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ARTICLE INFO ABSTRACT

Very large waves populate world oceans and challenge seafarers and offshore structures, but their long-term and
global assessment is uneasy because of the scarcity of observations and their narrow time-coverage. Modern
model reanalysis datasets with high spatio-temporal extent and resolution represent a valuable tool for this
scope. In this paper, we use for the first time reanalysis datasets to provide a long-term and global statistical
assessment of the maximum wave parameters, namely crest, crest-to-trough and envelope heights. In particular,
we rely on the ERA-Interim directional wave spectra that are used to estimate the parameters of the probability
distributions of wave maxima. To represent the customary single-point observations we use time extreme sta-
tistical models, while to account for the three-dimensional geometry and short-crestedness of stormy ocean
waves, the statistical models are extended to space-time. In order to evaluate the accuracy of the reanalysis-
based wave maxima estimates we verify them against buoy and stereo-video wave observations gathered in the
North Pacific Ocean. We then provide the global assessment of maximum crest, crest-to-trough and envelope
heights during typical and extreme conditions, showing the regions attaining the largest values, which we show
are located in the mid-latitude storm belts, in particular in the North Atlantic Ocean. With respect to previous
wave climate studies that focused on the significant wave height only, in this study we quantify the maximum
wave height extent, also highlighting the role of mean wave steepness and kurtosis (measures of nonlinearity)
and spectral bandwidth (measure of irregularity). Beside this, we show that the contribution of the short-
crestedness is significant and that taking it into account may be relevant for the safety of navigation, ship routing
and marine structural design.
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1. Introduction

The assessment of maximum wave heights over the oceans has
challenged for a long while scholars and seafarers. This is due on the
one hand to the intrinsic random character of ocean waves, forcing
scholars to rely mostly on statistical approaches; on the other hand to
the not yet fully unveiled physical mechanisms of large wave genera-
tion. In the past decades, many attempts have been made to frame the
occurrence of extreme single wave heights into theoretical models,
based on, and referenced to, field observations and laboratory or nu-
merical experiments (see Dysthe et al., 2008 for a review of the topic).

In this paper, we combine numerical wave model outputs and ex-
treme statistics to analyse the characteristics of the maximal wave
heights over the world oceans during 25 years (1992-2016). We exploit
model reanalysis datasets, in particular ERA-Interim (Dee et al., 2011),
to obtain a global, long-term coverage of directional wave spectra in
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order to derive the corresponding parameters of the short-term (i.e., at
sea state scale) extreme wave height probability distributions. Then, we
do a statistical analysis to infer the long-term characteristics, i.e., the
climate, of maximum wave heights over the global oceans.

We rely on model data as they allow a spatial and temporal cov-
erage wider and denser than that given by observational datasets
(usually limited in time or space, or both). Previous attempts of asses-
sing the global wave climate from model datasets can be found in Cox
and Swail (2001) and Stopa and Cheung (2014a), among others. Using
satellite altimeter data Young et al. (2011) have focused on the corre-
sponding climate trends over the global oceans. While those studies
investigated the distribution of the significant wave height, here, for the
first time, we aim at assessing the climate features of the maximum
expected crest, crest-to-trough and envelope heights of sea states,
evaluated in a statistical sense as expected values.

To this end, we follow two different theoretical statistical
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approaches: a first one (time extremes) that is appropriate to predict
maximum wave heights at a single-point (e.g., as they are observed
using a wave buoy), and a second one (space-time extremes) that is in
agreement with areal observations (obtained, for instance, with a stereo
video system). We present results of both these approaches. They have
different domains of observation/prediction (i.e., point vs area, re-
spectively) and different instruments for observation (e.g., buoy vs
stereo imagery, respectively). They are also applied in different con-
texts: time extremes complying with the traditional observations and
wave statistics at a fixed point; space-time extremes allowing inter-
preting maximum wave heights over a given area (e.g., the one of in-
terest for a ship or an offshore platform) and accounting for the short-
crestedness of wind-generated waves. We base the assessment of wave
maxima upon statistical wave models (presented in details in Section
2.1 and Appendix A) widely recognized by the community and which
well represent the available observations. In particular we use a linear
model for the maximum (time and space-time) crest-to-trough heights,
we rely on a nonlinear second order wave model for the maximum
(time and space-time) crest heights and we choose a third order non-
linear model for the maximum time envelope heights (defined as twice
the amplitude of the envelope maximum). In so doing, we aim at pro-
viding a comprehensive perspective on maximum wave heights, ac-
counting for the statistical models of wave maxima renown by the
scientific and engineering communities.

The paper is organized as follows. In Section 2, we present the
statistical models of wave maxima, the reanalysis model datasets and
the observational datasets used in this study. In Section 3, we assess the
validity of the statistical models and the accuracy of model reanalyses
using buoy and stereo-video observations in the North Pacific Ocean.
The global long-term climate of maximum wave heights is presented in
Section 4, while discussions and a focus on some stations and transects
representing regions of interest in the world follow in Section 5. We
summarize our conclusions in Section 6 and we close the paper with
two Appendices where we provide more details on the statistical models
of maxima and on the data analysis procedures we used.

2. Materials and methods
2.1. Statistical models of maximum wave heights

Given the intrinsic random character of oceanic waves, hence of
their crest height C, crest-to-trough height H and envelope wave height
E, to assess the corresponding maximum values over a sea state
(namely, Cyax, Hpax and Epgy, respectively) it is customary to rely on a
statistical approach (as done, among others, by Casas-Prat and
Holthuijsen (2010), Holthuijsen (2007), Janssen and Bidlot (2009)). In
this context, a typical estimate of wave heights is provided by the ex-
pected (or mean) values Cayx, Hpax and Epq, (the overbar representing
expectation), given that the respective probability distributions of
maxima are known. In the following, we will briefly introduce the
statistical approaches we use in this study to represent such probability
distributions (further details can be found in Appendix A).

2.1.1. Time extremes

The first statistical approach we consider is based on the assumption
of a time-variate sea surface elevation, as it occurs at a fixed point in
space. This is the standard approach in extreme wave analysis, appro-
priate to interpret single-point observations (e.g., from buoy or wave
probes). In this respect, given a generic short-term parent distribution
of C (say H or E) at a point, the probability of the corresponding
maximum value Cyqx (Say Hpgyx Or Epgy) during a sea state of given
duration is obtained following the principles of the extreme value
analysis (Goda, 2000; Gumbel, 1958). Accordingly, the expected value
of maxima provides the statistical character of the assessment.

An indication about customary short-term parent distributions of C
and H at a point is given by the DNV-RP-C205 Recommended Practice
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for Environmental Conditions and Environmental Loads (DNV GL,
2017; henceforth, DNV-RP). The DNV-RP is a recent guideline for
marine structure designers, providing guidance for modelling, analysis
and prediction of environmental conditions, including maximum wave
heights. According to DNV-RP, the short-term parent probability dis-
tributions of C and H are well represented respectively by the Forristall
(2000) and the Naess (1985) Weibull-type distributions, whose prob-
abilities of extremes are recognized as the standard models for C,,, and
Hpgx at a single-point (Dysthe et al., 2008) and herein adopted. In
previous studies, predictions from these models were compared against
single-point observations and results of numerical simulations, showing
fair agreement (see e.g., Casas-Prat and Holthuijsen, 2010; Forristall,
2000).

A short-term parent probability distribution of E at a point has been
proposed by Janssen (2003, 2014) relating the occurrence of envelope
heights to the directional wave spectrum and its spectral parameters.
This probability of maximum envelope heights is therefore herein
considered as the standard model for E,,. This model, verified against
buoy observations (Janssen and Bidlot, 2009), is implemented in the
Integrated Forecasting System of the European Centre for Medium-
Range Weather Forecasts (ECMWF, 2017) such that forecast and re-
analysed maximum envelope heights are routinely produced by
ECMWEF. It is worth noting that the expected value of E,,, is at present
the only operational product of individual maximum wave height.

Therefore, in this study we will use Cpay r, Hiax,Na and Epqy s as the
statistical estimate of maximum crest, crest-to-trough and envelope
heights, respectively, in a sea state of duration D (the sub indexes F, Na
and J representing the Forristall, Naess and Janssen distributions, re-
spectively).

2.1.2. Space-time extremes

To account for the 3D geometry of very large waves (Benetazzo
et al., 2017; Fedele et al., 2013), we consider in this study a space-time
extreme model, which extends the time-variate estimate of wave
maxima to space-time, i.e., to an area of given size X and Y, over a
duration D. It was proven that the values of C,, and H,,, over a sea
surface area are generally larger than those attained at a single point
within the area (Barbariol et al., 2015; Benetazzo et al., 2015; Dysthe
et al., 2008; Fedele et al., 2013; Krogstad et al., 2004). This is parti-
cularly true in short-crested conditions, typical of sea storms. Space-
time extreme models consider the actual sea surface elevation as a
multidimensional (2D space + time) random field and relate the
probability distribution of Cpqy Over a certain space-time region to the
probability of the global maxima of the random field (Adler, 1981;
Adler and Taylor, 2007; Piterbarg, 1996). The contribution of a weakly
nonlinearity can also be included (Benetazzo et al., 2015; Fedele,
2015). The H,p,, estimate is obtained by means of the Quasi-De-
terminism theory (Boccotti, 2000) which provides the average shape of
the largest waves and, thus, couples the crest and crest-to-trough
heights. Only crest and crest-to-trough heights are evaluated in space-
time, as a space-time framework for envelope heights is not available at
present.

Space-time extreme wave models have been assessed using space-
time extreme wave data from numerical simulations (Barbariol et al.,
2015; Forristall, 2006; Socquet-Juglard et al., 2005), laboratory ex-
periments (Forristall, 2011), and field observations (Benetazzo et al.,
2017a, 2017b; Fedele et al., 2013). The same models have also been
successfully employed to interpret the occurrence of well-known freak
wave events, such as the Draupner wave (Cavaleri et al., 2016; Cavaleri
et al., 2017). For these reasons, a space-time wave model for Cp,,, and
Hp.x (Space-Time Quasi-Determinism, hereinafter STQD; Benetazzo
et al.,, 2017) has been recently implemented in the WAVEWATCH III
wave model (Barbariol et al., 2017; WW3DG, 2016). The STQD model
herein adopted is linear (subscript 1) for crest-to-trough heights, which
are only slightly affected by nonlinearities (Tayfun and Fedele, 2007),
while it accounts for second order non-resonant wave nonlinearities
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(subscript 2) for crest heights. In this study we will therefore estimate
the expected maximum crest and crest-to-trough height over a sea state
of duration D and space size XY, as Cypaxsropz2 and Hygx stop1, respec-
tively.

Provided the stationarity (in time) and homogeneity (over space)
requirements are fulfilled, the choice of the time duration D as well as
of the space region size XY is arbitrary and it is usually driven only by
the purpose of specific applications (e.g., the duration of a wave record
from a buoy or the size of an off-shore platform). Here, since we are not
interested in a particular application, but rather in estimating max-
imum wave heights over the global oceans, we choose as duration the
typical buoy record length, D = 20 min, and as space region a typical
size of an offshore platform, XY = 100 X 100 m>. These values, which
are independently chosen, satisfy the requirements of homogeneity and
stationarity of the sea state and, at the same time, ensure statistical
significance, as the sea state contains O(10%) waves on average.
Moreover, keeping the same duration D and accounting for space-time
correlation (thus, eventually reducing the number of space-time waves
accordingly) allows comparing time and space-time extreme results,
pointing out the genuine dimensional effect arising when the space
dimension is added to time. Finally, the duration of 20 min is the re-
ference period conventionally used to define rogue wave thresholds, i.e.
1.25H; for crest height and 2.00H; for crest-to-trough height (DNV GL,
2017).

2.2. Numerical model data

For maximum wave height assessment, the input variable is the
directional (i.e., frequency and direction) wave spectrum, which is used
to estimate the parameters of the statistical distributions of time and
space-time extremes (see Appendix A). We use the directional spectra
provided by two wave reanalysis datasets: ERA-Interim (Dee et al.,
2011), allowing global and long-term extreme wave analysis, and ERA-
5 (Hersbach et al., 2018), herein used for the analysis of the local wave
conditions in the North Pacific Ocean. The sensitivity of the maximum
wave parameters upon errors in model spectra has been discussed by
Holthuijsen (2007), who shown that the estimate of the most probable
time extreme linear crest height is only slightly affected by an error in
the estimate of the average number of waves (as a consequence, for
instance, of errors in spectral parameters): doubling the number of
waves, provided that it is large enough, the relative error is 4.3%. This
condition might not hold for a small number of waves and nonlinear
estimates, which chiefly depend on the spectral shape. In this context,
Barbariol et al. (2017) have shown, for instance, that a 5% error in the
frequency bandwidth of a JONSWAP spectrum with cos® directional
distribution leads to a 2% error in the estimate of the nonlinear crest
height Cay,sTopz- Similar considerations can be drawn for the direc-
tional spreading. Finally, as far as the effect of the model resolutions on
wave maxima is concerned, it will be discussed in the Section 3, where
the results from the two datasets in the overlapping period are inter-
compared.

2.2.1. ERA-interim

The assessment of the long-term evolution of maximum wave
heights over the global oceans is based upon the ERA-Interim dataset,
produced by ECMWF. ERA-Interim (henceforth, EI) is a global re-
analysis which uses two-way coupled atmosphere and wave model
components (within an integrated atmosphere-ocean waves-land
system), the latter based on the WAM model (Komen et al., 1994). We
have preferred EI to other reanalysis datasets, as it produces robust
wave products we can directly rely on without the need of further wave
modelling. The EI dataset starts in 1979 and is continuously updated in
quasi real time. For our analysis, we have restricted the time interval to
the 1992-2016 period (25 years) that, together with the 6-h temporal
resolution, allows an adequate description of intra-annual and inter-
annual climate cycles (Stopa and Cheung, 2014b). In addition, EI wave
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products benefit of the data assimilation of satellite altimeters since
August 1991. The assimilation has improved the performance of the
model at the expenses of a discontinuity in the 1979-today time series.
The macroscopic effect is on significant wave height. Aarnes et al.
(2015) have shown that the H; statistics and trends derived from EI are
affected by the introduction of altimeter assimilation, and to a lesser
extent by the different satellite updates, the number of operating sa-
tellites and the wave data availability. To overcome this issue, our
analysis starts in 1992 and pertains to the EI period with the fairest
agreement with observations, still covering a 25-year period. The spa-
tial resolution of EI wave products, including wave spectra, is
1.00° x 1.00° (approximately 111km x 111 km at the equator), pro-
vided every 6 h on a global 181 X 360 latitude-longitude regular grid.
The EI directional wave spectra S(w, 6) are defined for 30 frequencies
(w) and 24 directions (8). The quality of EI wave products has been
assessed in many studies (see, e.g., Stopa and Cheung, 2014a) that,
beside pointing out a better EI performance against observations in the
lowest/mid percentiles of wave heights, have qualified it as a robust
and reliable dataset, particularly for studies of multi-year signals and
climate cycles.

2.2.2. ERA-5

To assess the reliability of the El-based global analysis we have
compared EI results with those obtained from the more recent and
higher resolution reanalysis of ECMWF, ERA-5 (henceforth E5). As EI,
E5 is a global reanalysis using the same integrated system and two-way
coupling the atmospheric and the sea surface wave models. It represents
an evolution of EI mostly in being a higher-resolution dataset, both in
space and time. We have used hourly wave products with 0.36°x0.36°
horizontal resolution (40 km X 40 km at the equator), including direc-
tional wave spectra defined for 30 frequencies and 24 directions. E5
also includes 10 lower resolution ensemble members, but they are not
taken into account here. The E5 dataset was not available for the ex-
tended 1992-2016 period when we did this study, so for our local
analysis we have considered 6 years of spectra (2010-2015) in a region
(49-51°N, 144-146°W) surrounding the Ocean Weather Station Papa
(OWS-P), in the North Pacific Ocean, where a wave measuring buoy is
located. Maximum wave heights estimated from those spectra have
been then interpolated to get estimates of wave maxima at the buoy
location (145°W, 50°N).

2.3. Observational data

The assessment of maximum wave heights from the combination of
statistical and numerical (reanalysis) models is done using the ob-
servational data provided in the North Pacific Ocean at OWS-P. Two
types of wave data are available: single-point (i.e., time) wave mea-
surements recorded at the wave buoy position, and space-time stereo-
video data collected from a ship, taken close to the buoy. While single-
point data are numerous and available over a long period, we can rely
on only two areal datasets at OWS-P, as stereo-video datasets are
scarcer with respect to the buoy ones. However, stereo-video datasets
are being acquired worldwide and the empirical-theoretical wave
maxima agreement has been verified (more are on their way) in several
studied (see e.g., Benetazzo et al., 2018, 2017).

The wave buoy is a Datawell directional Waverider. It is managed
by the Applied Physics Laboratory of the University of Washington
(Seattle, USA) and it represents a long-term observation site in the open
ocean as a part of a project studying the effect of surface waves on the
ocean mixed layer (Thomson et al., 2013). Deployed firstly in June
2010 on 4255-m deep waters and periodically maintained (the series
presents only some short gaps), it continuously collects buoy pitch, roll,
and heave data at 1.28 Hz. We have used heave measurements spanning
4.5 years (June 2010-December 2014), during which the buoy has ex-
perienced a wide variety of oceanic sea states with significant wave
height (H;) in excess of 3.0 m on average and peaking at 13.7 m. Time
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series of heave motion have been employed to obtain empirical esti-
mates of the single-point time extremes Cpayx, Hpax and Ep, for the
observed sea states, assumed of duration D = 20 min. Details about the
buoy data quality control and the methodology of analysis can be found
in Appendix B.

Stereo-video datasets have been acquired in December 2014-
January 2015 from the R/V Thomas G. Thompson, during a field cam-
paign aimed at the OWS-P buoy maintenance. Several video datasets of
sea surface elevation were collected during the cruise (Schwendeman
and Thomson, 2017). We have selected two datasets gathered very
close to the buoy, collected on January 3rd, 2015, at 20:34UTC and
22:19UTC. The bursts are 30-min long, providing multi-dimensional
wave data at 7.5 Hz and framing a sea surface region of about 1000 m?,
with 0.25m horizontal resolution. Stereo data encompass sea states
with, also crossing, northerly and westerly systems with H; around
3.60 m. The 3D (2D space + time) sea surface elevation measurements
have been used to estimate the empirical values of Ce and Hpg, at-
tained at D-long (time) and XY -wide (space) sea states. We recall that
maximum envelope heights have been only estimated in the time do-
main, as a space-time framework for envelope heights is not developed
at present. Details about processing of the stereo data at OWS-P can be
found in Schwendeman and Thomson (2017), while the methodology of
analysis is described in Appendix B.

3. Assessment of wave extremes at Ocean Weather Station Papa

The first analysis we perform is the assessment of the maximum
wave heights prediction using the two sets of observations at OWS-P. At
first, the parameters of the statistical models are obtained from the
buoy data (heave time series for time extremes, and directional spectra
for space-time extremes). Then, we assess the agreement of numerical
model estimates, using the two sets of EI and E5 directional spectra.

3.1. Assessment of theoretical predictions

3.1.1. Time extremes from buoy data

Single-point observations and theoretical time extreme model esti-
mates over the 2010-2014 period at the wave buoy are compared in
Fig. 1. The values of Cpay, Hygy and E,q, show fair agreement between
model estimates and observations, with 1.0 correlation coefficients (CC)
and Root Mean Square Errors (RMSE) smaller than 0.24 m. Theoretical
estimates of Cpqy r and Epqy; are positively biased with respect to the
actual observations (0.11 and 0.07 m, respectively), while those of
Huaxna are negatively biased (—0.07 m). While Hyoyne and Epgys
match (on average) very well the wave height observations (as
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indicated by the slope of the best-fit lines, p = 0.99 and p = 1.01),
Conax r slightly overestimates the crest height observations (4%, as in-
dicated by p). The linear Rayleigh model (not shown here; CC = 1.00;
RMSE = 0.13m; bias = —0.05m; p = 0.98) fits better the buoy crest
height observations with respect to Forristall. This is most likely due to
the “linearization effect” experienced by, especially if moored, surface
following buoys (see e.g. Casas-Prat and Holthuijsen, 2010), which act
as Lagrangian instruments cancelling out the second order non-
linearities and producing a general underestimation of the observations
with respect to the actual crest heights (Forristall, 2000). In any case,
aware of this, we use the Forristall model for time extreme estimates.
Indeed, besides showing very good performance at OWS-P as well, it
was shown that the contribution of second-order nonlinearities (ac-
counted for by the Forristall model) is determinant in accurately re-
producing the time extremes observed using single-point fixed instru-
ments (e.g., wave staffs and radar altimeters from fixed platforms).

3.1.2. Space-time extremes from stereo video data

As far as space-time extremes are concerned, we verify the theore-
tical estimates versus the stereo-based observations collected on
January 3rd, 2015. In Fig. 2, the theoretical mean temporal profiles of
STQD (normalized with H; and zero-crossing mean wave period T;) are
compared to the observed mean profile of the waves with largest Cyqx
(see Appendix B for details of data processing). The agreement is good
for both the sea states, especially within + 0.57), from the crest, with
nonlinear (STQD2) and linear (STQD1) theoretical profiles in Fig. 2
largely within the experimental confidence interval. As it is expected,
STQD2 profiles fit better the observed profiles (higher CC, smaller
RMSE, comparable bias), with steeper, higher crest and shallower,
flatter troughs than the STQD1 profiles. STQD2 also shows a better
agreement with the mean observed crest heights, further confirming the
determinant role of second order bound nonlinearities in accurately
reproducing maximum wave heights. The non-normalized C,,,, for the
two sea states are summarized in Table 1, with relative differences in
Chax,sTop2 (With respect to observations) at +1% and —5%, respec-
tively. A third order nonlinear estimate of Cp,,, accounting for kurtosis
effect has been derived (Fedele et al., 2017), but it is not considered
here as the contribution of the second order nonlinearities has been
shown to be prevailing with respect to the further correction of the
third order ones (Fedele et al., 2017). As to Hpgy, it is worth noting that
it is not straightforward to define and detect a single, and worse a
maximum, wave height in the 2D space and time. To overcome this
issue, we have estimated Hcpg, rather than H,,, i.e., the largest crest-
to-trough excursion in the mean observed temporal profile. The latter
has been obtained by averaging the temporal profiles of the waves with
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Fig. 1. Comparison of observations (OBS) and theoretically estimated Cpq (left panel, Forristall), Hyqc (middle panel, Naess) and Eq (right panel, Janssen) at a
single-point (20-min sea states), OWS-P buoy, North Pacific Ocean, June 2010 — December 2014. The statistics in each panel indicates the correlation coefficient (CC),
the centred Root Mean Square Error (RMSE), the model-to-observation bias and the slope (p) of the best-fit line (grey solid line).
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Fig. 2. Comparison of observed (data) and theoretically estimated (linear: STQD1; nonlinear: STQD2) profile 7 of the waves with the largest crest heights in the
stereo datasets close to OWS-P buoy (normalized on H; and T;). The observed profile is depicted as the mean (data; red solid line) and standard deviation (red shaded
region) of the wave profiles. (left) January, 3rd 2015 at 20:34UTC. STQD2 statistics: CC = 0.98, RMSE = 0.07; bias = 0.02; STQD1 statistics: CC = 0.97,
RMSE = 0.09; bias = 0.02. (right) January, 3rd 2015 at 22:19UTC. STQD2 agreement statistics: CC = 0.98, RMSE = 0.07; bias = 0.03; STQD1 agreement statistics:
CC = 0.97, RMSE = 0.09; bias = 0.02. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Comparison of observed and theoretically estimated (crest height: STQD2;
crest-to-trough height: STQD1) Cuax and Hepay, in the two stereo datasets close
to OWS-P buoy, January 3rd, 2015. Hcpe is the mean crest-to-trough height of
the waves with maximum crest height. Between parentheses the relative dif-
ferences of theoretical with respect to observed values.

January, 3rd 2015 at 20:34UTC January, 3rd 2015 at 22:19UTC

Cinax (m) Hemax (m) Cinax (m) Hepmax (m)
Observed 3.56 5.00 3.76 5.46
Theoretical ~ 3.60 (+1%) 4.90 (—2%) 3.58 (—5%) 5.13 (—6%)

largest crest height in the space-time domain. According to Boccotti
(2000), Hepmgy is generally smaller than H,,,, (7-10% in typical stormy
conditions), unless the spectrum of the sea state is narrow-banded (in
such a case, they correspond). In any case, STQD can estimate Heypnqx
and the results in Table 1 show that for the two sea states observed the
agreement is within —2% and —6% of observations, respectively.
While remarking the importance of the second order nonlinear con-
tribution for the Cy,, estimate (for the two sea states close to OWS-P,
accounting for the 10% and 9% of the linear estimates, respectively),
we point out that the corresponding H,,, estimate is generally smaller
(Tayfun and Fedele, 2007). More specifically, in our cases it only ac-
counts for the 2% and 4% of the linear estimate.

3.2. Assessment of ERA-Interim and ERA-5 results

To verify that EI reanalysis spectra can be used to attain a reliable
long-term statistics of maximum wave heights, we have assessed the
agreement between model estimates based on EI spectra and observa-
tions. This analysis, together with the one in the previous Section 3.1,
allows us to assess the accuracy of the global long-term estimates, based
on El reanalysis. We are especially interested in quantifying the effect of
the spatio-temporal resolution of EI on the estimates of maximum wave
heights. To this end, we have also taken into account model estimates
based on the higher resolution E5 spectra, comparing them to the EI-
based estimates. We use the OWS-P buoy dataset as the main reference
for our assessment, since we can rely on a much longer temporal cov-
erage with respect to stereo video experiments. Time extremes from
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combined statistical model and reanalysis spectra can be directly
compared to buoy observations. To assess the space-time extremes we
have to proceed in a different way: granted the observation-model
agreement obtained for time extremes with OWS-P buoy dataset and
the observation-theoretical model agreement obtained for space-time
extremes during the two stereo video experiments, we inter-compare EI
to E5 model estimates of space-time extremes over the 2010-2014
period.

3.2.1. Time extremes

The agreement of C,, from reanalyses and buoy observations is
shown in Fig. 3. The scatter plot and statistical parameters point out a
very good agreement for both EI (CC = 0.97, RMSE = 0.33m,
bias = 0.05m, p=0.96) and E5 (CC=0.98, RMSE = 0.27m,
bias = 0.02m, p = 0.98). Actually, this result combines the small
overestimate by the statistical model reported above (see Fig. 1, left
panel) with a slight spectral misestimate by the reanalyses. The latter
manifests itself, for instance, as a slight underestimate of H,, which
however is fairly modelled by EI and E5 (for EL: CC = 0.97,
RMSE = 0.39m, bias=0.20m, p=0.92; for E5: CC=0.98,
RMSE = 0.32m, bias = 0.19m, p = 0.93). This holds also for Cq,
with E5 performing slightly better than EI, as expected because of the
higher spatio-temporal resolution and all the modelling and data ana-
lysis progresses in E5.

Similar conclusions can be drawn for H,,,, and Epq, (Figs. 4 and 5):
the model-observation agreement is very good and comparable for EI-
and E5-based estimates. However, the slight underestimate pointed out
by the scatter plots and statistical parameters (H,q-El: CC = 0.97,
RMSE = 0.62m, bias = —0.32m, p = 0.92; H,,-E5: CC = 0.98,
RMSE = 0.52m, bias = —0.32m, p =0.93; E,.-El: CC=0.97,
RMSE = 0.67m, bias = —0.34m, p = 0.93; Ej.,-E5: CC = 0.98,
RMSE = 0.56 m, bias = 0.87 m, p = 0.94) can be mostly ascribed to the
reanalysis performance, as H,,, and E,,, theoretical estimates have
been shown to be excellent (see Fig. 1, middle and right panels). Again,
E5 performs slightly better than EI, but statistics are very similar, with
the only exception for the E,,,, model-to-observation bias that is posi-
tive (otherwise always negative) and larger in case E5 is used.

We have also compared the 50th (median) and 99th percentiles, to
verify the model-observation agreement in typical and extreme condi-
tions, respectively. The results are summarized in Table 2, where, be-
side reanalyses, the theoretical estimates (from the observed spectra)
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Fig. 3. Comparison of observations (OBS) and theoretically estimated G from EI (left panel) and E5 (right panel) spectra at the OWS-P buoy, North Pacific Ocean,
June 2010 - December 2014. The statistics in each panel indicates the correlation coefficient (CC), the centred Root Mean Square Error (RMSE), the model-to-

observation bias and the slope (p) of the best-fit line (grey solid line).

are compared to the actually observed values. It is worth noting the
excellent theoretical agreement on Hyg, (—1.5% and —1.3% relative
differences with 50th and 99th percentiles of observations, respec-
tively) and E,qc (1.1% and 1.7%), as well as the slight overestimate of
Cnax (3.9% and 4.7%). We recall however that buoy crest height ob-
servations may be underestimated because of the already cited buoy
dynamics and linearization effect (see Section 3.1.1). As to EI and E5,
we point out a comparable and very good performance for the 50th
percentiles of all the heights and a significantly better performance of
E5 compared to EI for the 99th percentile, the latter underestimated of
7.2% for Cpay, 12.2% for Hy,q and 9.4% for E,,q. This is consistent with
the conclusions of Stopa and Cheung (2014a), who pointed out that EI
performs better in ordinary (i.e., the lowest percentiles) than extreme
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(i.e., the highest percentiles) conditions, with respect to other re-
analysis datasets.

3.2.2. Space-time extremes

The agreement between EI and E5 estimates of space-time extremes
can be assessed with scatter plots and statistics in Fig. 6. The slope of
the best fit line (0.97 for Cp,q and 0.98 for H,,,) and the negative bias
(—0.10 for Cpe and —0.08 for H,g,) point out a general small un-
derestimate of EI with respect to E5, for both Cp,q, and H,,,, supporting
the results already shown for time extremes. However, besides this, the
agreement is good.

We can conclude that, as expected, E5 estimates of Cpay, Hpax and
E,.qx are in a better agreement with observations at OWS-P with respect
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Fig. 4. Comparison of observations (OBS) and theoretically estimated Hq, from EI (left panel) and E5 (right panel) spectra at the OWS-P buoy, North Pacific Ocean,
June 2010 — December 2014. The statistics in each panel indicates the correlation coefficient (CC), the centred Root Mean Square Error (RMSE), the model-to-

observation bias and the slope of the best-fit line (p).
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Table 2

50th and 99th percentiles of the single-point (20-min) Cpax, Hmax and Epmay at
OWS-P (North Pacific Ocean; June 2010 — December 2014), as estimated from
observations (OBS), the statistical model with observed spectrum (TH) and the
statistical model with reanalysis spectra (EI: ERA Interim; E5: ERA 5). Between
parentheses the relative differences with respect to observed values.

Conae () OBS  TH EI E5
50th percentile ~ 2.57  2.68 (3.9%) 2.55 (—0.8%) 2.58 (0.1%)
99th percentile  6.81  7.14 (4.7%) 6.32 (—7.2%) 6.56 (—3.8%)
Hynax (m) OBS  TH EI E5

50th percentile ~ 4.59  4.52 (—1.5%)  4.35 (—5.4%) 4.33 (—5.6%)
99th percentile  12.29  12.13 (-=1.3%)  10.79 (—12.2%)  11.11 (—9.6%)
Epax (m) OBS  TH EI E5

50th percentile ~ 5.68  5.74 (1.1%) 5.42 (—4.6%) 5.41 (—4.8%)
99th percentile  14.92  15.18 (1.7%) 13.52 (—-9.4%)  14.06 (—5.8%)

to EL This is highlighted mostly by smaller RMSE and p closer to 1.
However, the difference between the E5 and EI performances is small,
especially in the typical conditions (i.e., 50th percentiles, where EI does
better than E5), in a way that it allows to use EI for the global assess-
ment of wave extremes, aware of possible underestimates at the highest
percentiles (reasonably within 12%). In addition, the 25-year coverage
of EI is a fundamental requirement for a long-term, i.e., climate, ana-
lysis.

4. Global long-term statistics of maximum wave heights

We present in this section the results of the global analysis of
maximum wave heights based on the 25-year long EI dataset. To de-
termine the long-term distribution of maximal waves and its features,
we combine the short-term (i.e., sea state scale) and long-term statistics
of Cuax, Hpax and Epy. Firstly, following an initial-distribution approach
(Holthuijsen, 2007), we take into account all the available values of
Cnaxs Hmax and E,q at each location, and we derive the typical and
extreme conditions, here respectively represented by the 50th (i.e., the
median) and 99th percentiles (i.e., the value exceeded 1% of the times;
in agreement with Young et al., 2011). These estimates can find

application, for instance, in ship routing. Secondly, following an annual-
maximum approach, we derive the Cpuc, Hpax and Eq with 50-year
return period from the 25-year dataset, this long-term statistical feature
being widely used for structural design purposes. We have preferred
this approach to, for instance, the Peak-Over-Threshold (POT) ap-
proach, as we want to avoid dependence of the results upon the chosen
threshold. Beside this, applying POT on a global scale may be compu-
tationally quite demanding. However, both the approaches are theo-
retically supported and allow independent and identically distributed
sample to be used for the extreme value analysis. To our end, we fit a
Gumbel (1958) distribution to the 25 annual maxima at each location of
the global seas. The locations where the sample size is smaller than 25
continuous years (e.g., where there is seasonal ice coverage, hence
temporary lack of wave model spectra), although not excluded from the
computation, are marked with white dots, in order to indicate where
estimates may be not homogeneous.

In these analyses, Cyax, Hnax and E,q, are thus treated as random
variables and a stationary wave climate is assumed. The latter as-
sumption, although not verified, has been accepted, as there is not a
consensus on the existence of clear trends in the global past-present
wave climate. Indeed, based on the EI dataset, Aarnes et al. (2015) have
found regions with slightly negative or no trends (e.g., North Atlantic
and North Pacific oceans), as well as regions with positive trends of H
(e.g., South Pacific). On the contrary, Cox and Swail (2001) have found
positive trends of H; in the North-East Atlantic and negative trends in
the South Pacific, using a 40-year global wave simulation. Relying on
altimeter data, Young et al. (2012) have found no clear trend for the
100-year return period H;. In addition, the statistical significance and
the uncertainties connected to such trend assessments and quantifica-
tions should be taken into account. Hence, we have assumed a sta-
tionary wave climate, aware, however, that our results hold strictly in
this condition.

The Mollweide geographical projection is used to show the results,
thus focusing the attention on the three major oceans: Atlantic on the
left, Indian in the middle, and Pacific on the right.

4.1. Crest heights

We present the global assessment of maximum crest heights, first
following the time extreme approach and then extending the analysis to
the space-time extremes. Fig. 7 shows the 50th (top panel) and 99th



F. Barbariol, et al.

Progress in Oceanography 175 (2019) 139-160

12 — . — — 20 | | ; ;
300
1+ .- <1
250 ] I 18+ o5 §
10+ 200 /.'_ _ i "t
ol 38 ol 1 n
_ 1505 1 — 14+ n B
L 4 | |
B,J 8 100 m
— 2| 1 =12t .
Ela E El
2 6f 1 810F .
S0 W :
ch' S| [ ] 1 g 8 [} 1
g g
5 4f CC=0.98 1 = 6l s CC=0.99
3 RMSE=027m - RMSE =0.41m
4+ -
2r bias =-0.10 m . bias =-0.08 m
1r p=0.97 : 2 p=0.98 1
0 A I . . L L L L L L L 0 / L L L 1 1 L L L
01 2 3 4 5 6 7 8 9 10 11 12 0 2 6 8 10 12 14 16 18 20

Cmaz,STQDZ (m) - E5

Hmam,STQDl (m) - E5

Fig. 6. Comparison of Cyay,stopz (left) and Hyqay,stop1 (right) from EI and E5 spectra at the OWS-P buoy, North Pacific Ocean, June 2010 - December 2014. The
statistics in each panel indicates the correlation coefficient (CC), the centred Root Mean Square Error (RMSE), the model-to-observation bias and the slope (p) of the

best-fit line (grey solid line).

Caz,r - 50™ percentile (1992-2016)

A
NN

0

Fig. 7. Long-term global assessment of the single-point Cpqyr (20 min) from EIL The white dots close to the poles indicate locations where there is lack of wave

spectra, e.g., due to seasonal ice coverage.
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(bottom panel) percentiles of the 20-min Gy, over the world oceans.
The first and most impressive piece of information, in both the panels, is
the zonal arrangement of the Cpuyr values, with the highest values
spread over the extra-tropical latitudes (only interrupted by continents
in the boreal hemisphere), and the lowest ones in the intra-tropical and
equatorial latitudes. The former are indeed dominated by wind waves
forced by westerlies, while the latter are mainly dominated by the
swells propagating from higher latitudes and the weak trade-wind
generated waves (Young, 1999). What particularly draws the attention
is the uninterrupted circular path of high Cp,q r over the southern parts
of the three oceans (between 30°S and 60°S). Here, specifically in the
southern part of the Indian Ocean where winds are stronger than in the
rest of the zonal belt (Young, 1999), the maximum global 50th and 99th
percentiles of Cyqc r (4 and 8 m, respectively) are attained. The largest
values, particularly in the southern part of the Indian Ocean, can be
associated to the larger values of the steepness (u, see definition in
Appendix A) that characterize that stormy zone, as we will show in
Section 5. The only exception at these latitudes is South Atlantic, to-
wards the Argentinian coast, having smaller values due to the local
reduced fetch lengths of the westerlies. In the boreal hemisphere, the
highest values of Cyqy r are attained in two vast regions of the North

C'naz,sTQD2 - 50" percentile (1992-2016)
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Atlantic and North Pacific oceans, respectively. In the Atlantic, the area
with the largest 50th percentile of Cyqy r, Up to 3 m, is bounded to the
west by Labrador, to the north by Greenland and Iceland, and to the
east by Ireland and Great Britain. In the same area 8 m can be attained
(99th percentile of Gy r). In the Pacific, the highest Cyqx ¢, both 50th
and 99th percentiles (up to 3 and 8 m, respectively) are localized in the
north, between the Asian and American continents, south of the Bering
Sea.

There are details deserving attention also in the intra-tropical re-
gion. For instance, local areas where the 99th percentile of Cpayr is
much larger than in the neighbourhood, causing significant spatial
gradients. One of this spots is in the central Pacific Ocean, off the west
coast of Mexico, where there is a clearly visible narrow jet of 4-5m
entering a vast region with lower (here, 2-3 m) Cpqy - Another example
is in the Indian Ocean, in the Arabian Sea, where the winter and
summer Monsoons can produce rough conditions for an otherwise ra-
ther calm region. These cases contribute to qualifying the intra-tropical
latitudes of the three oceans as typically mild regions (maximum Cqy
of 2.5 m, in the central Pacific), compared to the northern and southern
parts, but with locally severe conditions.

We now extend to the 3D space-time domain the single-point 20-
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Fig. 8. Long-term global assessment of the space-time Cyax,stop> (20 min, 100 x 100 m?) from EI The white dots close to the poles indicate locations where there is

lack of wave spectra, e.g., due to seasonal ice coverage.
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min estimate of Cp,q, thus including the effect of the 3D geometry and
short-crestedness of ocean waves on the wave statistics. As already
specified, we have selected a square sea surface region of area
100 x 100 m?, which can be considered “typical” of an offshore rig
size. Fig. 8 shows the maps of 50th and 99th percentiles of Cpqax, sTop2-
Beside observing that spatial patterns are similar to those of Cpayr
(Fig. 7), it is worth noting that values are globally larger, with vast
areas reaching the maximum (4 m for 50th and 10 m for 99th percen-
tile). On average, the 50th percentile space-time extremes are 32%
larger than the time extremes, and the 99th percentile space-time ex-
tremes are 27% larger, with largest space-time to time ratios at low
latitudes (not shown here). However, the most severe zones are the high
latitudes, particularly beyond the 40°. There, the 50th percentile
Ciax,sTop2 Widely reach 3 m in the boreal hemisphere (4 m in the North
Atlantic Ocean) and 4m in the austral hemisphere, with only limited
local exceptions. The 99th percentile reaches 7 m almost everywhere in
both the hemispheres, over the 40° (even over the 30° in the North
Pacific). The maximum height of 10 m is attained in the North Atlantic,
North Pacific and Indian Ocean.

Progress in Oceanography 175 (2019) 139-160

The long-term features of maximal wave crest heights are here
characterized in terms of the 50-year return period Cpur and
Chax,s7DQ2> Plotted in Fig. 9. Although by and large the spatial patterns
resemble those of the 99th percentiles of both parameters, there are a
couple of peculiarities that deserve attention. First, the fields are less
smooth than the 99th percentiles, with stronger local gradients, espe-
cially in the south-western (north of New Zealand) and north-eastern
parts of the Pacific Ocean, and in the southern part of the Indian Ocean
(east of Madagascar). Second, and in contrast with 99th percentile
maps, Cpax,r andCpay sTpo2 are larger in the northern hemisphere than
in the southern one, or at least, the areas reaching the maximal values,
i.e., 14m for Cyayr and 16 m for Cyay stpg2, are wider in the North
Atlantic and North Pacific oceans, which are shown to be the most
severe seas.

4.2. Crest-to-trough heights

We now present the long-term global estimates of maximum crest-
to-trough heights, starting from the time extreme estimates and then

50-year return period Caqp
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Fig. 9. Long-term global assessment of the single-point (20 min) Gy (top) and the space-time (20 min, 100 X 100 m?) Cnax,sTop2 (bottom) with return period
R = 50 years from EI. The white dots close to the poles indicate locations where there is lack of wave spectra, e.g., due to seasonal ice coverage.
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moving to the space-time extremes. The values of the 20-min Hyay na
over the world oceans are shown in Fig. 10 (50th percentile in the top
panel, 99th percentile in the bottom). As expected, the spatial patterns
of Hyax o are rather similar to those outlined for Gy r, i-€., the zonal
arrangement with highest values in the southern oceans and in the
North Atlantic and North Pacific oceans, and lowest values in-between
and around the tropics. The reason is that the spatial arrangement of
maximum crest-to-trough heights, as well as that of crest heights, re-
flects the spatial arrangement of Hy, which provides the total energy of
the sea states (see Section 5). The largest values of Hyxne (50th per-
centile up to 6 m, 99th percentile up to 14 m) occur in the southern
oceans, but North Atlantic and North Pacific oceans can reach com-
parable values of the 99th percentile Hqx ng. Note that, while North
Atlantic and North Pacific have comparable 50th percentiles of Cpayx r,
the 50th percentile of Hyuy g is larger in the North Atlantic than in the
Pacific. This difference can be explained in the light of the larger 50th

Progress in Oceanography 175 (2019) 139-160

percentiles of H; and 3* (minimum of the autocovariance function,
defined in Appendix A) observed in the North Atlantic (see Section 5).
Larger y* means narrower frequency spectra, as opposed to the wider
North Pacific spectra, often a mixture of local wind sea and different
swells coming from the south.

Moving to the space-time extremes and evaluating Hyay,stop1 0D @
100 x 100m? area (over 20 min), we can do similar considerations
done for Hyqx,nq for the maps of 50th and 99th percentiles of Hyax,stop1,
which are shown in Fig. 11. The largest values (8 m for 50th’ 16 m for
99th percentile) are again found over the mid latitude zonal regions. On
average, 50th percentile Hyqy srop1 are 27% larger than corresponding
Hpyaxne and 99th percentile Hygysropn are 19% larger than corre-
sponding Hpgxng. Thus, the underestimate of single-point H,,, with
respect to areal ones is the largest the most typical conditions are,
which we have shown is also true for Cp,. This is confirmed by the
comparison of extreme (50-year return period) values over an area and

H gz na- 50" percentile (1992-2016)

-60°

0°

Fig. 10. Long-term global assessment of the single-point Hyax na (20 min) from EI The white dots close to the poles indicate locations where there is lack of wave

spectra, e.g., due to seasonal ice coverage.
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Fig. 11. Long-term global assessment of the space-time Hyqx stop1 (20 min, 100 x 100 m?) from EI. The white dots close to the poles indicate locations where there is

lack of wave spectra, e.g., due to seasonal ice coverage.

at a single-point (Fig. 9 for Cpay, Fig. 12 for Hyg,). Indeed, 50-year Cqux
and Hy, are 23% and 20% larger if assessed over 100 x 100 m?, i.e.,
again higher than single-point equivalents, but to a smaller extent with
respect to the 50th percentiles and to a smaller or almost equal extent
with respect to the 99th percentiles. Extreme values of Hpene, and
Hyygx s7op1 can reach 22m and 26 m, respectively, in the North Atlantic
and North Pacific oceans, which are confirmed to be the most severe
seas.

4.3. Envelope heights
We now present the global long-term estimates of maximum en-

velope height, which has been evaluated over the time domain only,
i.e., at a single-point. The 50th and 99th percentiles of the 20-min E,qy 1

over the world oceans are shown in Fig. 13. The spatial arrangement
resembles, also in this case, those of the other maximum wave heights
presented above and that of H; (see Section 5). However, we can
quantitatively assess the typical (i.e., 50th percentile) and extreme (i.e.,
99th percentile) envelope height conditions that can respectively reach
8m (in the southern part of the Indian Ocean) and 16m (in the
southern part of the Indian and in the northern part of the Atlantic and
Pacific oceans). Comparing the estimates of Eqy; (Fig. 13) and Gy r
(Fig. 9) it is interesting to note that the envelope-to-crest height ratio is
on average about 2 (not shown here). Provided the definition of the
envelope height (twice the maximum amplitude of the envelope, i.e.,
very close to maximum crest height), this result would suggest that the
third order nonlinear contribution to the crest height is small compared
to the second order one. Comparing the estimates of E,,, ; (Fig. 13) and
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Hpaxna (Fig. 10), it can be shown (not here) that maximum envelope
heights are on average 1.25 times larger than maximum crest-to-trough
heights, this difference being imputable partly to the different defini-
tion, partly to different model adopted (nonlinear for E,, linear for
H,0x). We point out that the largest values of kurtosis (definition in
Appendix A), mainly located over the western portions of the Atlantic
and Pacific Oceans (see Section 5), contribute in producing there the
largest values of Ejuqy s together with the largest values of H;. The 50-
year return period Epq; are shown in Fig. 14, with maximal values,
i.e., 28 m, attained again over portions of the North Atlantic and North
Pacific oceans.

5. Discussion

In Section 4, we have presented an assessment of time and space-
time maximum wave heights over the world oceans. Doing so, we have
provided a quantitative characterization of global maximum expected
crest, crest-to-trough and envelope heights, also following different
approaches, which however share common features and spatial

patterns. In particular, the latter ones largely reflect the spatial dis-
tribution of H;, which is shown in the top panels of Fig. 15 (left: 50th
percentile, right: 99th percentile). However, although H; is a proxy of
the wave energy and provides the principal scale parameter for
maxima, the normalized heights CpgH; ', HpoH; ' and E,o H; ' de-
pends largely upon the shape of the directional spectrum (see Appendix
A), the nonlinearity of the sea state (u, the integral steepness, and x, the
kurtosis) and its irregularity (3*, the minimum of the autocovariance
function). All those parameters, as well as H;, vary over the world
oceans with spatial patterns related to the zonal and local wave climate.
Here, we show the global assessment of u (Fig. 15, top-middle panels),
x (Fig. 15, bottom-middle panels) and ¢* (Fig. 15, bottom panels). We
note that the steepest sea states are located in the storm belts, between
30°N (S) and 60°N (S), particularly in the South Atlantic and Indian
oceans, and over the western part of the North Atlantic and North Pa-
cific oceans, the latter dominated by the younger sea states generated
by the westerlies. North Atlantic and North Pacific oceans are the re-
gions where also the kurtosis x, another parameter accounting for the
nonlinearity of the sea states as y, is larger. The storm belt regions are
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180° 240°

Fig. 13. Long-term global assessment of the single-point Ejuqx (20 min) from EI. The white dots close to the poles indicate locations where there is lack of wave
spectra, e.g., due to seasonal ice coverage.

50-year return period Eyq. s

e\ g

180° 240°

Fig. 14. Long-term global assessment of the single-point (20 min) E,,q« with return period R = 50 years from EI The white dots close to the poles indicate locations
where there is lack of wave spectra, e.g., due to seasonal ice coverage.
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0.5

Fig. 15. Long-term global assessment of spectral wave parameters from EI: H; (top panels), u (top-middle panels), x (bottom-middle panels) and y* (bottom panels).
The white dots indicate locations where, temporarily, there is lack of wave spectra, e.g., due to seasonal ice coverage. Five locations of interest are represented by
black/white markers: Ocean Weather Station Papa (North Pacific, square), Southern Ocean Fluxes Station (South Pacific, circle), Draupner platform (North Sea,
down-warding triangle), M6 buoy (North Atlantic, up-warding triangle), Arabian Sea (diamond).

characterized by narrower spectra, with larger values of ¢* with respect
to the equatorial regions where the superposition of wind and swell seas
produce wider spectra (smaller ¢*). This is even clearer in the inner and
enclosed seas (e.g., the Mediterranean Sea) that, being dominated by
wind seas rather than by combination of wind seas and swells (Cavaleri
et al., 2018), present the largest u, x and ¥* values. It is worth noting
that globally there are vast areas with comparable H;, but different u, x
and ¢*. In Section 4 we have shown that they are responsible for dif-
ferent Cax, Hpax and Epg for instance between North Atlantic and
North Pacific.

However, maximum wave height estimates in the enclosed or semi-
enclosed basins, as the Mediterranean, Baltic and Red Seas, must be
carefully interpreted. Indeed, the resolution of EI winds and waves are
probably too small to well represent such small, often elongated, basins.
In any case, some typical wave patterns can be identified as well, for
instance the high Mistral waves in the western Mediterranean Sea that
can be recognized in the 99th percentile panels of all the Figures of

Section 4 and of Fig. 15.

Not being possible to describe the climate features of all the global
oceans in details, we first focus our attention on three meridional (i.e.,
North-South) transects over the three major oceans: Atlantic Ocean
(30°W), Indian Ocean (90°E), Pacific Ocean (180°E). Time extreme
transects are shown in Fig. 16, those of space-time extremes in Fig. 17.

The meridional transects of the maximum wave heights are almost
symmetric about the equator, with the only exception of the Indian
Ocean that is mostly located in the austral hemisphere. Actually, the
distributions of wave maxima in the Pacific and Atlantic oceans, at the
mid latitudes (where larger values occurs) differ from the boreal to the
austral hemispheres. Indeed, Pacific Ocean has larger 50th percentiles
(i.e., typical values) in the austral hemisphere, while Atlantic Ocean has
larger 99th percentiles and 50-year return period (i.e., extreme) values
in the boreal hemisphere, in agreement with recent studies on extreme
significant wave height over the globe (Breivik et al., 2014; Meucci
et al., 2018; Takbash et al., 2019). Also, transects help appreciating the
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Fig. 16. Meridional transects of the time extreme Cpayr (left panels), Hyqxne (middle panels) and E,qy s (right panels) over the three major oceans: Atlantic Ocean
(30°W), Indian Ocean (90°E), Pacific Ocean (180°E). 50th percentiles are shown in the top panels, 99th percentiles in the middle panels and 50-year return period

values in the bottom panels.

larger variability of the mid latitudes with respect to equatorial zone.
Indeed, differences between 50th and 99th percentiles (or 50-year re-
turn values) are very small at the equator, while can be very large
elsewhere, particularly between 40° and 60° (N or S).

We now focus on five specific locations (Table 3): one in the North
Pacific (Ocean Weather Station Papa, OWS-P), one in South Pacific
(Southern Ocean Fluxes Station, SOFS), one in the North Sea (Draupner
platform, DRAUP), one in North Atlantic (M6 buoy, M6), one in the
Arabian Sea (AS). For each location, the closest EI grid point has been
chosen. The first four locations represent well-known stations experi-
encing rough sea conditions, while the last one has been chosen as a
remarkable example of a seasonal climate alternating mild and severe
conditions (the latters during summer and winter Monsoons). The dis-
tribution of maximum wave heights is represented using the probability
density functions (pdfs) of G4 and H,,, plotted in Fig. 18. We focus
on those variables only (excluding E,,) in order to discuss the space-
time to time differences. The ratio between space-time and time ex-
tremes ranges between 1.14 and 1.40, with larger ratios for 50th per-
centiles than for 99th percentiles, indicating that the difference from
space-time to time estimates reduces for the most intense events. This
effect can be ascribed to the choice of a fixed size (100 x 100 m?) area

for the space-time extreme analysis: indeed, extreme conditions (i.e.,
99th percentile and 50-year return period) are associated to longer
wavelengths with respect to typical conditions (i.e., 50th percentile),
which implies that over a space domain of fixed size the average
number of waves is smaller, so the contribution of the 3D geometry of
waves and short-crestedness is statistically less effective. M6 and SOFS
hold the largest time extremes, but if SOFS has the largest 50th per-
centiles of Cpqy and Hyg, (2.91 and 4.94 m, respectively), M6 has the
largest 99th percentiles (7.62 and 12.85 m, respectively), in agreement
with transects in Fig. 16. The situation does not change for space-time
extremes, SOFS holding the largest 50th percentile of Cpg and Hyu
(3.98 and 6.57 m, respectively), and M6 the largest 99th percentiles
(8.98 and 14.65 m, respectively), in agreement with transects in Fig. 17.
The smallest values are at AS, where however the 99th to 50th per-
centiles ratios are the largest, with values between 3.0 and 3.4. At
SOFS, instead, 99th percentiles are only 2.0-2.3 times larger than 50th
percentiles. These differences in the 99th to 50th percentile ratios
highlight the different persistence of large crest and crest-to-trough
heights in regions with different climatic patterns, e.g. the ceaselessly
rough Southern Ocean on one hand and the mild, but periodically
rough, equatorial regions on the other one.
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Table 3

Station list and coordinates. Longitude and latitude have been rounded to the closest integers to match the EI grid with 1.00° X 1.00° resolution.

Station Ocean/Sea Longitude (°E) Latitude (°N)
Ocean Weather Station Papa (OWS-P) North Pacific —145 50
Southern Ocean Fluxes Station (SOFS) South Pacific 142 —47
Draupner Platform (DRAUP) North Sea 2 58
M6 buoy (M6) North Atlantic -16 53
Arabian Sea (AS) Arabian Sea 62 14

In Fig. 18, log-normal pdfs are also fitted to the empirical functions.
As we can see, excluding AS, the empirical pdfs are fairly described
(well over the 99th percentiles) by the log-normal distribution, in
particular for DRAUP and SOFS. This supports, in general, the choice of
the Gumbel double-exponential distribution to extrapolate the C,,,, and
Hyax with 50-year return period. For AS, as well as for all the regions
where there is a strong seasonality in the wave climate, the fitting has to
be carefully used.

155

6. Summary and conclusions

In this paper we have assessed the climate of maximum wave crest,
crest-to-trough and envelope heights over the global oceans, using the
25-year long ERA-Interim dataset of directional wave spectra. We have
followed two different approaches that provide quantification of the
time extremes (according to the Forristall, Naess and Janssen models)
and of the space-time extremes (following the Space-Time Quasi
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Fig. 18. Probability density functions (pdf) of time (top panels) and space-time (bottom panels) Cpq (left panels) and Hyay (right panels) at the five different
locations of Fig. 15: OWS-P (Ocean Weather Station Papa, North Pacific), SOFS (Southern Ocean Fluxes Station, South Pacific), DRAUP (Draupner platform, North
Sea), M6 (M6 buoy, North Atlantic), AS (Arabian Sea). Markers represent pdfs from numerical model data; dashed lines are the log-normal distribution that fit to data
(parameters estimated with maximum likelihood). 50th and 99th percentile values are reported at the bottom and at the top of each panel, respectively.

Determinism theory). The former represent wave maxima as observed
by a single-point instrument (e.g., a wave buoy or a radar altimeter),
therefore we have estimated maximum wave heights over the 20-min
duration, which is routinely used for buoy observations. The latter re-
present wave maxima as observed by an areal instrument (e.g., stereo
imagery, X-band radar) or as experienced by a structure occupying a
spatial extent that we have fixed equal to 100 x 100 m? to represent an
offshore rig size. We have adopted a second order nonlinear model to
estimate crest heights, a linear model for crest-to-trough heights, which
are only slightly affected by nonlinearities, and a third-order nonlinear
model for envelope heights. Before presenting the global estimates of
maximum wave heights, we have verified them against open ocean
observations at the OWS-P in the North Pacific Ocean (buoy data for
time extremes, stereo-video data from a vessel for space-time extremes),
allowing the assessment of the accuracy of our estimates. The effect of
spatio-temporal resolution of the EI spectra on the wave maxima has
been also investigated comparing the El-based estimates at OWS-P to
the higher resolution E5-based estimates. For each variable, over the
global oceans, we have provided the 50th percentile (the median, re-
presenting the typical value), as well as the 99th percentile (the value
exceeded 1% of the times) and the 50-year return period value (re-
presenting extreme values, needed by structure designers).
We summarize our main findings in the following:

e The statistical/numerical model chain we have adopted yields fair
estimates of the wave maxima at OWS-P, with statistical models
(i.e., Forristall, Naess, Janssen and STQD) in very good agreement
with buoy and stereo video observations, both when applied to
observed and modelled spectra (12% relative difference at most). In

comparing maximum crest heights observations to both nonlinear
(Forristall) and linear (Rayleigh) models, we have found evidence of
the buoy linearization effect.

The best agreement with observations at OWS-P has been obtained
with E5 spectra. However, granted the minor differences between
E5 and EI performance and the long-term coverage allowed by EI
(25-year) at the time the study has been made, we have used EI
spectra to characterize the long-term global features of the wave
maxima.

We have focused on the three major world oceans, finding, as ex-
pected, that the regions with the largest maximum crest, crest-to-
trough and envelope height values are located at the mid latitudes,
in the storm belts dominated by the westerlies. In the austral
hemisphere, characterized by the largest 50th percentiles, large
waves persist for most of the year, also favoured by the unin-
terrupted circular path north of Antarctica. On the contrary, the
boreal hemisphere presents the largest 99th percentiles and 50-year
return period values, reaching the maximal values in the North
Atlantic Ocean. We have also pointed out that there are other re-
gions, in the intra-tropical zone, that can occasionally experience
large values. Assessing the climate of these regions (e.g., the Arabian
Sea), rather different with respect to that of the mid-latitudes in
being characterized by a strong seasonality, needs particular atten-
tion.

Although we have verified that the global spatial patterns of ex-
treme waves reflect the distribution of the significant wave height,
we have shown that there are wave parameters that locally influ-
ence the maximum wave heights, in particular the wave steepness
and kurtosis (measures of the sea state nonlinearity) and the
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minimum of the autocovariance function (a measure of the spectral
bandwidth, hence of the irregularity). Besides, with respect to pre-
vious studies providing wave climate features of the significant
wave height (including extremes), in this paper we have provided
for the first time a global quantitative assessment of maximum crest,
crest-to-trough and envelope heights.

o A distinctive feature of this study is the assessment of both time and
space-time extremes. We have found that the contribution of the 3D
geometry and of the short-crestedness of ocean waves (taken into
account by the STQD model), evaluated over a 100 X 100 m?, is not
negligible and, over a fixed size area, it is the larger the less extreme
conditions are. This may have important consequences on the ship
routing and the safety of navigation, but also on the design of
marine structures, given, for instance, the 20% average difference
between the space-time and the time 50-year return period max-
imum crest-to-trough heights (even larger for smaller percentiles).

Further developments are expected using the recently distributed E5
(from 1979) or other high-resolution reanalysis datasets when they will
become available, in order to fill the gaps that, although small, we have
observed between EI- and E5-based estimates and extend the analyses
to smaller basins. Beside this, once a consensus on the climate trend
existence will be reached, the contribution of a non-stationary climate
may be also taken into account.

Appendix A. Theoretical statistical models for wave extremes
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In this Appendix A, we describe the statistical models for maximum wave heights used in this study. To estimate the wave parameters we rely on

the ijl-moments my; of the directional wave spectrum S(w, 6):

my = ff kikjw!'S(w, 6)d6dw

where w and 6 are intrinsic angular wave frequency and wave direction, (k,, k,) are the components of the wavenumber vector k in the East and
North directions, respectively, and no contribution from a diagnostic spectral tail after maximum frequency is taken into account for integration.
The model for the maximum crest heights C at a single point (time extreme) is based on the nonlinear distribution of Forristall (2000):

B
P-(C>c¢c)= exp[—(‘é{;) }
F

@

with 4apo providing the scaling (o = ,/mgg being the sea surface elevation standard deviation) and 3, the shape of the distribution. It accounts for
the effects of second-order bound nonlinearities of the sea surface on the crest heights by means of the steepness parameter S = 27H,(gT?) ™" and the
Ursell number Ur = H; (kfd3)_1, which enter the distribution coefficients ar and g, as follows:

ap = 0.3536 + 0.2568S + 0.0800Ur

Br = 2 — 1.7912S — 0.5302Ur + 0.284Ur>

(here, Hy = 4./mqy is significant wave height, g is gravitational acceleration, T, = 27mgMgp; is spectral mean wave period, k; is the deep-water
mean wavenumber for a frequency Ty, and d is water depth). Coefficients of the Forristall distribution result from empirical fittings of 2D (long-
crested) and 3D (short-crested) numerical simulations. In this study, we have chosen the 3D version as we assume that the typical oceanic conditions,
especially during storms, are short-crested (Benetazzo et al., 2015; Fedele et al., 2013). For zero steepness and Ursell number, effects of nonlinearity
vanish and coefficients revert to Rayleigh values (« = 1/+/8, 8 = 2). Following Goda (2000), the probability of the maximum crest height in a sea
state with an average number of waves N can be expressed as P(Cyacr > C) = Plf_" , which, for large values of ¢ and N, is in turn fairly well
approximated by a double exponential Gumbel-type distribution. This allows computing the expected value of the maximum crest height at a single-
point, as:

Chnax.r = doctp(INN)Vr [1 + —F
max,F UaF( ) ( ﬁFlnN

(2
being ¥ ~ 0.5772 the Euler-Mascheroni constant. The average number of waves can be estimated as N = DT, being D the duration of the sea state
(from few tenths of minutes to few hours) and T, the average zero-crossing wave period, fairly well approximated by the spectral mean per-
iodT; = 2714/ mogo Mgy -

The model for the maximum crest-to-trough height H at a point (time extreme) is based on the Naess (1985) distribution of crest-to-trough
heights: a Rayleigh-like distribution (i.e., the shape parameter is equal to 2) that generalizes the Rayleigh one to account for arbitrary spectral
bandwidth effects on the wave heights:

Py.(H > h) = exp[—*(ﬁ)z]
40 -y \o 3)
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being ¢* a bandwidth parameter, which in typical wind-sea conditions assumes values in the [ —0.75,—0.65] range. This decreases the probability
with respect to Rayleigh (recovered for 1* = —1), which represents an upper bound. Among the various interpretations on how to estimate *, we
rely on that of Boccotti (2000) who defined ¢* as the minimum of the autocovariance function of the sea surface elevation ¥(t), which can be
estimated from the directional spectrum as:

1
P) = o f fS(cu, 6)d6cos(wt)dw @

The probability of the maximum wave height in a sea state with N waves can be expressed as P (Hyax,na > h) = P;V , and for large values of h and
N the Gumbel-type approximation provides the expected value of the maximum wave height at a single-point, that is:

T _ I 1/2 Y
HpaxNa = 2041 — P* (InN) (1 + —ZII]_N) ()

The same expression can be obtained using the Quasi-Determinism theory of Boccotti (2000), that is, scaling the deterministic shape of the
highest waves (represented by the autocovariance function) with the expected value of the maximum linear crest height at a point. Indeed, the
distribution of Boccotti is consistent with that of Naess, except for being an asymptotic distribution, i.e., it holds for large values of h and it is not
normalized to 1 at h = 0.

The model for the maximum envelope heights E at a point (time extremes) is based on the approach proposed by Janssen (2003) and further
developed by Janssen (2014) who presented a general framework relating the shape of the probability distribution function (pdf) of the surface
elevation to the mean sea state as described by the two-dimensional frequency spectrum. In so doing, although the estimate is actually in the time
domain, the width of the directional distribution, hence the short-crestedness, is taken into account. Deviations from the normality of the probability
distribution (otherwise Gaussian) occur when the spectrum is narrow both in frequency and direction, and are measured in terms of the kurtosis x
and skewness A of the sea surface elevation (Janssen, 2014), such that the parent pdf of E is:

p(EHY) = AEH e 2P°H:* (1 4+ x QE*H* — 4EH;2 + 1) + A2(4ESH — 18E*H* + 18E2H2 — 3)} )

Kurtosis ¥ and skewness 4 contemplate the nonlinear contributions from both free and bound waves and are estimated from the spectrum as:

x = ylree + bound

1 = Abound

where the effect of free waves on the skewness has been neglected being very small. In the narrow-banded approximation x/¢ depends on the
Benjamin-Feir Index (BFI) and the spectral widths in frequency &, and direction 8, with correction for shallow-water effects. The former is computed
as BFI = /2 € 8! (with e = k, /7oy the integral wave steepness based on the peak wavenumber k), while the latters are estimated from a two-
dimensional parabolic fitting around the peak of the spectrum. x?**¢ and 1%*“*¢ solely depend on the integral steepness €. A detailed description of
how 4 and x are computed by the ECMWF wave model and how they have been computed in this paper can be found in the Integrated Forecasting
System documentation, cycle Cy43r3 (ECMWF, 2017; chapter 10).

The expected maximum envelope height at a single point E,,,, is obtained integrating the probability distribution P (E,., > ), derived from the
parent distribution in Eq. (6) following the Goda (2000) approach. It is:

= 1 N P
Epax = {\/% + _4\/2—0 [y + In(1 + ax + A )]}HS

where z = 0.5In(N) and the expressions for & and B can be found in ECMWF (2017; chapter 10). The average number of independent wave groups
N; in a time series of length D is computed as:

2E,.
N2

where w,, = mgyn Mg is the mean wave frequency, v = \/mggMon2Mg: — 1 is the spectral bandwidth parameter (Longuet-Higgins, 1975) and
E. = /2 is a reference value.

Space-time extreme crest and crest-to-trough heights are modelled in the framework of the Space-Time Quasi Determinism theory (Benetazzo
et al., 2015; Benetazzo et al., 2017; Boccotti, 2000; Fedele, 2012). In this context, the probability for the maximum crest height Cpqx stop2 of
exceeding a threshold c over an area XY and in a duration D is expressed as (Benetazzo et al., 2015):

Ng = VW, D

¢ o 3
P(Cpax,sTopz > €) = | N3— + No— + Ny [exp| ——

o) o 20 ()]
with ¢ = o(=1 + /1 + 2uco~!)u~, relating the first (co) and the second (c¢) order thresholds as a function of y (Fedele and Tayfun, 2009; Tayfun,
1980), which is proportional to skewness (4 = 1/3) and measures the contribution of the second order nonlinearities. An integral measure of p in
deep waters (a fair approximation for our global analysis) that accounts for bandwidth effects has been proposed by Fedele and Tayfun (2009) as:

u=pu,1—v+0% ®

with u,, = ow?g~! the narrow-banded wave steepness. It allows for the computation of p from the directional spectrum and its integral parameters,
like the standard deviation of the sea surface elevation o, the mean wave frequency w,,, and the spectral bandwidth parameter v. The probability in
Eq. (7) is the sum of the contributions of 3D waves in the space-time volume XYD (first term), of 2D waves on its faces (second term) and 1D waves
on its boundaries (third term). The second and the third terms are significant, but determinant only when the area is small (XY< LL,, where
Ly = 2m\/mgoomygh, and L, = 27wy mogomey are the East and North components of mean wavelength, respectively, which correspond to mean wave
length and mean wave crest length if direction 6 is referred to the dominant wave direction). In analogy with the single-point time model, in the
space-time model the average numbers of waves are computed as the domain size to characteristic wave size ratio, in particular:
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Parameters oy = Mo; (Mago Mooz) "2, oty = My10(MagoMozo) /% and aty, = Moy (MozoMep2)~'/? account for the correlations between space and time or
space and space and reduce the number of waves accordingly, to avoid redundancies. For large crest heights, the probability distribution of Eq. (7)
can be approximated by a Gumbel-type distribution, and the expected value of the maximum crest height in space and time (space-time extreme) is
estimated as:

20

-1
2N3§OG_1 + N,
Ng'fozg_z + Nzgog_l + N1

2
cmax,STQDZ = §0 + ﬁgi + oy (1 + M'foal)('fogl -
(10)

In Eq. (10), {07! is the mode of the Gaussian distribution, obtained as the largest positive solution of P (Cyax,srop2 > ¢) = 1, after setting u = 0.

Maximum crest-to-trough wave heights over a space-time region are estimated by means of the Quasi-Determinism theory, which establishes a
relationship between the expected maximum crest and crest-to-trough wave heights, in the context of the deterministic behaviour of the largest
waves (Boccotti, 2000). Hence, given the linear Cpqx, s7op1, which is obtained from Eq. (10) by setting u = 0 and assumed to occur at a fixed point in
space where a wave group reaches the apex of its development, Hyy, sTom (Space-time extreme) is:

-1
i} 2N;6,071 + N,

H, = + oyl §,07 = 0 ha = o

max,STQD1 g() 7(50 N3§O2072 + N2§0071 + N1 ( 1:0 )

an

Appendix B. Observational data analysis

Here, we present the methodology of wave data analysis we have used with buoy and stereo data to obtain empirical estimates of the time and
space-time extremes, respectively.

Buoy sea surface elevation data (June 2010-December 2014, sampled at 1.28 Hz) have been first quality checked, following the criteria used by
Casas-Prat and Holthuijsen (2010). Then, the following procedure is applied:

. the 4.5-year time series is partitioned into 3-h segments, i.e. sea states 7(t), that we assume stationary and represented by the same spectrum;

. each sea state is further partitioned into 9 segments which represent 20-min realizations 7,(t) of the sea state;

. zero-crossing analysis is performed on each realization in order to extract the maximum crest Cp,qy; and crest-to-trough height Hqy;

. the envelope p; of each realization 7, (t) is computed by taking the complex magnitude of the Hilbert transform of #,(¢) and doubled to obtain the
envelope height E; = 20,. Then the maximum of each envelope height E,,,, is extracted;

e. the estimate of expected maximum crest C,,,y, crest-to-trough H,,,, and envelope height E,,,, in a 20-min sea state is obtained by averaging the

nine realizations of maxima.
f. Cnaxs Hmax and E,4 have been upscaled of 2%, i.e., the sampling bias correction for the OWS-P buoy data (Tayfun, 1993).

AN T

The points a. and b. of the adopted procedure are in agreement with what done by Janssen and Bidlot (2009) to estimate the expected value of
maximum wave height from buoy observations. It is worth noting that we have also repeated the analysis with a larger number of realizations (e.g.,
36 of 5min each) to verify the statistical robustness of the estimate, with comparable results.

The stereo datasets (2 events sampled at 7.5 Hz and on a 0.25 m resolution square grid) are processed in a different way. First, the sea surface
elevation time series 7(x;, y;, t) at every point (;, y,) in space is low-pass filtered at 0.8 Hz in order to remove high frequency noise and taken to null
mean by subtracting the time series average. Then, the following procedure is applied:

e the observed 1000 m? wide and 30-min long space-time sea surface elevation 7(x, y, t) is partitioned into space-time sub-volumes that represent
realizations of the same sea state. The space area is divided into 4 equivalent areas (size of about 15 x 15 m?), the duration is divided into six 5-
min segments, thus generating 24 realizations;

e the maximum sea surface elevation from each realization is extracted and labelled as Cyqy, after verifying that they all belong to different, hence
independent, waves (time between two Cyu,,; should exceed a dominant wave period T,). If one crest is closer to another, it is discarded;

e the time series of the sea surface elevation at the positions where C,,q; occurred are isolated (selecting only the time series portion around C,,qy;,
i.e,, f; + 1.5T,) and then averaged in order to obtain the mean temporal profile;

e the estimates of the expected maximum crest height Cy,q.and related wave height Heq, in a 5-min sea state and over 15 X 15 m? are obtained as
the largest crest and the largest crest-to-trough excursion of the mean temporal profile, respectively;

® no sampling bias correction has been applied to the stereo data as the sampling intervals in both space and time are small enough, compared to
mean wave periods and wavelengths, to strongly reduce the wave height underestimation due to equidistant sampling (Tayfun, 1993).

We recall that envelope heights have been only estimated in the time domain.
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