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ABSTRACT
The IOWAGA data base for the North Atlantic region was

used to identify the region where extreme values of significant
wave height are more likely to occur. The IOWAGA database [1]
was obtained from the WAVEWATCH III model [2] hindcast us-
ing the CFSR (Climate Forecast System Reanalysis) from NOAA
[3,4]. The period of the study covers 1990 up to 2012 (23 years).
The variability of the significant wave height was assessed by
computing return periods for sea storms where the significant
wave height exceeds a given threshold. The return periods of
sea storms where the Hs exceeds extreme values for the north At-
lantic region were computed allowing for the identification of the
extreme wave regions which show that extreme waves are more
likely to occur in the storm track regions of the tropical and ex-
tratropical north Atlantic cyclones.

∗Address all correspondence to this author.

INTRODUCTION

Extreme sea states are a source of risk for marine struc-
tures and operations. These extreme sea states are usually gener-
ated by storms that can traverse whole ocean basins and generate
high-energy swells that can propagate for thousands of kilome-
ters. Additionally, rogue waves due to modulation instability [5]
are a recognized source of extreme waves [6, 7] that needs to be
taken into account when designing for operation at sea.

The north Atlantic ocean is regularly traversed by extra-
tropical cyclones and winter low pressure systems originated in
the Western part of the basin that can potentially generate dan-
gerous extreme sea states [8–10]. The region where these ex-
treme sea states occur is linked to the tracks of the low pres-
sure systems in the north Atlantic basin. The variability of this
storm tracks presents a primary dipole pattern with centers in the
extreme northeastern Atlantic and west of Portugal. A strong
northeastward extension of the storm tracks causes strong mar-
itime flow giving rise to mild European winters and is primarily
associated with low-frequency teleconnections [11]. Future cli-
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mate projections indicate a poleward migration of northern hemi-
sphere storm tracks, with a distinct increase of storm track den-
sity and mean intensities in an area over the British Isles and to
the north and west while a decrease in number and intensity is
projected in the Mediterranean [12].

Since waves are locally generated by surface winds, their
trends should be related. Globally, [13] reported a general trend
of increasing values of wind speed and wave height (to a lesser
extent) based on a 23-year database of satellite altimeter mea-
surements. In addition, the report showed a greater rate of in-
crease in extreme values of wind speed and wave height. In the
North Atlantic, the WASA project [14–18] found an increase in
the annual maximum of significant wave height (Hs) over the last
40 years in the east of the basin. Results from a 40-year hind-
cast using kinematically reanalyzed wind fields [19] also show
a increase in extremes of winter wave height in the east, closely
associated to the North Atlantic Oscillation (NAO) variations.

In the design of maritime structures, one is interested in the
return periods of extreme events. The 100-year wave, e.g., would
be a wave with height exceeded on average once in a 100 years
period. A related concept is the annual exceedance probability
which is the probability that a wave will exceed a given threshold
in 1 year. In percentage terms, the annual exceedance probability
of the p–year wave is simply 100/p.

Based on wind and wave reanalysis data, [20, 21] provided
global estimates of 100-year wind speed (U10) and Hs return val-
ues using the peaks–over–threshold (POT) method. The Hs 100-
year return value estimates are higher in the storm tracks of the
Northern and Southern Hemispheres and lower in the tropics.
Decadal variations in the estimates were found to be significant
only in the Northern Hemisphere storm tracks and in the western
tropical Pacific. These differences were attributed to the decadal
variability in the Northern Hemisphere, especially to the NAO.
Interdecadal differences for U10 were found to be consistent with
those of the Hs. Nonetheless, a lack of a clear trend in 100-year
return value for Hs was reported by [22], using global altime-
ter measurements spanning 23 years and the initial distribution
method.

An equivalent problem of interest for the engineering of
maritime structures is the prediction of waves that exceed a given
threshold. The return period of a wave exceeding a given thresh-
old was obtained by [23] and [24,25] studied the statistical prop-
erties of waves in storms. Later, [26, 27] solved the problem of
the return period of a sea storm during which the wave height
exceeds a given threshold. Thereafter, extensions to the return
period of nonlinear high waves, arbitrary number of waves and
generalized storm models were presented [28–30].

In this paper, we compute return periods of sea storms where
the Hs exceeds extreme values for the north Atlantic region. Us-
ing a 23 year wave hindcast database covering the whole North
Atlantic, the distribution of return periods in the basin can be
computed. The hincast interval is then divided in 4 year periods

FIGURE 1. AVERAGE IOWAGA HS OVER THE 23-YEAR PE-
RIOD: 1990–2012. WHITE LINES ARE CYCLONE TRACKS FOR
FEB 2007 FROM [33].

to observe the evolution of the return period distributions. We
use an analytical sea storm model in order to circumvent the ne-
cessity of choosing a priori the distribution of extreme Hs values
at the peak of the storms.

DATA AND METHODS
The IOWAGA hindcast

The IOWAGA data base [1] is a multi-scale global hindcast
of ocean waves. The hindcast database is freely available for the
period 1990–2012 and it is based on the parameterizations for
wind sea and swell dissipation of [31] and forcing from a com-
bination of ECMWF analysis and CFSR reanalyses, sea ice from
CFSR and ECMWF and icebergs from CERSAT. From the val-
idation with altimeter and buoy data they concluded that CFSR
winds are anomalously high in the Southern Ocean for the years
1991–1993 [32].

The area chosen for this study is the north Atlantic ocean
from 90◦W to 30◦E and 18◦N to 80◦N (see Fig. 1). The reso-
lution of the return period maps is 0.5◦ in each direction. The
time series of Hs at each grid node location has a time step of 3
hours. For the identification of storms, missing values in the Hs
time series were set to zero.

The mean Hs distribution for the 23-year hindcast ( Fig. 1),
shows the highest values on the eastern part of the basin in a
region extending towards the western boundary where mean Hs
values are lower. This area coincides with the northern north
Atlantic storm track area.
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Equivalent triangular storm
A sea storm is defined as a sequence of sea states where the

Hs is above a given threshold hp for a predefined amount of time.
In [27], the threshold hp is defined as 1.5H̄s with H̄s the annual
mean of Hs and the continuos time period as 12 hours. With these
two conditions and given a record of Hs a sequence of storms can
be defined for a specific location.

Each of the members of this storm sequence can then be
approximated by an analytical function of time that, during the
storm duration b gives the Hs as

h(t) = a[1− (
2t
b

)], −b
2
≤ t ≤ b

2
, (1)

where values of t < 0 indicate time before the peak of the storm
(t = 0). The storm intensity a is the maximum wave height
achievable during the storm. The parameters a and b defined
the equivalent triangular storm (ETS) model [27, 34].

Return period of a storm where Hs exceeds a threshold
Considering a series of N(τ) storms ocurring at a given lo-

cation during a time interval τ , the time Th during which Hs stays
above a given threshold h is Th = τP(h), where P(h) = P(Hs >
h). According to [30], the return period of a storm during which
Hs exceeds h can be computed as

Rh =
τ

N(τ;Hs > h)
, (2)

where N(τ;Hs > h) is the average number of storms where the
Hs exceeds h.

The ETS model can be used to compute the return period
given by eqn. 2. The method presented by [30] is described:
considering that a and b are realizations of the random vari-
ables storm intensity A and storm duration B, the joint proba-
bility density function (pdf) of A and B is defined as pA,B(a,b) =
pA(a)pB|A(b|a) and pA,B(a,b)dadb as the number of equivalent
storms with intensity between (a,a + da) and duration between
(b,b+db). The pdf of A is then

pA(a) =
∫

∞

0
pA,B(a,b)db, (3)

and the number of equivalent storms having intensity between
(a,a+da) and duration between (b,b+db) is

dN(a,b) = N(τ)pA(a)pB|A(b|a)dadb, (4)

from which the average number of equivalent storms with A > h
can be computed as

N(τ;A > h) =
∫

∞

a=h

∫
∞

0
dN(a,b) = N(τ)

∫
∞

a=h
pA(a)da. (5)

The return period can then be obtained by replacing N(τ;A > h)
in eqn. 2. The storm intensity pdf is given by [30]

pA(a) =
τ

N(τ)
a

b̄(a)
G(λ ,a), (6)

where b̄(a) is the conditional average duration of B given A = a.
The function G(λ ,a) is given for the case of the ETS, by:

G(λ ,a) =
d2P
da2 , (7)

with P(h) = P(Hs > h).
To compute the conditional average duration b̄(a) for a given

a, it is approximated by a regression b̄(a) = K1 log(a)+ K2. To
obtain the regression coefficients, we construct a random se-
quence of (a,b) pairs using the actual storm sequence at the lo-
cation of interest. The storm intensity a is the maximum Hs for
each storm and the duration is found by requiring that the ex-
pected maximum wave height H̄max is the same for the actual
and for the equivalent storm.

Computation of exceedance probability P(Hs > h)
We assume that the exceedance probability of the Hs is given

by a lower-bounded three parameter Weibull distribution

P(h) = 1− exp[−(
h−hl

w
)u], h≥ hl , (8)

where the unknown parameters are obtained by least-squares fit-
ting to the Hs time series. This method allows to obtain two of
the three parameters of the Weibull distribution (eqn. 8), namely
the scale parameter w and the location parameter hl . The third
parameter, the shape parameter u, is chosen as the one that mini-
mizes the residue of the correlation between the fitted distribution
and the original data. While the Weibull distribution may fail to
represent well the whole distribution, it can fit the low probability
part reasonably well [35].

For this reason we have focused our analysis on thresholds
above the 99th percentile of the Hs exceedance distribution, com-
puted from the Weibull distribution parameters fitted at each data
point and shown in Fig.2. The sharp gradients in the map are due
to the fact that minimization of the correlation residue between
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FIGURE 2. SPATIAL DISTRIBUTION OF THE 99T H PER-
CENTILE FOR THE HS IN THE PERIOD: 1990–2012.

the fitted distribution and the original data, was performed by di-
rect search over a discrete set of values of u, between 0.75 and
2.0. Due to the computationally expensive nature of this process
for the amount of grid points, only 15 values of u were used be-
tween these limits and thus sharp changes in the u distribution
were obtained, which were reflected in the 99th percentile distri-
bution.

RESULTS
Return periods for the 23-year hindcast

The return periods of sea storms where the Hs exceeds a
given threshold were computed for several Hs values in North
Atlantic.

In Fig. 3 the return period contours for the Hs threshold of
20 m are shown. At the 1-year return period level of sea storms,
the contours delimit the eastern north Atlantic from 40◦N to Ice-
land, the bay of Biscay and several small scale regions in the
Caribbean and Atlantic. At the 10-year level, the region is en-
larged to the whole north Atlantic northward from 30-36◦N, a
portion of the western Atlantic below these latitudes, roughly be-
tween 50 and 75◦W and two small regions in the Gulf of Mexico
and in the Caribbean sea. At the 50 and 100 years return period
level, the contours practically coincide and limit a region com-
bining the two previous ones mentioned for the 10-year return
period.

At the 10-year return period level for a sea storm with
Hs >20 m, the northern Atlantic region matches well with the
storm track region of north Atlantic cyclones [36], while the
western Atlantic region below 30 ◦N, the Gulf of Mexico and
Caribbean sea corresponds to the north Atlantic tropical cyclone
paths. At the 1-year sea storm return period level for the same

FIGURE 3. RETURN PERIODS FOR HS > 20 M. LINES EN-
CLOSE REGIONS WHERE RETURN PERIOD IS LESS THAN 1
YEAR (BLUE); 10 YEARS (RED); 50 YEARS (BLACK); 100 YEARS
(CYAN).

Hs threshold, the region is greatly reduced to the eastern North
Atlantic in the region with the highest 100-year return values of
Hs, already identified in [20] and [13].

Evolution of the extreme wave region
To study the evolution of the extreme wave region, the 23

year hindcast was divided in five 4 year periods, starting in 1992.
In order not to split the winters between differents years, the be-
ginning and end of year were set at 1st of July and 30th of June,
respectively. In Fig. 4, the return period for sea storms with Hs
threshold set at 25 m is shown for the periods 1992–1996 (top
panel) and 1996–2000 (bottom panel). The major difference was
found between the 1996–2000 period and the others, where a de-
crease in the area delimited by the 50 and 100 years return period
contours was found. This coincides with a jump in the reanaly-
sis winds particularly visible in the 99th percentile winds [32].
The 99th percentile has a significant impact on wave height in
the wave model when modelling extreme events such as hur-
ricanes.The remaining periods (2000–2004, 2004–2008, 2008–
2012) have return period distributions very similar to the 1992–
1996 period.

The reduction in area observed in the 1996–2000 period is
not completely clear as to its reasons but the uses of different data
assimilation techniques and inconsistent reanalysis could be the
causes [37]. Also, The 5 year period between 1995-2000 was
characterized by a multi–decadal increase in sea surface tem-
perature and an increase in the number of Atlantic major hur-
ricanes [38]. On the other hand, no clear tendency in increase
or reduction of the extreme wave region could be identified in
the whole period, in agreement with the lack of tendency for the
100-year Hs return values found by [22].
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FIGURE 4. RETURN PERIODS FOR HS > 25 M. TOP PANEL:
1992-1996; BOTTOM PANEL: 1996-2000; LINE COLOURING AS
IN FIG.3

CONCLUSIONS
The extreme wave regions of the North Atlantic were iden-

tified by computing return periods of sea storms were the Hs ex-
ceeds a given threshold. Using a 23-year hindcast of the whole
North Atlantic region, spatial distributions of the return periods
were obtained.

The return period maps, show that extreme waves are more
likely to occur in the storm track regions of the tropical and ex-
tratropical north Atlantic. For an Hs threshold of 20 m, return
periods of 1 year or less are limited to the eastern North Atlantic
zone above 40◦N. It was not possible to observe any trend in the
return period values through the time period considered, but a
decrease in the 25 m sea storm return period was found for the
period of 1996–2004. The reason for this reduction is not com-
pletely clear and further analysis is needed to clarify this.

The return period estimates based on equivalent storm mod-
els presented in this paper appear to be conservative when com-

pared to Hs return values, e.g. [22] reports a 100-year Hs return
level of 26 m for the north Atlantic region whereas in this study
the return period of a storm where Hs > 25 m can be lower than
50 years. Computations based on the POT method at selected lo-
cations (not shown) also show higher return periods for the same
Hs level using the ETS model. Other source of error in this work
is the extrapolation (implicit in the choice of the Hs threshold) for
values of return period much larger than the length of available
records (measured or hindcasted by models). This procedure is
justified by the need to work with conservative load levels in the
process of engineering design of marine structures.

To conclude, the ETS provides a valuable tool to compute
design values of wave loads. By using the ETS model of [27], it
was not necessary to impose a distribution type to the distribution
of Hs storm peaks. Further work is being done to improve certain
aspects of the computation and application to other ocean basins
is being planned.
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