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Abstract The dependence between extreme storm surges and wind waves is assessed statistically along
the global coasts using the outputs of two numerical models consistently forced with the same atmospheric
fields. We show that 55% of the world coastlines face compound storm surge wave extremes. Hence, for a
given level of probability, neglecting these dependencies leads to underestimating extreme coastal water
levels. Dependencies are dominant in midlatitudes and are likely underestimated in the tropics due to
limited representation of tropical cyclones. Furthermore, we show that in half of the areas with dependence,
the estimated probability of occurrence of coastal extreme water levels increases significantly when it is
accounted for. Translated in terms of return periods, this means that along 30% of global coastlines, extreme
water levels expected at most once in a century without considering dependence between storm surges and
waves become a 1 in 50‐year event.

Plain Language Summary Coastal flooding is caused by a combination of factors, among which
storm surges and wind waves are of major relevance due to their potentially large contributions to coastal
extreme sea levels and their widespread effects. Based on global scale numerical simulations of these two
components, we have investigated the relationship between extreme storm surges and waves along the
world coastlines. We find that in more than half of the coastal regions, storm surges tend to be accompanied
by large wind waves, thus increasing the potential coastal flooding. Measures for coastal protection often rely
on the probability of occurrence of exceedance events (return periods for prescribed water heights), which in
turn is determined by the dependence between the contributors to extreme sea levels. The dependency
between surges and waves implies that the likelihood of co‐occurrence of extremes is higher than assuming
these two variables as unrelated. More specifically, the probability of facing a 1 in 100‐year event is more
than doubled in 30% of the global coastlines when accounting for the dependence between storm surges and
waves. Considering these dependencies has a strong impact on return period estimates of extreme high
waters and is therefore relevant for the design of coastal defenses.

1. Introduction
Coastal flooding results from the combination of different oceanic and atmospheric drivers, including mean
sea level changes, tides, storm surges, waves, river discharge, and rainfall. When two or more of these
mechanisms occur simultaneously, flood severity may be exacerbated leading to increased coastal flood risk.
Examples of compound flood events include the combination of river discharge and surges (Moftakhari
et al., 2017; Ward et al., 2018), rainfall and surges (Wahl et al., 2015, in the U.S. coasts and Wu et al.,
2018, in Australia), and rainfall, surge, and waves (Bilskie &Hagen, 2018; Paprotny et al., 2018). If these con-
current events display statistical dependencies (e.g., through a common forcing mechanism), the probability
of their joint occurrence (i.e., the chance of two or more extreme conditions occurring at the same time) is
higher than that expected considering separately the extremes of each variable, with a consequent increase
of the likelihood of coastal flooding.

In areas unaffected by estuarine processes, coastal water levels during extreme events differ from the pre-
dicted tides due to (1) the atmospheric storm surge caused by the reduced atmospheric pressure and the
effects of winds, (2) the wave setup, an additional contribution to themean coastal water level (averaged dur-
ing a few tenths minutes or more; Stockdon et al., 2006), and (3) the wave run‐up effects. These phenomena
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differ in intensity depending on the offshore storm surge and wave conditions and also due to local coastal
settings. Open coasts are obviously the most exposed to the wave effects, with a generally strong wave setup
contribution where the submarine offshore slopes are steep (Pedreros et al., 2018; Serafin et al., 2017).
However, even in sheltered areas, a significant contribution of the wave setup may be expected
(Thompson &Hamon, 1980). Hence, ignoring storm surge, the effects of waves or their compounding effects
would intuitively lead to underestimating extreme coastal water levels and their frequencies over a number
of coastal localities worldwide that are exposed to the simultaneous action of surges and waves.

Whether relying on observations or reanalysis, extreme coastal water level estimates often presuppose that
storm surge events are the only mechanism inducing coastal flooding (Hauer et al., 2016; Hinkel et al., 2014;
Muis et al., 2016; Wahl et al., 2017). Indeed, high‐frequency coastal tide gauge sea level records are assumed
to measure primarily this contribution together with tidal oscillations in many studies relying on observa-
tions (Marcos &Woodworth, 2017). However, the same atmospheric disturbances causing storm surges gen-
erate also wind waves that may reach the coastlines and affect nearshore water levels. Some previous studies
have addressed the problem of joint probability for extremes associated to surges and waves at local or regio-
nal scales, as Li et al. (2014) for the Dutch case; Hawkes et al. (2002) Hawkes (2005) for UK, Mazas and
Hamm (2017) with an application at Brest (France), Arns et al. (2017) and Ross et al. (2018) in North Sea,
and Petrogliakis (2018) along the European coasts. Yet to date, the problem of joint occurrence of storm
surges and waves and its impact on coastal flooding has not been addressed globally.

In the present work we perform, for the first time, a global assessment of the dependencies between extreme
storm surges and wind waves along the coasts worldwide in a statistical framework. We take advantage of
the recent development of accurate, global consistent numerical simulations of storm surges and waves
spanning several decades that permit the identification of the coastal regions where extreme storm surges
and high waves tend to occur in concurrence as well as the quantification of the dependence of extreme epi-
sodes. Due to the modeling setup, we consider only the dependence arising from a common atmospheric for-
cing, omitting interactions between waves, currents, and sea levels in shallow waters. Our aim is twofold:
first, to estimate the changes in the probability of occurrence of compound extreme events along the world
coastlines when the storm surges waves dependence is accounted for. Second, to translate these results into
return levels of extreme high waters, as these represent one metric of major relevance in the design of coastal
protection defenses. Finally, we assess the significance of these dependencies for accurate flood hazard
assessment by providing extreme coastal levels for six selected coastal locations situated in different
oceanic regions.

2. Data and Methods
2.1. Surge and Wave Hindcasts

The global storm surge and wind wave hindcasts span the period 1979–2014 and are obtained using dynami-
cal models forced by the same atmospheric pressure and wind fields from the European Centre for Medium‐

Range Weather Forecasts Reanalysis‐Interim (ERA‐Interim) reanalysis. Storm surges have been generated
using the Delft3D‐FLOWmodel with a spatial resolution of 5‐km along the coast (10,853 coastal grid points)
and temporal outputs every 6 hr. Wind waves have been simulated with the state‐of‐the‐art spectral model
WAVEWATCH III (The WAVEWATCH III Development GroupWW3DG, 2016), with varying spatial reso-
lution (saving 4,986 coastal grid points) and 3‐hourly temporal resolution. Both data sets have been exten-
sively validated and used as the reference period for present‐day storm surge and wave climates
(Mentaschi et al., 2017; Vousdoukas et al., 2017, 2018; Vousdoukas, Voukouvalas, Annunziato, et al.,
2016). In the present work, each storm surge coastal location has been associated to the closest wave coastal
grid point for the combined analyses. Significant wave height (Hs) has been used to build the pairs of storm
surge‐Hs time series.

2.2. Selection and Dependence of Extreme Surges and Waves

Extreme storm surges and concurrent wind waves have been defined for each pair of surge‐Hs time series at
every coastal location. To do so, first, independent storm surge episodes exceeding the 99th percentile of each
coastal grid point have been selected. Independence among storm surge episodes has been ensured requiring
that the events are separated by at least 3 days from each other (following, e.g., Arns et al., 2013; Bardet et al.,
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2011; Haigh et al., 2016; Marcos & Woodworth, 2017). Second, for every
surge extreme, the highestHswithin an interval of ±6 hr has been chosen.

Dependence between the extreme storm surge and the corresponding Hs

is expected when both values arise from the same forcing event, and it
needs to be considered for the computation of joint probability distribu-
tions. To measure whether storm surge and wave are dependent when
they take large value, we focus on the empirical estimates of the pair χ ;
χ of summary statistics to measure the extremal dependence as defined
by Coles et al. (1999). Formally, both indicators are defined as follows:

χ ¼ limu→1 2−
log P U<u∩V<uð Þð Þ

P U<uð Þ
� �

; χ−

¼ limu→1
2 log P U>uð Þð Þ

log P U>u∩V >uð Þð Þ−1
� �

(1)

whereU and V are the surge andHs values and u is the quantile level. The
first indicator χ is used to screen locations where extremal dependence
between both variables is exhibited. This is indicated where the χ tends
to 1.0 for very large quantile level u of both variables. In practice, to
account for uncertainty in the indicator estimate, we chose to indicate
dependency in the case where the confidence interval at 95% forχ excludes
the value 1 for all of the largest quantiles. For locations where the value of
χ indicates dependency, the second indicator χ (representing the condi-
tional probability of having extreme waves when storm surges are
extreme, Coles et al., 1999) provides a measure of the strength of depen-
dence (with values closer to 1 indicating stronger dependence). Figure 1a
maps the values of χ for the dependent coastal grid points (those identified
as independent according to χ have been blanked). We found dependence
in about 55% of the coastlines (6,009 out of 10,853 grid points). Most of the
coastal points where storm surge and wave extremes are independent are
concentrated in equatorial and tropical regions (blanked in the map),
due to the prevalence of remotely generated swells and small surges affect-
ing these coasts and poor representation of cyclonic winds, storm surges,

and waves in global models (see concluding remarks). Likewise, dependence is stronger at midlatitudes,
affected by traveling storms that simultaneously generate storm surge and waves. An alternative, measure
of the dependence between extremes of two variables is the Kendall rank correlation coefficient τ (see, e.g.,
Wahl et al., 2015), with higher values of τ indicating stronger dependence. The geographical pattern of
extreme dependence shown by τ (Figure 1b) mimics that from χ, with null values in tropical regions, espe-
cially along the South American and African coasts, and higher values (up to 0.7) at midlatitudes.

2.3. Modeling Joint Probabilities of Storm Surge and Wave Extremes

As a prior step to the computation of joint probabilities between extreme surge and waves along the coast-
lines where they are dependent, we require to characterize the univariate storm surge and Hs distributions.
We fit a Generalized Pareto distribution (GPD) to excesses of a high threshold value. Here the selection of
appropriate thresholds is a key point, as the resulting inferred parameters will be affected by this choice.
Standard methods for selecting this threshold rely on visual techniques analysis of quantile‐quantile graphs,
“mean residual life plots”, “modified scale and shape parameters plots” (Coles, 2001), which can hardly be
applied in (semi) automatic manner to the roughly 6,000 locations in our data set. To overcome this practical
difficulty, we have relied on the recently developed Bayesian cross‐validation procedure by Northrop et al.
(2017) to select the extreme thresholds for storm surges and Hs at each grid point based on a GPD model.
This approach ensures that weminimize the sensitivity of our choice in the final inference of the distribution
parameters. In the following, we consider concurrent surge‐Hs pairs only when both exceed these selected
thresholds. This procedure guarantees the robustness of the univariate distributions, although at the cost
of reducing the number of grid points that have enough data to reliably fit a GPD. We have required a

Figure 1. (a) Dependence strength between extreme storm surges (events
exceeding the 99th percentile) and concurrent waves, as measured by χ.
Blank coastline segments indicate that there is not asymptotic dependence
between extremes (limiting value of χ < 1, see text for details). (b) Map of
Kendall τ correlations between the same extremes storm surges and con-
current waves.
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minimum length of 30 data (roughly 1 event per year) to fit the distribu-
tions which results in a final set of 5,357 grid points.

We have used copula theory (Coles, 2001; Sklar, 1959) to characterize the
dependence between extreme storm surge and Hs. Some recent studies
have already successfully applied copulas to reproduce the statistical
structure of waves (De Waal & van Gelder, 2005), sea storms (De
Michele et al., 2007), and the combination of storm surge and wave
extremes (Arns et al., 2017; Sayol & Marcos, 2018). Here we consider five
types of copulas of the Archimedean and elliptical families, namely,
Clayton, Frank, Gumbel, Gaussian, and t‐Student; these have been
applied to account for the dependence between univariate GPD distribu-
tions at each coastal grid point, through amaximum likelihood procedure.
To select the best fitted copula function in each grid point, we minimized
the root‐mean‐square error between the empirical and the theoretical
copulas, as in Wahl et al. (2012) and Sayol and Marcos (2018). Other esti-
mators such as Akaike and Bayesian information criteria were also tested,
without showing significant differences in the results.

Once the statistical structure of the dependence between extreme storm
surges and Hs is characterized, we have computed the joint return levels
at each grid point. In the computation of the return levels we have
required that both components of sea level extremes exceed their thresh-
olds simultaneously. Following Salvadori and De Michele (2004), this
choice is referred therein as the “AND” case, whose probability is
expressed as

P U>u∩V>vð Þ ¼ 1−Fu uð Þ−Fv vð Þ þ C Fu uð Þ;Fv vð Þ½ � (2)

where U and V are the surge and Hs values, u and v are the corresponding
thresholds, C is the copula function related to a prescribed return period,
and F refers to the univariate distributions of surges and waves, in this
case corresponding to a GPD. The return period RP is related to the joint
probability as

RP ¼ μT
P U >u∩V > vð Þ (3)

with μT being the average interarrival time between two successive events.
For each grid point this parameter is estimated as the length of the time
series (i.e., 36 years) divided by the number of events considered. Note
that the same value of P(U > u ∩ V > v) may result from different combi-
nations of u and v. Here we have selected the most probable pair of
surge‐Hs. This approach was also applied in Sayol and Marcos (2018) for
a local case study.

If the dependence between storm surges and waves is neglected, the prob-
ability of co‐occurrence can be computed directly from their univariate
distributions. In the “AND” case, when both storm surges and waves
are required to exceed their corresponding thresholds, this probability is
simply given by

Pindep U >u∩V > vð Þ ¼ P U<uð Þ·P V< vð Þ (4)

3. Results

The joint 50‐year return levels for storm surges andHs computed from equation (3) are mapped in Figures 2a
and 2b for coastal grid points where there is dependence between both extreme values. As explained above,

Figure 2. The 50‐year joint return levels for surges (a) and for Hs (b) com-
puted for the coastal grid points where there is dependence. (c) Ratio
between the joint return period (50‐year) and the independent return peri-
ods assuming independence, with selected grid points highlighted.
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these values are not unique but are the most likely given their statistical dependence. The geographical dis-
tribution of the return level heights resembles that expected from univariate distributions. For storm surges
(Figure 2a), lower values are found in the tropical regions in comparison to midlatitudes. The largest return
levels, exceeding 2 m, are located in the North Sea and along the coast of Alaska. In the case of waves
(Figure 2b), the lowest values of return levels for Hs are found in the equatorial regions and marginal seas,
while higher values (exceeding 12 m) are obtained in more exposed regions in midlatitudes and
oceanic islands.

In order to compare the changes in the likelihood of joint occurrence when the dependence structure is
accounted for, we have computed the correspondent univariate return periods considering storm surges
and Hs as independent. To do so, we first estimated the individual probability of the values of storm surge
and Hs mapped in Figures 2a and 2b, using the inferred parameters of their univariate GPD distributions
at each grid point. Univariate return levels for a given return period are larger than joint return levels; for
example, a point located in 28°N and 82°W, along the Florida coast, has a 50‐year joint surge‐Hs return level
of 61 cm, while the 50‐year return level (only surges) is 70 cm. In consequence, these univariate return per-
iods are smaller than 50 years everywhere, as expected. Second, the probability of their joint occurrence was
computed as the product of these independent probabilities, following equation (4). Finally, the ratio
between this independent return period and the joint (including dependence) 50‐year return period is
mapped in Figure 2c. These results, therefore, represent the increase factor in the return periods if the depen-
dence between extreme storm surges and waves is neglected. Overall, the median value in the ratio of
increase along the coastal regions where there is dependence between surge and waves is 2.5 and maxima
values reach a twentyfold increase (Figure 2c).

To be useful for practical purposes, the impact of compound events on return levels must be translated into
coastal extreme sea level values, that is, accounting for the impact of surges and waves on water height. The
contribution of waves to coastal sea level depends strongly on the topography, bathymetry, bottom types,
and even currents at each coastal location, and it ranges from a mean sea level response (known as wave
setup) to very high frequency processes (of the order of seconds) such as wave runup. So far, we have only
considered the distribution ofHs offshore and given the strong local character of waves transformation when
approaching the coast, there is no common methodology that can be applied globally to translate these
values into precise coastal sea level contributions. We have therefore opted for estimating the wave contri-
bution to extreme water levels at the coast considering only wave setup, for which we have used the widely

applied rule of thumb that quantifies the effect of waves as 20% ofHs in deep waters (e.g., Vousdoukas et al.,
2017). Extreme water levels due to storm surges and waves are thus calculated as the addition of storm surge
extremes and this wave setup. Six grid points from different ocean regions (indicated with circles in Figure 2
c) have been selected to illustrate the effect of accounting for the dependence in storm surge and wave
extremes in return levels of these extreme sea levels (Figure 3). As in Figure 2, joint probabilities (blue lines)
are estimated following equation (3), whereas independent probabilities (orange lines) follow equation (4).
In four out of five of the cases shown, return periods of extreme coastal water levels are significantly larger if
the dependence between storm surges and waves is neglected. For example, in the site located in the North
Sea an extreme water level of 3.2 m resulting from the combined action of surges and waves is expected once
every 50 years, but its frequency would be estimated in 1 in 532‐year event if their dependence was not con-
sidered. In contrast, in site located in the Tropical West Pacific the changes in the frequency with and with-
out accounting for dependence are small: the 50‐year event of 0.6 m is shifted to a 58‐year event.

For completeness we have compared extreme coastal water levels caused by only storm surges, only waves,
and both when occurring in concurrence. For the first two cases, we have estimated separately the probabil-
ities of extreme storm surges and waves at each grid point, but this time including in the records all values
exceeding the prescribed thresholds and not only those that are concurrent (as in the third case). Note that
concurrent cases may not have necessarily selected the highest waves everywhere. Using all data available
has increased the number of points that are fitted to the univariate GPDs. The differences obtained between
joint surge waves and only storm surges are always positive for the coastal regions analyzed. This implies
that the intensity of the compound extreme water levels exceeds everywhere the height of storm surges if
these are computed independently for isolated (i.e. not concurrent) events. The median increase in the 50‐
year return period is 91 cm, with maxima exceeding 3 m in regions with large waves. Likewise, the
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differences between joint storm surge waves and only waves are positive for the 93% of coastal points, with a
median increase in the 50‐year return level of 53 cm and maximum over 4 m. The points where the effect of
only waves is more important and generates higher coastal water level extremes are mostly located in the
tropical regions, most likely associated to remote swell waves not linked to local storms.

4. Concluding Remarks

Design of coastal protection strategies must take into consideration all possible forcing mechanisms poten-
tially leading to coastal flooding as well as their interactions. In this respect, earlier numerical efforts have
addressed the compound effect of extreme storm surges and wind waves (Dietrich et al., 2012) generally
applied to selected case studies of interest, such as hurricane events (Dietrich, Zijlema, et al., 2011;
Dietrich, Westerink, et al., 2011). In our approach, we have provided the first global assessment of the effects
that the dependence between storm surges and wind waves have in extreme coastal water levels. We have
investigated this dependence in a statistical framework. The co‐occurrence of these two major drivers of
extreme coastal sea level has been identified in 55% of the global coastlines, mostly concentrated at middle
to high latitudes. Along the majority of these coastal regions with dependence, the joint surge wave effects
exceed that of the individual forcings, with only a few exceptions in tropical locations that are affected by
remotely generated strong swell waves. Hence, it is important to consider both mechanisms together with
their dependence.

The dependence between extreme storm surges and waves, explained by a common atmospheric origin,
increases the likelihood of their joint occurrence in comparison to that of statistically independent events.
This is translated into higher coastal flood risks. For example, in terms of return periods, the 50‐year return
period of joint storm surges and waves is at least doubled, if their dependence is neglected, in roughly 30% of
the global coastlines (~50% of those coastal regions where dependence has been identified). In other words,
in these locations, an event expected at most once in 100 years without considering dependences between

Figure 3. Joint (blue) and independent (orange) return levels of water levels resulting from surge and Hs extremes.
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surges and waves, is revealed in, at least, 1 in 50‐year event once they are accounted for. Likewise, a fivefold
(tenfold) increase in the 50‐year return period is found in nearly 20% (8%) of the global coastlines. Therefore,
the estimation of return periods, which is an essential metric for the calculation of coastal allowances and
design of defenses (Hunter, 2012), may be significantly biased low if the storm surges and waves hitting
the coasts are presumed to occur independently from each other.

Our results are based on the outputs of two storm surge and wave global hindcasts that have been forced con-
sistently with the same atmospheric fields (Mentaschi et al., 2017; Vousdoukas, Voukouvalas, Annunziato,
et al., 2016). Numerical models provide the continuous spatiotemporal coverage that is necessary to perform
a global assessment, but they also have limitations. In particular, comparisons with in situ data have demon-
strated that hydrodynamic models perform satisfactorily at midlatitudes where extreme sea levels are mostly
caused by extratropical atmospheric perturbations (Muis et al., 2016; Vousdoukas, Voukouvalas, Mentaschi,
et al., 2016), but these global scale models often fail to capture the extreme storm surges associated to tropical
cyclones (Muis et al., 2016: Bloemendaal et al., 2018) and so do the wind wave models (Vousdoukas et al.,
2018). In consequence, our findings likely underestimate the dependence and the intensity of surge and
wave extremes in areas prone to tropical cyclones, due to the numerical runs that we have used. In these
areas, regional studies have demonstrated better capabilities to jointly model storm surges and waves gener-
ated by tropical cyclones (e.g., Hu &Muller‐Karger, 2007; Hope et al., 2013; Bilskie et al., 2016, all in the Gulf
of Mexico). On the other hand, the hindcasts used here have a time span of 36 years, which is insufficient to
explore the nonstationary behavior of extreme events that has been observed in both storm surges (e.g.,
Marcos & Woodworth, 2017) and waves (e.g., Méndez et al., 2006). Further research is needed to investigate
the impact of this nonstationary character in surge wave dependence, particularly under climate change sce-
narios for which it has been shown that there is variability in both components (Mentaschi et al., 2017;
Vousdoukas, Voukouvalas, Annunziato, et al., 2016).

Finally, it is worth pointing out that we have not considered tides and mean sea level changes in our estima-
tions of return periods. Tides can be a determining factor in coastal flooding, depending on whether the
storm effects coincide with a tidal peak. An example is found with the large impacts of storm Xynthia in wes-
tern France in 2010 when a moderate storm surge coincided with spring high tides (Bertin et al., 2014).
Assuming independence between tides and water heights, it is straightforward to incorporate their impact
on flood risk assessment (following equation (4)). However, more accurate risk analysis should account
for tide‐surge interactions, at least in regions where they are nonnegligible (e.g., in the English Channel,
Idier et al., 2012, and references therein for other regions). Regarding mean sea level, it has been identified
as a major driver of changes in extreme sea levels (Marcos & Woodworth, 2017); thus, the corresponding
return periods as those presented here should be adjusted using mean sea level projections for applications
in risk assessments (Buchanan et al., 2016; Slangen et al., 2017). Notwithstanding these limitations, our
study contributes to improved understanding of global and regional extreme coastal water levels, whose
uncertainties are often underestimated and even dominate those of mean sea level rise in many localities
for the 21st century (Wahl et al., 2017).
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