly temporally and
spatially variable. As the climate system evolves nonlinearly, so too
will the spatial distribution of mean and extreme wind speed, wave
height, period and direction, water level anomalies, and resulting
coastal response, as is evident from trends observed over the past
two decades3.

Herewe investigate the potential of coherent, anomalous patterns
of physical forcing and coastal response across the Pacific Ocean
through a unique synthesis ofmulti-decadal coastal change data sets
compiled from over 650 years of surveys of 48 open-coast beaches
representing the majority of the low-lying, vulnerable population
centres. Further, we explore the relationship between regional wave
energy flux, wave direction and water level anomalies, and basin-
wide and global climatological patterns through common climate
indices. Establishing a direct link between climate variability, via key
indices, and coastal change will not only support adaptation efforts

for agencies and coastal communities preparing for the uncertain
future impacts of climate change, but also provide the basis for short-
term, emergency management planning.

Twelve climate indices were analysed to represent Pacific Ocean
basin-wide and regional climate variability and atmospheric forcing
(for example, atmospheric pressure, wind) that, in turn, drive
oceanographic processes (for example, waves, storm surge) and
lead to enhanced exposure to coastal hazards. Based on strong
correlations among many indices (Supplementary Fig. 1 and
Supplementary Table 1), four representative indices are identified
that characterize the observed spatial and temporal variability of
the Pacific Ocean basin climate: the Pacific Decadal Oscillation
(PDO), Multivariate ENSO Index (MEI), Southern Annular Mode
(SAM) and Pacific North American (PNA). PDO is a multi-decadal
pattern of climate variability affecting the Pacific Ocean, with
the warm phase (positive PDO index values) characterized by
higher sea surface temperature (SST) in the northeast and tropical
Pacific Ocean and lower sea-level pressure (SLP) in the central
north Pacific region4. Superimposed on PDO is the related, but less
temporally persistent El Niño/Southern Oscillation (ENSO), which
describes the interannual variability in SST, SLP and atmospheric
forcing across the equatorial Pacific, with implications for global
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with flood losses exceeding US$1 trillion per year for

the world’s major coastal cities by 2050 (ref. 2). However, prior
studies typically omit key oceanographic components of water
level elevations during storms that drive severe beach erosion and
flooding of coastal communities, and can be highly temporally and
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of physical forcing and coastal response across the Pacific Ocean
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compiled from over 650 years of surveys of 48 open-coast beaches
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centres. Further, we explore the relationship between regional wave
energy flux, wave direction and water level anomalies, and basin-
wide and global climatological patterns through common climate
indices. Establishing a direct link between climate variability, via key
indices, and coastal change will not only support adaptation efforts

for agencies and coastal communities preparing for the uncertain
future impacts of climate change, but also provide the basis for short-
term, emergency management planning.

Twelve climate indices were analysed to represent Pacific Ocean
basin-wide and regional climate variability and atmospheric forcing
(for example, atmospheric pressure, wind) that, in turn, drive
oceanographic processes (for example, waves, storm surge) and
lead to enhanced exposure to coastal hazards. Based on strong
correlations among many indices (Supplementary Fig. 1 and
Supplementary Table 1), four representative indices are identified
that characterize the observed spatial and temporal variability of
the Pacific Ocean basin climate: the Pacific Decadal Oscillation
(PDO), Multivariate ENSO Index (MEI), Southern Annular Mode
(SAM) and Pacific North American (PNA). PDO is a multi-decadal
pattern of climate variability affecting the Pacific Ocean, with
the warm phase (positive PDO index values) characterized by
higher sea surface temperature (SST) in the northeast and tropical
Pacific Ocean and lower sea-level pressure (SLP) in the central
north Pacific region4. Superimposed on PDO is the related, but less
temporally persistent El Niño/Southern Oscillation (ENSO), which
describes the interannual variability in SST, SLP and atmospheric
forcing across the equatorial Pacific, with implications for global
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To assess the modulation of extra-tropical storm activity, we compute the 60-days 782	
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- Tropical storms: 786	
As an integrated measure of TC activity, we use the Accumulated Cyclone Energy 787	
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through extreme sea level episodes, i.e. the wave run-up.  800	
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Winter wave activity across the Pacific 
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Fig. 2. Seasonal wave activity & ENSO teleconnection patterns. Regressions of wave 822	

energy interannual anomalies onto environmental variables: SST (shading), wind 823	

direction and amplitude (arrows), and vertical wind shear anomalies (blue contours) for 824	

winter (upper panels) and summer (lower panels) seasons in the Central-Eastern (Hawaii, 825	

right panels) and Western Pacific (the Philippines, left panels). Only regressions 826	

significant at the 95% confidence level are displayed. Red boxes highlight the ENSO 827	

atmospheric teleconnection regions at play and discussed in the manuscript. 828	

 829	

 830	

 831	

 832	

 833	 	 38	

Fig. 2. Seasonal wave activity & ENSO teleconnection patterns. Regressions of wave 822	

energy interannual anomalies onto environmental variables: SST (shading), wind 823	

direction and amplitude (arrows), and vertical wind shear anomalies (blue contours) for 824	

winter (upper panels) and summer (lower panels) seasons in the Central-Eastern (Hawaii, 825	

right panels) and Western Pacific (the Philippines, left panels). Only regressions 826	

significant at the 95% confidence level are displayed. Red boxes highlight the ENSO 827	

atmospheric teleconnection regions at play and discussed in the manuscript. 828	

 829	

 830	

 831	

 832	

 833	

Wave Energy = Hs2*Tp

Hs = Wave height
TP = Peak period

LA NIÑA EL NIÑO



1) A new paradigm for the complex influence of El Niño on pan-Pacific coastal wave extremes 

Winter wave activity across the Pacific and extra-tropical storminess
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Fig. 3. Wave energy and storm activity. Regression of interannual anomalies of 14-834	

days high-pass filtered daily eddy kinetic energy (EKE) at the 850mb pressure level onto 835	

interannual anomalies of daily wave energy in the western (Philippines, a) and central-836	

eastern (Hawaii, c) Pacific. Regression of interannual anomalies of daily accumulated 837	

cyclone energy (ACE) onto interannual anomalies of summer daily wave energy in the 838	

western (Philippines, b) and central-eastern (Hawaii, d) Pacific. Magenta contours 839	

represent the 0-line of mean ACE (lower panels) and the average position of the 850 HPa 840	

jet stream (iso-contour of 3.107 m2s-2; upper panels). Only regressions significant at the 841	

95% confidence level are displayed. 842	
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Summer wave activity across the Pacific 
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Fig. 2. Seasonal wave activity & ENSO teleconnection patterns. Regressions of wave 822	

energy interannual anomalies onto environmental variables: SST (shading), wind 823	

direction and amplitude (arrows), and vertical wind shear anomalies (blue contours) for 824	

winter (upper panels) and summer (lower panels) seasons in the Central-Eastern (Hawaii, 825	

right panels) and Western Pacific (the Philippines, left panels). Only regressions 826	

significant at the 95% confidence level are displayed. Red boxes highlight the ENSO 827	

atmospheric teleconnection regions at play and discussed in the manuscript. 828	
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Summer wave activity across the Pacific and Tropical Cyclone activity Wave Energy = Hs
2

*Tp

Hs = Wave height
TP = Peak period

Onset of CP El Niño Decay of EP El Niño

oscillating pattern manifested by increased/reduced wave
energy (by almost threefold) in the east during El Ni~no/La
Ni~na events and the opposite behavior in the west (cf. Fig. 2 A
and C versus Fig. 2 E and G). Although not as pronounced and
restricted to the tropics, there is a similar seesaw across the
Pacific in the occurrence of extreme winter waves between La

Ni~na and CP El Ni~no events. This flavor also promotes an
increase in wave energy in the northwestern Pacific (Fig. 2G).

Remarkably, wave extremes follow a similar, yet out of
phase, swinging pattern across the Pacific in summer. The onset
of El Ni~no (most notably the CP flavor) stimulates an increase
in large waves in the western Pacific, up to twofold as compared
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oscillating pattern manifested by increased/reduced wave
energy (by almost threefold) in the east during El Ni~no/La
Ni~na events and the opposite behavior in the west (cf. Fig. 2 A
and C versus Fig. 2 E and G). Although not as pronounced and
restricted to the tropics, there is a similar seesaw across the
Pacific in the occurrence of extreme winter waves between La

Ni~na and CP El Ni~no events. This flavor also promotes an
increase in wave energy in the northwestern Pacific (Fig. 2G).

Remarkably, wave extremes follow a similar, yet out of
phase, swinging pattern across the Pacific in summer. The onset
of El Ni~no (most notably the CP flavor) stimulates an increase
in large waves in the western Pacific, up to twofold as compared
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to the summer development of La Ni~na (see Fig. 4 F and H, hol-
low color bars). This increase in wave activity is partly due to the
enhanced cyclonic activity in the western basin during boreal
summers preceding both types of El Ni~no events (cf. previous
section). Meanwhile, in the EP, we observe an increase in large
summer waves through La Ni~na’s development (only significant
compared to CP events). Interestingly, this oscillating pattern
reverses again during the summertime decay of CP El Ni~no. The
meridional heat discharge of EP events and subsequent transition
toward La Ni~na, which drive an increase in trade winds and TC
swells in the EP (yet not significant for cyclonic waves), extend
this seesaw pattern into the summer. The clear reduction of
extreme waves in the western Pacific after the peak of EP El
Ni~no is attributed to the decrease in TC activity during El Ni~no
decay (solid bars on Fig. 2 F and H) (27, 28).

To illustrate spatially the different seasonal oscillating coastal
wave variability around the Pacific basin associated with ENSO
diversity, Fig. 3 features composite maps of daily wave energy
anomalies throughout the cycle of the two ENSO flavors. In
particular, the top/middle panels present composites averaged
during the summer onset (Fig. 3 A and D), winter peak (Fig. 3
B and E), and summer decay (Fig. 3 C and F) of EP/CP El
Ni~no events, respectively. The rightmost panel is the composite
during La Ni~na’s boreal winter peak (Fig. 3G). The buildup of
EP events features a moderate seesaw in wave energy anoma-
lies across the basin, positive (negative) in the west (east). This
pattern sharply reverses and intensifies at the peak of El Ni~no,
lingers during the decay phase, before reversing abruptly again
at the peak of La Ni~na. In contrast, the onset of CP events is
already characterized by a strong dipole of positive (negative)

wave energy anomalies in the western (eastern) Pacific that
progressively reverses at the peak of the event. This pattern
reverses again during the CP El Ni~no decay and intensifies until
the following La Ni~na.

A Mathematical Model of the Seasonal to Interannual
Modulation of Pan-Pacific Coastal Wave Variability
This study documents two major seasonal wave regimes in the
Pacific, namely the tropical and extratropical storminess, and
how they are activated by different ENSO teleconnection path-
ways. The strong difference in coastal wave variability–ENSO
relationship between summer and winter suggests that wave
energy should be well captured by indices of ENSO flavors and
their nonlinear seasonal modulation via the “annual-cycle/
ENSO combination mode” (14). Similarly, to Boucharel and
Jin’s consideration for tropical instability waves (29), we appre-
hend the occurrence of coastal wave events as an oscillating
weather phenomenon (i.e., a transient of the climate system)
characterized by an amplitude modulation that responds nonli-
nearly to slow climate forcing: that is, ENSO and the tropical
Pacific annual cycle. By extending their theory, we formulate
the following model of the Pan-Pacific wave energy Z:

dZ

dt
¼ " γ0 þ

2ip
T

! "
þm tð Þ

# $
Z tð Þ þ ωðtÞ,

where γ0 is the wave energy damping rate or decorrelation time
(i.e., 10 d"1; cf. SI Appendix, Fig. S8 B and C), T the approxi-
mate average return periods of wave events (T ¼ 15 d), and
m(t) and ω(t) the deterministic and stochastic climate forcing,
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to the summer development of La Ni~na (see Fig. 4 F and H, hol-
low color bars). This increase in wave activity is partly due to the
enhanced cyclonic activity in the western basin during boreal
summers preceding both types of El Ni~no events (cf. previous
section). Meanwhile, in the EP, we observe an increase in large
summer waves through La Ni~na’s development (only significant
compared to CP events). Interestingly, this oscillating pattern
reverses again during the summertime decay of CP El Ni~no. The
meridional heat discharge of EP events and subsequent transition
toward La Ni~na, which drive an increase in trade winds and TC
swells in the EP (yet not significant for cyclonic waves), extend
this seesaw pattern into the summer. The clear reduction of
extreme waves in the western Pacific after the peak of EP El
Ni~no is attributed to the decrease in TC activity during El Ni~no
decay (solid bars on Fig. 2 F and H) (27, 28).

To illustrate spatially the different seasonal oscillating coastal
wave variability around the Pacific basin associated with ENSO
diversity, Fig. 3 features composite maps of daily wave energy
anomalies throughout the cycle of the two ENSO flavors. In
particular, the top/middle panels present composites averaged
during the summer onset (Fig. 3 A and D), winter peak (Fig. 3
B and E), and summer decay (Fig. 3 C and F) of EP/CP El
Ni~no events, respectively. The rightmost panel is the composite
during La Ni~na’s boreal winter peak (Fig. 3G). The buildup of
EP events features a moderate seesaw in wave energy anoma-
lies across the basin, positive (negative) in the west (east). This
pattern sharply reverses and intensifies at the peak of El Ni~no,
lingers during the decay phase, before reversing abruptly again
at the peak of La Ni~na. In contrast, the onset of CP events is
already characterized by a strong dipole of positive (negative)

wave energy anomalies in the western (eastern) Pacific that
progressively reverses at the peak of the event. This pattern
reverses again during the CP El Ni~no decay and intensifies until
the following La Ni~na.

A Mathematical Model of the Seasonal to Interannual
Modulation of Pan-Pacific Coastal Wave Variability
This study documents two major seasonal wave regimes in the
Pacific, namely the tropical and extratropical storminess, and
how they are activated by different ENSO teleconnection path-
ways. The strong difference in coastal wave variability–ENSO
relationship between summer and winter suggests that wave
energy should be well captured by indices of ENSO flavors and
their nonlinear seasonal modulation via the “annual-cycle/
ENSO combination mode” (14). Similarly, to Boucharel and
Jin’s consideration for tropical instability waves (29), we appre-
hend the occurrence of coastal wave events as an oscillating
weather phenomenon (i.e., a transient of the climate system)
characterized by an amplitude modulation that responds nonli-
nearly to slow climate forcing: that is, ENSO and the tropical
Pacific annual cycle. By extending their theory, we formulate
the following model of the Pan-Pacific wave energy Z:

dZ

dt
¼ " γ0 þ

2ip
T

! "
þm tð Þ

# $
Z tð Þ þ ωðtÞ,

where γ0 is the wave energy damping rate or decorrelation time
(i.e., 10 d"1; cf. SI Appendix, Fig. S8 B and C), T the approxi-
mate average return periods of wave events (T ¼ 15 d), and
m(t) and ω(t) the deterministic and stochastic climate forcing,
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to the summer development of La Ni~na (see Fig. 4 F and H, hol-
low color bars). This increase in wave activity is partly due to the
enhanced cyclonic activity in the western basin during boreal
summers preceding both types of El Ni~no events (cf. previous
section). Meanwhile, in the EP, we observe an increase in large
summer waves through La Ni~na’s development (only significant
compared to CP events). Interestingly, this oscillating pattern
reverses again during the summertime decay of CP El Ni~no. The
meridional heat discharge of EP events and subsequent transition
toward La Ni~na, which drive an increase in trade winds and TC
swells in the EP (yet not significant for cyclonic waves), extend
this seesaw pattern into the summer. The clear reduction of
extreme waves in the western Pacific after the peak of EP El
Ni~no is attributed to the decrease in TC activity during El Ni~no
decay (solid bars on Fig. 2 F and H) (27, 28).

To illustrate spatially the different seasonal oscillating coastal
wave variability around the Pacific basin associated with ENSO
diversity, Fig. 3 features composite maps of daily wave energy
anomalies throughout the cycle of the two ENSO flavors. In
particular, the top/middle panels present composites averaged
during the summer onset (Fig. 3 A and D), winter peak (Fig. 3
B and E), and summer decay (Fig. 3 C and F) of EP/CP El
Ni~no events, respectively. The rightmost panel is the composite
during La Ni~na’s boreal winter peak (Fig. 3G). The buildup of
EP events features a moderate seesaw in wave energy anoma-
lies across the basin, positive (negative) in the west (east). This
pattern sharply reverses and intensifies at the peak of El Ni~no,
lingers during the decay phase, before reversing abruptly again
at the peak of La Ni~na. In contrast, the onset of CP events is
already characterized by a strong dipole of positive (negative)

wave energy anomalies in the western (eastern) Pacific that
progressively reverses at the peak of the event. This pattern
reverses again during the CP El Ni~no decay and intensifies until
the following La Ni~na.

A Mathematical Model of the Seasonal to Interannual
Modulation of Pan-Pacific Coastal Wave Variability
This study documents two major seasonal wave regimes in the
Pacific, namely the tropical and extratropical storminess, and
how they are activated by different ENSO teleconnection path-
ways. The strong difference in coastal wave variability–ENSO
relationship between summer and winter suggests that wave
energy should be well captured by indices of ENSO flavors and
their nonlinear seasonal modulation via the “annual-cycle/
ENSO combination mode” (14). Similarly, to Boucharel and
Jin’s consideration for tropical instability waves (29), we appre-
hend the occurrence of coastal wave events as an oscillating
weather phenomenon (i.e., a transient of the climate system)
characterized by an amplitude modulation that responds nonli-
nearly to slow climate forcing: that is, ENSO and the tropical
Pacific annual cycle. By extending their theory, we formulate
the following model of the Pan-Pacific wave energy Z:

dZ

dt
¼ " γ0 þ

2ip
T

! "
þm tð Þ

# $
Z tð Þ þ ωðtÞ,

where γ0 is the wave energy damping rate or decorrelation time
(i.e., 10 d"1; cf. SI Appendix, Fig. S8 B and C), T the approxi-
mate average return periods of wave events (T ¼ 15 d), and
m(t) and ω(t) the deterministic and stochastic climate forcing,
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respectively. ω(t) is a white noise with an amplitude a 10th of
the forcing term m(t), which can be formulated as follows:

m tð Þ ¼ γAcos
2p t$ ϕð Þ

TA

! "
þ γCCmode þ γEEmode½ ':

The first term represents the annual cycle forcing with TA and
ϕ the annual cycle period (12 mo) and phase, respectively. ϕ is
chosen so that the annual cycle amplitude reaches a maximum
in January/February and a minimum in July/August (ϕ=2) simi-
larly to the ENSO amplitude cycle in order to account for the
ENSO seasonal phase-locking effect on the Pacific storminess
and coastal wave variability. The second term represents the
interannual forcing related to ENSO diversity. We choose two
uncorrelated, independent ENSO indices Emode and Cmode,
accounting for the two ENSO flavors, respectively, the EP and
CP El Ni~no, as the first two rotated principal components of
the decomposition of SST interannual anomalies into Empirical
Orthogonal Functions (30).

Using this theoretical framework, we first evaluate the part
of stochastic versus deterministically forced variability of the
seasonal to interannual modulation of coastal wave activity. To
quantify the range of the stochastic variability related to the
randomness of storm generation, we generate a 50-member
ensemble, each member numerically integrated with a fourth-
order Runge–Kutta method. We present in Fig. 4 results from
two main sites across the Pacific (California and the Philip-
pines). The ensemble average of the interannual modulation of
wave energy activity (or amplitude, i.e., the 2-mo running mean
of wave energy) yields remarkable correlations with reanalysis
data (0.63 and 0.57 for California and the Philippines, respec-
tively; cf. Fig. 4 A and D). Most of the seasonal to interannual
variability of coastal wave activity in California and the Philip-
pines falls within the range of stochastic variability with some
notable exceptions. Interestingly, we noticed that these excep-
tions were more likely to happen in summer, which we inter-
pret as either an increase in TC genesis randomness and/or
wave variability related to other climate modes not accounted
for by this formalism, in particular from the Southern Annular
Mode (SAM), dominant in boreal summer and that can affect
the Pacific eastern seaboards on the form of remote long-
period swells originating from the Southern Ocean. Indeed, we

observe a strong connection between California/Hawaii’s
summer wave activity and the Southern Hemisphere jets, char-
acterized by a strengthening of the subtropical jet along a dis-
appearance of the polar jet (cf. Fig. 1H and SI Appendix, Fig.
S4) indicative of the SAM locked in its negative phase during
the boreal summer (31).

We now quantify the respective contributions of different
forcing time scales to the deterministic variability and ampli-
tude of coastal wave activity. To do so, we rely on the simplicity
of this mathematical formalism, which allows deriving the ana-
lytical solution of the wave energy amplitude modulation (23).
The stochastic variability of the analytical solution (toward
which converges the simulations’ ensemble mean) is smoothed
out so that this solution only accounts for the deterministically
forced variability. The second-order analytical solution of low-
frequency coastal wave amplitude j Z2 j can be then written as
follows:

j Z2 j¼ Ke$γ0 1þmðtÞ
γ0

þm2ðtÞ
γ20

! "
:

The analytical solutions of interannual anomalies of coastal
wave amplitude yield correlation with the reanalysis similar to
the numerical solutions ensemble means (0.68 and 0.61 for Cal-
ifornia and the Philippines, respectively; cf. thick red lines in
Fig. 4 A and D). The reconnaissance level at which the coastal
wave activity associated with ENSO is understood is essentially
only contained in the direct linear forcing term EP El Ni~no
(4–8), which basically represents the canonical ENSO mode.
Our approach goes further and allows us to quantify the vari-
ance explained by the different forcing terms of the solution, 1)
the direct/linear ENSO forcing γCCmode þ γEEmode½ ' and 2) the
nonlinear interactions between the climate forcing contained in
m2(t). In particular, we quantify a 25% (respectively, 20%)
increase in explained coastal wave variability in California
(respectively, the Philippines) between the linear solution that
accounts only for the direct effect of the EP mode (γEEmode;
Fig. 4 A and D) and the total solution (accounting for the full
diversity and complexity of ENSO). In addition, we observe a
substantial improvement in the intensity of extremes: that is,
+70% (+50%) during strong El Ni~no (La Ni~na) events in Cali-
fornia (the Philippines). This increase can be explained in
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1) A new paradigm for the complex influence of El Niño on pan-Pacific coastal wave extremes 

The seasonally modulated ENSO influence on Pacific coastal waves

to the summer development of La Ni~na (see Fig. 4 F and H, hol-
low color bars). This increase in wave activity is partly due to the
enhanced cyclonic activity in the western basin during boreal
summers preceding both types of El Ni~no events (cf. previous
section). Meanwhile, in the EP, we observe an increase in large
summer waves through La Ni~na’s development (only significant
compared to CP events). Interestingly, this oscillating pattern
reverses again during the summertime decay of CP El Ni~no. The
meridional heat discharge of EP events and subsequent transition
toward La Ni~na, which drive an increase in trade winds and TC
swells in the EP (yet not significant for cyclonic waves), extend
this seesaw pattern into the summer. The clear reduction of
extreme waves in the western Pacific after the peak of EP El
Ni~no is attributed to the decrease in TC activity during El Ni~no
decay (solid bars on Fig. 2 F and H) (27, 28).

To illustrate spatially the different seasonal oscillating coastal
wave variability around the Pacific basin associated with ENSO
diversity, Fig. 3 features composite maps of daily wave energy
anomalies throughout the cycle of the two ENSO flavors. In
particular, the top/middle panels present composites averaged
during the summer onset (Fig. 3 A and D), winter peak (Fig. 3
B and E), and summer decay (Fig. 3 C and F) of EP/CP El
Ni~no events, respectively. The rightmost panel is the composite
during La Ni~na’s boreal winter peak (Fig. 3G). The buildup of
EP events features a moderate seesaw in wave energy anoma-
lies across the basin, positive (negative) in the west (east). This
pattern sharply reverses and intensifies at the peak of El Ni~no,
lingers during the decay phase, before reversing abruptly again
at the peak of La Ni~na. In contrast, the onset of CP events is
already characterized by a strong dipole of positive (negative)

wave energy anomalies in the western (eastern) Pacific that
progressively reverses at the peak of the event. This pattern
reverses again during the CP El Ni~no decay and intensifies until
the following La Ni~na.

A Mathematical Model of the Seasonal to Interannual
Modulation of Pan-Pacific Coastal Wave Variability
This study documents two major seasonal wave regimes in the
Pacific, namely the tropical and extratropical storminess, and
how they are activated by different ENSO teleconnection path-
ways. The strong difference in coastal wave variability–ENSO
relationship between summer and winter suggests that wave
energy should be well captured by indices of ENSO flavors and
their nonlinear seasonal modulation via the “annual-cycle/
ENSO combination mode” (14). Similarly, to Boucharel and
Jin’s consideration for tropical instability waves (29), we appre-
hend the occurrence of coastal wave events as an oscillating
weather phenomenon (i.e., a transient of the climate system)
characterized by an amplitude modulation that responds nonli-
nearly to slow climate forcing: that is, ENSO and the tropical
Pacific annual cycle. By extending their theory, we formulate
the following model of the Pan-Pacific wave energy Z:

dZ

dt
¼ " γ0 þ

2ip
T

! "
þm tð Þ

# $
Z tð Þ þ ωðtÞ,

where γ0 is the wave energy damping rate or decorrelation time
(i.e., 10 d"1; cf. SI Appendix, Fig. S8 B and C), T the approxi-
mate average return periods of wave events (T ¼ 15 d), and
m(t) and ω(t) the deterministic and stochastic climate forcing,
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respectively. ω(t) is a white noise with an amplitude a 10th of
the forcing term m(t), which can be formulated as follows:

m tð Þ ¼ γAcos
2p t$ ϕð Þ

TA

! "
þ γCCmode þ γEEmode½ ':

The first term represents the annual cycle forcing with TA and
ϕ the annual cycle period (12 mo) and phase, respectively. ϕ is
chosen so that the annual cycle amplitude reaches a maximum
in January/February and a minimum in July/August (ϕ=2) simi-
larly to the ENSO amplitude cycle in order to account for the
ENSO seasonal phase-locking effect on the Pacific storminess
and coastal wave variability. The second term represents the
interannual forcing related to ENSO diversity. We choose two
uncorrelated, independent ENSO indices Emode and Cmode,
accounting for the two ENSO flavors, respectively, the EP and
CP El Ni~no, as the first two rotated principal components of
the decomposition of SST interannual anomalies into Empirical
Orthogonal Functions (30).

Using this theoretical framework, we first evaluate the part
of stochastic versus deterministically forced variability of the
seasonal to interannual modulation of coastal wave activity. To
quantify the range of the stochastic variability related to the
randomness of storm generation, we generate a 50-member
ensemble, each member numerically integrated with a fourth-
order Runge–Kutta method. We present in Fig. 4 results from
two main sites across the Pacific (California and the Philip-
pines). The ensemble average of the interannual modulation of
wave energy activity (or amplitude, i.e., the 2-mo running mean
of wave energy) yields remarkable correlations with reanalysis
data (0.63 and 0.57 for California and the Philippines, respec-
tively; cf. Fig. 4 A and D). Most of the seasonal to interannual
variability of coastal wave activity in California and the Philip-
pines falls within the range of stochastic variability with some
notable exceptions. Interestingly, we noticed that these excep-
tions were more likely to happen in summer, which we inter-
pret as either an increase in TC genesis randomness and/or
wave variability related to other climate modes not accounted
for by this formalism, in particular from the Southern Annular
Mode (SAM), dominant in boreal summer and that can affect
the Pacific eastern seaboards on the form of remote long-
period swells originating from the Southern Ocean. Indeed, we

observe a strong connection between California/Hawaii’s
summer wave activity and the Southern Hemisphere jets, char-
acterized by a strengthening of the subtropical jet along a dis-
appearance of the polar jet (cf. Fig. 1H and SI Appendix, Fig.
S4) indicative of the SAM locked in its negative phase during
the boreal summer (31).

We now quantify the respective contributions of different
forcing time scales to the deterministic variability and ampli-
tude of coastal wave activity. To do so, we rely on the simplicity
of this mathematical formalism, which allows deriving the ana-
lytical solution of the wave energy amplitude modulation (23).
The stochastic variability of the analytical solution (toward
which converges the simulations’ ensemble mean) is smoothed
out so that this solution only accounts for the deterministically
forced variability. The second-order analytical solution of low-
frequency coastal wave amplitude j Z2 j can be then written as
follows:

j Z2 j¼ Ke$γ0 1þmðtÞ
γ0

þm2ðtÞ
γ20

! "
:

The analytical solutions of interannual anomalies of coastal
wave amplitude yield correlation with the reanalysis similar to
the numerical solutions ensemble means (0.68 and 0.61 for Cal-
ifornia and the Philippines, respectively; cf. thick red lines in
Fig. 4 A and D). The reconnaissance level at which the coastal
wave activity associated with ENSO is understood is essentially
only contained in the direct linear forcing term EP El Ni~no
(4–8), which basically represents the canonical ENSO mode.
Our approach goes further and allows us to quantify the vari-
ance explained by the different forcing terms of the solution, 1)
the direct/linear ENSO forcing γCCmode þ γEEmode½ ' and 2) the
nonlinear interactions between the climate forcing contained in
m2(t). In particular, we quantify a 25% (respectively, 20%)
increase in explained coastal wave variability in California
(respectively, the Philippines) between the linear solution that
accounts only for the direct effect of the EP mode (γEEmode;
Fig. 4 A and D) and the total solution (accounting for the full
diversity and complexity of ENSO). In addition, we observe a
substantial improvement in the intensity of extremes: that is,
+70% (+50%) during strong El Ni~no (La Ni~na) events in Cali-
fornia (the Philippines). This increase can be explained in
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respectively. ω(t) is a white noise with an amplitude a 10th of
the forcing term m(t), which can be formulated as follows:

m tð Þ ¼ γAcos
2p t$ ϕð Þ

TA

! "
þ γCCmode þ γEEmode½ ':

The first term represents the annual cycle forcing with TA and
ϕ the annual cycle period (12 mo) and phase, respectively. ϕ is
chosen so that the annual cycle amplitude reaches a maximum
in January/February and a minimum in July/August (ϕ=2) simi-
larly to the ENSO amplitude cycle in order to account for the
ENSO seasonal phase-locking effect on the Pacific storminess
and coastal wave variability. The second term represents the
interannual forcing related to ENSO diversity. We choose two
uncorrelated, independent ENSO indices Emode and Cmode,
accounting for the two ENSO flavors, respectively, the EP and
CP El Ni~no, as the first two rotated principal components of
the decomposition of SST interannual anomalies into Empirical
Orthogonal Functions (30).

Using this theoretical framework, we first evaluate the part
of stochastic versus deterministically forced variability of the
seasonal to interannual modulation of coastal wave activity. To
quantify the range of the stochastic variability related to the
randomness of storm generation, we generate a 50-member
ensemble, each member numerically integrated with a fourth-
order Runge–Kutta method. We present in Fig. 4 results from
two main sites across the Pacific (California and the Philip-
pines). The ensemble average of the interannual modulation of
wave energy activity (or amplitude, i.e., the 2-mo running mean
of wave energy) yields remarkable correlations with reanalysis
data (0.63 and 0.57 for California and the Philippines, respec-
tively; cf. Fig. 4 A and D). Most of the seasonal to interannual
variability of coastal wave activity in California and the Philip-
pines falls within the range of stochastic variability with some
notable exceptions. Interestingly, we noticed that these excep-
tions were more likely to happen in summer, which we inter-
pret as either an increase in TC genesis randomness and/or
wave variability related to other climate modes not accounted
for by this formalism, in particular from the Southern Annular
Mode (SAM), dominant in boreal summer and that can affect
the Pacific eastern seaboards on the form of remote long-
period swells originating from the Southern Ocean. Indeed, we

observe a strong connection between California/Hawaii’s
summer wave activity and the Southern Hemisphere jets, char-
acterized by a strengthening of the subtropical jet along a dis-
appearance of the polar jet (cf. Fig. 1H and SI Appendix, Fig.
S4) indicative of the SAM locked in its negative phase during
the boreal summer (31).

We now quantify the respective contributions of different
forcing time scales to the deterministic variability and ampli-
tude of coastal wave activity. To do so, we rely on the simplicity
of this mathematical formalism, which allows deriving the ana-
lytical solution of the wave energy amplitude modulation (23).
The stochastic variability of the analytical solution (toward
which converges the simulations’ ensemble mean) is smoothed
out so that this solution only accounts for the deterministically
forced variability. The second-order analytical solution of low-
frequency coastal wave amplitude j Z2 j can be then written as
follows:

j Z2 j¼ Ke$γ0 1þmðtÞ
γ0

þm2ðtÞ
γ20

! "
:

The analytical solutions of interannual anomalies of coastal
wave amplitude yield correlation with the reanalysis similar to
the numerical solutions ensemble means (0.68 and 0.61 for Cal-
ifornia and the Philippines, respectively; cf. thick red lines in
Fig. 4 A and D). The reconnaissance level at which the coastal
wave activity associated with ENSO is understood is essentially
only contained in the direct linear forcing term EP El Ni~no
(4–8), which basically represents the canonical ENSO mode.
Our approach goes further and allows us to quantify the vari-
ance explained by the different forcing terms of the solution, 1)
the direct/linear ENSO forcing γCCmode þ γEEmode½ ' and 2) the
nonlinear interactions between the climate forcing contained in
m2(t). In particular, we quantify a 25% (respectively, 20%)
increase in explained coastal wave variability in California
(respectively, the Philippines) between the linear solution that
accounts only for the direct effect of the EP mode (γEEmode;
Fig. 4 A and D) and the total solution (accounting for the full
diversity and complexity of ENSO). In addition, we observe a
substantial improvement in the intensity of extremes: that is,
+70% (+50%) during strong El Ni~no (La Ni~na) events in Cali-
fornia (the Philippines). This increase can be explained in
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1) A new paradigm for the complex influence of El Niño on pan-Pacific coastal wave extremes 

The seasonally modulated ENSO influence on Pacific coastal waves

to the summer development of La Ni~na (see Fig. 4 F and H, hol-
low color bars). This increase in wave activity is partly due to the
enhanced cyclonic activity in the western basin during boreal
summers preceding both types of El Ni~no events (cf. previous
section). Meanwhile, in the EP, we observe an increase in large
summer waves through La Ni~na’s development (only significant
compared to CP events). Interestingly, this oscillating pattern
reverses again during the summertime decay of CP El Ni~no. The
meridional heat discharge of EP events and subsequent transition
toward La Ni~na, which drive an increase in trade winds and TC
swells in the EP (yet not significant for cyclonic waves), extend
this seesaw pattern into the summer. The clear reduction of
extreme waves in the western Pacific after the peak of EP El
Ni~no is attributed to the decrease in TC activity during El Ni~no
decay (solid bars on Fig. 2 F and H) (27, 28).

To illustrate spatially the different seasonal oscillating coastal
wave variability around the Pacific basin associated with ENSO
diversity, Fig. 3 features composite maps of daily wave energy
anomalies throughout the cycle of the two ENSO flavors. In
particular, the top/middle panels present composites averaged
during the summer onset (Fig. 3 A and D), winter peak (Fig. 3
B and E), and summer decay (Fig. 3 C and F) of EP/CP El
Ni~no events, respectively. The rightmost panel is the composite
during La Ni~na’s boreal winter peak (Fig. 3G). The buildup of
EP events features a moderate seesaw in wave energy anoma-
lies across the basin, positive (negative) in the west (east). This
pattern sharply reverses and intensifies at the peak of El Ni~no,
lingers during the decay phase, before reversing abruptly again
at the peak of La Ni~na. In contrast, the onset of CP events is
already characterized by a strong dipole of positive (negative)

wave energy anomalies in the western (eastern) Pacific that
progressively reverses at the peak of the event. This pattern
reverses again during the CP El Ni~no decay and intensifies until
the following La Ni~na.

A Mathematical Model of the Seasonal to Interannual
Modulation of Pan-Pacific Coastal Wave Variability
This study documents two major seasonal wave regimes in the
Pacific, namely the tropical and extratropical storminess, and
how they are activated by different ENSO teleconnection path-
ways. The strong difference in coastal wave variability–ENSO
relationship between summer and winter suggests that wave
energy should be well captured by indices of ENSO flavors and
their nonlinear seasonal modulation via the “annual-cycle/
ENSO combination mode” (14). Similarly, to Boucharel and
Jin’s consideration for tropical instability waves (29), we appre-
hend the occurrence of coastal wave events as an oscillating
weather phenomenon (i.e., a transient of the climate system)
characterized by an amplitude modulation that responds nonli-
nearly to slow climate forcing: that is, ENSO and the tropical
Pacific annual cycle. By extending their theory, we formulate
the following model of the Pan-Pacific wave energy Z:

dZ

dt
¼ " γ0 þ

2ip
T

! "
þm tð Þ

# $
Z tð Þ þ ωðtÞ,

where γ0 is the wave energy damping rate or decorrelation time
(i.e., 10 d"1; cf. SI Appendix, Fig. S8 B and C), T the approxi-
mate average return periods of wave events (T ¼ 15 d), and
m(t) and ω(t) the deterministic and stochastic climate forcing,
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Fig. 2. ENSO flavors and seasonal extreme wave occurrence. Percentage of occurrence of extreme wave days (above one SD, “1 std,” of the interannual
period and wave energy anomalies) depending on ENSO phases and types in winter (January to March, Left) and summer (June to September, Right) at differ-
ent locations in the Eastern Pacific (EAST PAC) (California and Hawaii, Top) and in the western Pacific (WEST PAC) (Philippines and Japan, Lower). Hollow
(filled) bars are for summers preceding (following) the peak of the events, that is, the onset (decay) phase of El Ni~no. Note that the green bars indicate the
fraction of swell days originating only from TC in summer (with a different green y-axis on the Right). Error bars indicate the 5 to 95% quantile range.
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respectively. ω(t) is a white noise with an amplitude a 10th of
the forcing term m(t), which can be formulated as follows:

m tð Þ ¼ γAcos
2p t$ ϕð Þ

TA

! "
þ γCCmode þ γEEmode½ ':

The first term represents the annual cycle forcing with TA and
ϕ the annual cycle period (12 mo) and phase, respectively. ϕ is
chosen so that the annual cycle amplitude reaches a maximum
in January/February and a minimum in July/August (ϕ=2) simi-
larly to the ENSO amplitude cycle in order to account for the
ENSO seasonal phase-locking effect on the Pacific storminess
and coastal wave variability. The second term represents the
interannual forcing related to ENSO diversity. We choose two
uncorrelated, independent ENSO indices Emode and Cmode,
accounting for the two ENSO flavors, respectively, the EP and
CP El Ni~no, as the first two rotated principal components of
the decomposition of SST interannual anomalies into Empirical
Orthogonal Functions (30).

Using this theoretical framework, we first evaluate the part
of stochastic versus deterministically forced variability of the
seasonal to interannual modulation of coastal wave activity. To
quantify the range of the stochastic variability related to the
randomness of storm generation, we generate a 50-member
ensemble, each member numerically integrated with a fourth-
order Runge–Kutta method. We present in Fig. 4 results from
two main sites across the Pacific (California and the Philip-
pines). The ensemble average of the interannual modulation of
wave energy activity (or amplitude, i.e., the 2-mo running mean
of wave energy) yields remarkable correlations with reanalysis
data (0.63 and 0.57 for California and the Philippines, respec-
tively; cf. Fig. 4 A and D). Most of the seasonal to interannual
variability of coastal wave activity in California and the Philip-
pines falls within the range of stochastic variability with some
notable exceptions. Interestingly, we noticed that these excep-
tions were more likely to happen in summer, which we inter-
pret as either an increase in TC genesis randomness and/or
wave variability related to other climate modes not accounted
for by this formalism, in particular from the Southern Annular
Mode (SAM), dominant in boreal summer and that can affect
the Pacific eastern seaboards on the form of remote long-
period swells originating from the Southern Ocean. Indeed, we

observe a strong connection between California/Hawaii’s
summer wave activity and the Southern Hemisphere jets, char-
acterized by a strengthening of the subtropical jet along a dis-
appearance of the polar jet (cf. Fig. 1H and SI Appendix, Fig.
S4) indicative of the SAM locked in its negative phase during
the boreal summer (31).

We now quantify the respective contributions of different
forcing time scales to the deterministic variability and ampli-
tude of coastal wave activity. To do so, we rely on the simplicity
of this mathematical formalism, which allows deriving the ana-
lytical solution of the wave energy amplitude modulation (23).
The stochastic variability of the analytical solution (toward
which converges the simulations’ ensemble mean) is smoothed
out so that this solution only accounts for the deterministically
forced variability. The second-order analytical solution of low-
frequency coastal wave amplitude j Z2 j can be then written as
follows:

j Z2 j¼ Ke$γ0 1þmðtÞ
γ0

þm2ðtÞ
γ20

! "
:

The analytical solutions of interannual anomalies of coastal
wave amplitude yield correlation with the reanalysis similar to
the numerical solutions ensemble means (0.68 and 0.61 for Cal-
ifornia and the Philippines, respectively; cf. thick red lines in
Fig. 4 A and D). The reconnaissance level at which the coastal
wave activity associated with ENSO is understood is essentially
only contained in the direct linear forcing term EP El Ni~no
(4–8), which basically represents the canonical ENSO mode.
Our approach goes further and allows us to quantify the vari-
ance explained by the different forcing terms of the solution, 1)
the direct/linear ENSO forcing γCCmode þ γEEmode½ ' and 2) the
nonlinear interactions between the climate forcing contained in
m2(t). In particular, we quantify a 25% (respectively, 20%)
increase in explained coastal wave variability in California
(respectively, the Philippines) between the linear solution that
accounts only for the direct effect of the EP mode (γEEmode;
Fig. 4 A and D) and the total solution (accounting for the full
diversity and complexity of ENSO). In addition, we observe a
substantial improvement in the intensity of extremes: that is,
+70% (+50%) during strong El Ni~no (La Ni~na) events in Cali-
fornia (the Philippines). This increase can be explained in
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respectively. ω(t) is a white noise with an amplitude a 10th of
the forcing term m(t), which can be formulated as follows:

m tð Þ ¼ γAcos
2p t$ ϕð Þ

TA

! "
þ γCCmode þ γEEmode½ ':

The first term represents the annual cycle forcing with TA and
ϕ the annual cycle period (12 mo) and phase, respectively. ϕ is
chosen so that the annual cycle amplitude reaches a maximum
in January/February and a minimum in July/August (ϕ=2) simi-
larly to the ENSO amplitude cycle in order to account for the
ENSO seasonal phase-locking effect on the Pacific storminess
and coastal wave variability. The second term represents the
interannual forcing related to ENSO diversity. We choose two
uncorrelated, independent ENSO indices Emode and Cmode,
accounting for the two ENSO flavors, respectively, the EP and
CP El Ni~no, as the first two rotated principal components of
the decomposition of SST interannual anomalies into Empirical
Orthogonal Functions (30).

Using this theoretical framework, we first evaluate the part
of stochastic versus deterministically forced variability of the
seasonal to interannual modulation of coastal wave activity. To
quantify the range of the stochastic variability related to the
randomness of storm generation, we generate a 50-member
ensemble, each member numerically integrated with a fourth-
order Runge–Kutta method. We present in Fig. 4 results from
two main sites across the Pacific (California and the Philip-
pines). The ensemble average of the interannual modulation of
wave energy activity (or amplitude, i.e., the 2-mo running mean
of wave energy) yields remarkable correlations with reanalysis
data (0.63 and 0.57 for California and the Philippines, respec-
tively; cf. Fig. 4 A and D). Most of the seasonal to interannual
variability of coastal wave activity in California and the Philip-
pines falls within the range of stochastic variability with some
notable exceptions. Interestingly, we noticed that these excep-
tions were more likely to happen in summer, which we inter-
pret as either an increase in TC genesis randomness and/or
wave variability related to other climate modes not accounted
for by this formalism, in particular from the Southern Annular
Mode (SAM), dominant in boreal summer and that can affect
the Pacific eastern seaboards on the form of remote long-
period swells originating from the Southern Ocean. Indeed, we

observe a strong connection between California/Hawaii’s
summer wave activity and the Southern Hemisphere jets, char-
acterized by a strengthening of the subtropical jet along a dis-
appearance of the polar jet (cf. Fig. 1H and SI Appendix, Fig.
S4) indicative of the SAM locked in its negative phase during
the boreal summer (31).

We now quantify the respective contributions of different
forcing time scales to the deterministic variability and ampli-
tude of coastal wave activity. To do so, we rely on the simplicity
of this mathematical formalism, which allows deriving the ana-
lytical solution of the wave energy amplitude modulation (23).
The stochastic variability of the analytical solution (toward
which converges the simulations’ ensemble mean) is smoothed
out so that this solution only accounts for the deterministically
forced variability. The second-order analytical solution of low-
frequency coastal wave amplitude j Z2 j can be then written as
follows:

j Z2 j¼ Ke$γ0 1þmðtÞ
γ0

þm2ðtÞ
γ20

! "
:

The analytical solutions of interannual anomalies of coastal
wave amplitude yield correlation with the reanalysis similar to
the numerical solutions ensemble means (0.68 and 0.61 for Cal-
ifornia and the Philippines, respectively; cf. thick red lines in
Fig. 4 A and D). The reconnaissance level at which the coastal
wave activity associated with ENSO is understood is essentially
only contained in the direct linear forcing term EP El Ni~no
(4–8), which basically represents the canonical ENSO mode.
Our approach goes further and allows us to quantify the vari-
ance explained by the different forcing terms of the solution, 1)
the direct/linear ENSO forcing γCCmode þ γEEmode½ ' and 2) the
nonlinear interactions between the climate forcing contained in
m2(t). In particular, we quantify a 25% (respectively, 20%)
increase in explained coastal wave variability in California
(respectively, the Philippines) between the linear solution that
accounts only for the direct effect of the EP mode (γEEmode;
Fig. 4 A and D) and the total solution (accounting for the full
diversity and complexity of ENSO). In addition, we observe a
substantial improvement in the intensity of extremes: that is,
+70% (+50%) during strong El Ni~no (La Ni~na) events in Cali-
fornia (the Philippines). This increase can be explained in
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1) A new paradigm for the complex influence of El Niño on pan-Pacific coastal wave extremes 

Some results from this new conceptual model

Hindcast of coastal wave energy in California

State-of-the-art
Our new modelBefore (state-of-the-art)

à Considering the canonical 
EP El Niño form only

New “complex ENSO” 
model
à Considering the full 
expression of El Niño spatial 
diversity and temporal 
irregularity



New theory to understand the 
complex ENSO influence on a key 
driver of coastal vulnerability:
waves in the Pacific but…



New theory to understand the 
complex ENSO influence on a key 
driver of coastal vulnerability:
waves in the Pacific but…

… ENSO influence extends beyond 
the Pacific and affects coastal 
vulnerability globally



2) The global influence of El Niño on coastal hazards – (1) Erosion

A new satellite-based global product of shoreline position

Landsat 5, 7, 8
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2) The global influence of El Niño on coastal hazards – (1) Erosion

A new satellite-based global product of shoreline position

The NDWI is an index used to monitor changes 
related to water content in water bodies. As 
water bodies strongly absorb light in visible to 
infrared electromagnetic spectrum, NDWI uses 
green and near infrared bands to highlight water 
bodies

Normalized Difference Water Index (NDWI)

Example: NDWI in Rome (Italy)

Pixels when NDWI > 0 è Sea
Pixels when NDWI < 0 è Land

SHORELINE position = Interface
McFeeters, 1996



2) The global influence of El Niño on coastal hazards – (1) Erosion

A new satellite-based global product of shoreline position

- Extracted at 14,140 coastal points between 60ºN and 
60ºS using monthly composites from 238 multiple 
satellite acquisitions provided by the Landsat missions 
5, 7 and 8.

- Calculation on GEE (10,000 hours; 3 PB of data)

è Monthly Shoreline data set 
from 2000 to 2017 at a spatial 
(along-shore) resolution of ~0.5º



2) The global influence of El Niño on coastal hazards – (1) Erosion

A new satellite-based global product of shoreline position

12/19 

Figure 5. Comparison of shorelines detected from satellite imagery using our auto-detection algorithm and in-situ measurements of 281 
shorelines at 4 locations around the world. a): Locations of the different sites from where  in situ measurements were used for the analysis; 282 
b) Torrey Pines, USA; c) Truc Vert, France; d) Grand Popo, Republic of Benin; e) Nha Trang, Vietnam . First column shows Google earth 283 
images on which satellite derived shorelines at selected times are superimposed. The second column shows the in situ data (black line) and 284 
the shorelines extracted from satellite images (color lines) at the closest computational coastal point. The third column shows a quantile-285 
quantile plot of Satellite derived shorelines vs in situ measurements. 286 

Good agreement between monthly satellite 
estimations and in situ measurements (both 
local surveys and camera systems) at sites 
closest to the extraction point
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Drivers of shoreline evolution

10/19 

231 
Figure 4. Schematic diagram of the methodological approach adopted in this study. 232 

Shoreline change 233 

The global dataset used in this study was re-sampled equidistantly with transects spaced at 0.5o intervals, following the same 234 

vector as in Almar et al., 2021. The initial coastline dataset used is Global Self-consistent Hierarchical High-resolution 235 

Geography (GSHHG version 2.3.6 August 17; Wessel and Smith, 1996) to define locations along the world shorelines. The 236 

world was divided into computational regions using a series of GSHHG coastline polygons. 237 

The shoreline evolution dataset from 2000 to 2017 was extracted at 14,140 coastal points using monthly composites from 238 

multiple satellite acquisitions provided by the Landsat missions 5, 7 and 8. The extraction of these data was performed on 239 

the Google Earth Engine platform (Gorelick et al., 2017). Normal Difference Water Index (NDWI) maps were derived from 240 

satellite images and the NDWI threshold used was 0.5 (McFeeters, 1996). The identified pixels correspond to sea for NDWI 241 

> 0.5, and to land surfaces for NDWI< 0.5. The coastline is then identified as the interface between the land and sea surfaces. 242 

The GEE computation was done over 30 ROIs of varying sizes, covering coastal areas worldwide (and 70% of the globe). 243 

Counting that we use T1_8DAY_NDWI collections from Landsat 5, 7 and 8 satellites, this represents monthly median 244 

composites of 10.5 images (i.e. 3 or 4 images depending on the month x 3 satellites) of size 0.70 x global area at a resolution 245 

of 30 m, an approximate 400 Megapixels were processed and considering arrays in 16 bit as are the Landsat data, that makes 246 

that we used approximately 3 Petaoctets of satellite data and 7200 hours of computation. 247 
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Drivers of shoreline evolution
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Here, we aim to address this knowledge gap by combining a new global dataset of satellite derived monthly shorelines 66 

spanning around two decades (2000 to 2017) with global data sets of historical sea-level change (at the coastline), waves 67 

and fluvial inputs. Through this analysis, we gain unprecedented insights into the relative contributions of ENSO driven 68 

variations in these 3 drivers to observed annual shoreline change globally, and how these contributions vary regionally. 69 

Drivers of shoreline change 70 

The complex phenomenon of shoreline evolution results from the combined influence of several oceanic and terrestrial 71 

hydrosedimentary factors, acting and interplaying at various temporal and spatial scales. Here we consider three main 72 

drivers of shoreline change: (i) regional sea level, (ii) ocean waves, and (iii) fluvial inputs. Since our focus here is on the 73 

interannual fluctuations of climate-driven variability at the global scale, we account for the variability of yearly-averaged 74 

drivers through simplified expressions of their dominant contributing factors. The regional sea level anomalies (SLA) 75 

considered here include the steric effect and dynamic atmospheric correction (i.e. effects of wind and atmospheric pressure); 76 

ocean waves are parameterized as the incoming deep-water wave energy flux (cf. Data and Methods); Similarly, we consider 77 

the river flows as the continental influence of fluvial inputs. It should be noted that here our interest is not on the amplitude 78 

of these factors, which might be affected by local and complex nonlinear processes (e.g. complex waves transformation on 79 

continental shelves – see Passaro, et al., 2021- and induced coastal morphodynamics and setup), but solely on the expression 80 

of the interannual variability. At the spatio-temporal scales considered here such local effects are likely to be strongly 81 

damped. With these assumptions, the shoreline anomaly S is then formulated as: 82 

S(x,t)=α Sea level (x,t)+ β Waves (x,t) + γ Rivers (x,t)                    (1) 83 

Where x and t represent the along-shore and temporal dimensions respectively. All variables are detrended over the period 84 

2000-2017 (see Data and Methods). 85 

Figure 1a shows local correlations between the yearly anomalies of satellite derived shoreline positions and S computed from 86 

the multi-linear regression model (Eq. 1). This comparison yields remarkable model/data correlations with a globally 87 

averaged correlation of 0.4 (significant at 95%), and generally higher correlations in the tropical belt. Figure 1b shows where 88 

each driver dominates the interannual shoreline variability (dominance is assumed when the contribution of a given driver 89 

is > 40%). SLA emerges as the dominant driver of shoreline evolution along most of the global coastline. However significant 90 

contributions from wave activity can be seen along the open west facing coastlines such as North Western Africa, Western 91 

Europe, and Western South America. A noteworthy exception occurs along Western North American coastline where strong 92 

SLA fluctuations associated with ENSO zonal swings across the Pacific basin dominate the interannual control on shoreline 93 

variability. Conversely, in enclosed seas such as the Gulf of Mexico, Arabian Sea, the Bay of Bengal or East Sea, average wave 94 

action is weaker and the influence of large rivers (e.g., the Mississippi, Niger, Zambezi, Indus, Mekong and Red Rivers) emerge 95 

as dominant controls of shoreline evolution (Bamunawala et al., 2020). This is particularly true in the intertropical zone, 96 

where for instance, river basins in South Asia (e.g. Bay of Bengal) and South East Asia generally experience strong monsoon 97 

related interannual rainfall variability with significant influences on continental river flows (Jian et al., 2009; Marchesiello et 98 

al., 2019). Another noteworthy exception can be found in the Maritime continent (islands, peninsulas and shallow seas of 99 
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Drivers of shoreline evolution

- SLA dominant driver of shoreline position 
changes at interannual timescales

- Significant contributions from Waves on 
open west facing shores and under storm 
tracks

- River flow important in enclosed tropical 
seas and intertropical river basins

3/19 
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ENSO influence on shoreline drivers
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ENSO influence on shoreline drivers
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WAVES
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Conceptual ENSO model Climate modes model
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ENSO influence on interannual shoreline changes

The complex ENSO state, (as 
compared to its linear 
expression only)

- integrates the main 
environmental factors 
affecting shoreline position 
even outside the Pacific 
basin and the tropics 

- is a reasonable predictor of 
shoreline year-to-year 
changes



2) The global influence of El Niño on coastal hazards – (2) Flooding

ENSO influence on overtopping events

method adopted) is shown in Fig. 2a. These maximum coastal
elevations also take into account coastal dunes and coastal
structures if resolved by the 30 m resolution of AW3D30 data
base. The maximum sub-aerial coastal elevation appears to gen-
erally increase with latitude (Fig. 2a) and has a global average of 7
m. The sub-aerial coastal slope (Fig. 2b) relevant for wave runup
calculations is computed from the shoreline to the maximum sub-
aerial coastal elevation as derived in Fig. 2a (see “Methods” sec-
tion). The global median value of the coastal slope thus derived is
0.04. Regional patterns are visible, such as the along-coast gra-
dient in coastal slope along the west coast of North America, from
relatively low (0.04) in the tropics to rather steep (0.15) in high
latitudes with rockier coastlines. Similar features are observed in
the southern hemisphere. Africa, the continent with the largest
length of sandy coasts28, generally has gentle coastal slopes.

Overtopping events over recent decades. ECWL over the
23 years between 1993 and 2015 were computed at 14,140 coastal
profiles situated along the open coasts of the world using Eq. (1).
Regional SLA was derived at each computational profile from
satellite altimetry sea level time series using the SSALTO/DUACS
multi-mission data29. Storm surge values (DAC) for the study
period were taken from a global application of the MOG2D-G
model30, forced by surface winds and atmospheric pressure from
the ERA-interim reanalysis31 while astronomical tides (T) were
extracted from the global tide model FES (Finite Element
Solution30). Wave runup was computed using two forms (for
steep and mild slopes, as appropriate for the profile under con-
sideration—see “Methods” section) of the commonly used
Stockdon et al.32 parametrization, using wave conditions from
the ERA-interim global wave reanalysis. All these individual

components feeding into Eq. (1) were re-sampled at an hourly
resolution to enable computing ECWL at an hourly resolution
such that co-occurrence of high values in tides, storm surge, and
waves will be captured in the analysis.

From the ECWL time series derived using Eq. (1) and the
maximum coastal elevations, the potential for overtopping was
computed at each transect at a resolution of 0.5° alongshore. A
detailed illustration and validation of the methodology adopted
for this computation are provided in Fig. S5 for selected historical
overtopping events (e.g., Katrina in the USA, Xynthia in Europe/
France). Figure 3a shows the time-averaged (averaged over the
1993–2015 period) annual number of overtopping hours (Na,l)
around the world. Regional hotspots of overtopping can be seen
in northern Europe, southern Mediterranean, western Canada,
far-eastern Russia, eastern Africa and Madagascar, and parts of
southeast Asia and northern Australia. The limitations associated
with the application of our approach at deltaic coasts are
addressed in the “Limitations and way forward” section.

The annual number of overtopping hours (Na,g) exhibits a
positive (i.e., increasing) trend (computed using the complete
hourly time series of ECWL, discretized into years) in most parts
of the world over the period 1993–2015 (Fig. 3b). The highest
rates of increase are observed in the Gulf of Mexico, Eastern
Europe (Baltic Sea), Southern Mediterranean, Eastern Africa and
Madagascar, far-eastern Russia, and parts of Southeast Asia and
Northern Australia. This might be because most of these regions
generally have small variability in ECWL (variance of the time
series), and hence, even small increases in regional sea level can
have a large impact on overtopping33. A few areas appear to have
experienced a small trend over 1993–2015, mainly in the mid to
high latitudes: e.g., the west coast of North America, Northern
Europe, most of South America, and South Asia.

Fig. 2 Global coastal topography along the world’s coastline. a Maximum coastal elevation and b sub-aerial coastal slope. Insets show the distribution of
elevations (mean= 7m) and slopes (median= 0.04). For readability, values have been regionally smoothed in this figure, such that regional patterns are
clearly distinguishable.
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3) CONCLUSIONS & TAKE HOME MESSAGES

New theory to understand the complex ENSO influence on different key drivers of coastal 
vulnerability (and possibly more):

Wave energy

Sea level

River liquid 
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Seasonally modulated ENSO

= ENSO nonlinearity
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Figure 5. Comparison of shorelines detected from satellite imagery using our auto-detection algorithm and in-situ measurements of 281 
shorelines at 4 locations around the world. a): Locations of the different sites from where  in situ measurements were used for the analysis; 282 
b) Torrey Pines, USA; c) Truc Vert, France; d) Grand Popo, Republic of Benin; e) Nha Trang, Vietnam . First column shows Google earth 283 
images on which satellite derived shorelines at selected times are superimposed. The second column shows the in situ data (black line) and 284 
the shorelines extracted from satellite images (color lines) at the closest computational coastal point. The third column shows a quantile-285 
quantile plot of Satellite derived shorelines vs in situ measurements. 286 

Overtopping occurrence è FLOODING Shoreline evolution è EROSION

A BETTER UNDERSTANDING OF 
ENSO CONTROL ON COASTAL 
VULNERABILITY

è IMPROVING PREDICTABILITY

= ENSO nonlinearity
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