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Abstract The description of wave climate at a local scale is of
paramount importance for offshore and coastal engineering
applications. Conditions influencing wave characteristics at a
specific location cannot, however, be fully understood by
studying only local information. It is necessary to take into
account the dynamics of the ocean surface over a large ‘up-
stream’ wave generation area. The goal of this work is to
provide a methodology to easily characterize the area of
influence of any particular ocean location worldwide.
Moreover, the developed method is able to characterize the
wave energy and travel time in that area. The method is based
on a global scale analysis using both geographically and
physically based criteria. The geographic criteria rely on the
assumption that deep water waves travel along great circle
paths. This limits the area of influence by neglecting energy
that cannot reach a target point, as its path is blocked by land.
The individual spectral partitions from a global wave reanal-
ysis are used to reconstruct the spectral information and apply
the physically based criteria. The criteria are based on the
selection of the fraction of energy that travels towards the
target point for each analysed grid point. The method has been
tested on several locations worldwide. Results provide maps
that inform about the relative importance of different oceanic
areas to the local wave climate at any target point. This
information cannot be inferred from local parameters and
agrees with information from other approaches. The
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methodology may be useful in a number of applications, such
as statistical downscaling, storm tracking and grid definition
in numerical modelling.
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1 Introduction

Wave characteristics at a local scale play a major role in a wide
range of issues (e.g. maritime works, navigation routes, off-
shore structures design, harbour operability, ecosystem distri-
bution and flooding risk). These conditions are dominated by
locally generated waves (wind sea) and waves from distant
storms (swells). Hence, the need for accurate wave data has
long encouraged studies on wave generation and propagation
of global ocean swells. Studies by Munk (1947), Munk et al.
(1963), Barber and Ursell (1948) and Snodgrass et al. (1966)
contributed significantly to the scientific basis and introduced
some of the currently accepted paradigms, e.g. great circle
propagation and small dissipation of swells. Unfortunately,
these earlier studies were limited by the availability of in situ
measurements, i.e. a small number of stations concentrated in
coastal areas and covering a short time period with long gaps.

More recent studies (e.g. Collard et al. 2009) take advan-
tage of the global coverage offered by Synthetic Aperture
Radar data but they face similar constraints due to the coarse
spatial and temporal resolution of these data. Despite the data
limitation, studies on space and time variability of wave
climate have lead to a huge improvement in the physics of
numerical wave models. The improved physics and the avail-
ability of higher computational power have resulted in high-
quality wave hindcast databases (e.g. Rascle et al. 2008;
Reguero et al. 2012). The homogeneous and continuous data
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from wave hindcasts overcome the limitations of instrumental
data being a useful tool in order to improve our understanding
of wave propagation around the globe.

In this study, we propose a methodology based on hindcast
data for evaluating the area of influence at any particular
location and time period. Other studies have introduced dif-
ferent approaches to analyse characteristics of wave genera-
tion and propagation. For instance, Devaliere et al. (2009)
shows a wave tracking algorithm to identify existing wave
systems and Alves (2006) uses a numerical model to evaluate
the contribution of swells from different ocean basins to the
global wind—wave climate. Application of our method pro-
vides different information such as where the energy is
generated/dissipated, how long it takes to arrive, and the
variability of the area of influence between seasons or years.
It is anticipated that these information can be used to aid the
design of statistical or dynamical downscaling studies.
Statistical downscaling methods are based on the relationship
between the local wave climate and the atmospheric patterns
over a region (e.g. Wang et al. 2004; Izaguirre et al. 2012;
Casas-Prat et al. 2014), and dynamical downscaling is per-
formed to focus model resolution in the desired areas (Tolman
2008). In both cases, the definition of the area of interest is a
time-consuming problem, commonly solved by subjective
expert criterion. This study presents a fast and objective tech-
nique to study the wave generation area that induces local
wave climate.

The rest of the paper is organized as follows: Section 2
explains the methodology and is structured into four subsec-
tions: ‘geographic criteria’, ‘spectrum reconstruction’, ‘energy
flux assessment’ and ‘net energy generation areas’. In
Section 3, some results in the North-East Pacific, Central-
East Pacific, North-West Atlantic and Indian Ocean are pre-
sented. Finally, some conclusions are given in Section 4.

2 Methodology

The methodology, which is henceforth referred to as ESTELA
(a method for Evaluating the Source and Travel-time of the
wave Energy reaching a Local Area), is intended to charac-
terize the influence area for a specific target point. The process
is summarized in a diagram in Fig. 1 and involves four
sequential steps: First, geographic criteria are applied to limit
the study into the relevant spatial domain. Second, the spectral
reconstruction provides frequency—direction information.
Third, the wave energy assessment reveals important charac-
teristics of the wave energy that reaches the target point.
Finally, the areas of gain/loss of energy are obtained.

This method requires homogeneous wave data. In this
study, a global wave parameter database (Rascle et al. 2008;
Rascle and Ardhuin 2012) has been used. This database was
obtained by the numerical wave model WAVEWATCH III in
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Fig. 1 Flowchart representing the ESTELA methodology

its version 4.04 forced by winds from the Climate Forecast
System Reanalysis (Saha et al. 2010). The model uses a
parameterization called TEST451 (Ardhuin et al. 2010), with
significant improvements for swell dissipation. The wave
spectrum of the model is discretized using 24 directions and
31 frequencies and the results are provided in a spatial grid at
0.5 © resolution and 3-h time resolution. The available cata-
logue from this hindcast includes parameters such as
significant wave height, peak period, mean direction
and directional spread for up to six partitions of the
spectrum, the wind sea and five swell trains in the more
general case. In this study, we use 20 years, from 1993 to
2012, of wave spectra reconstructed from these partitions.

2.1 Geographic criteria

The geographic criteria are applied to limit the study
area by neglecting wave systems separated from the
target point by land. These criteria rely on the assump-
tion that deep water waves travel along great circle
paths, which reduces the computational effort in the
following steps of the methodology. This assumption
has, however, several limitations due to the dynamic
interaction of waves with their environment. For exam-
ple, wave—current interactions are not always negligible
in deep water, and processes such as refraction and
diffraction may be important in shallow waters. The
great circle assumption may therefore neglect contribu-
tions by energy from some cells, sited behind groups of
small islands or that are partially blocked by land, to
overall energy at the target point.

In order to take these limitations into account, we only
neglect a source point when the area represented by that grid
point is clearly blocked by land, i.e. there is a land mass that
blocks all the directions in a directional sector av+A, where «
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is the direction of the great circle between a source point and
the target point and A determines the width of the directional
sector. We use

A= max<s,arcmn<dx/“dy/2>>, (1)

7

where the minimum A is 5 °, dx and dy are the spatial
resolution of the hindcast, and r is the distance between a
source point and the target point.

Figure 2 shows the valid area for a target point in the North-
East Atlantic Ocean. The selected area covers the whole North
Atlantic basin and a section of South Atlantic Ocean, whilst
the North Sea and the Caribbean Sea are not included. Note
that the valid area includes all the grid points where the wave
energy that reaches the target point can be generated or
transformed.

2.2 Spectrum reconstruction

The common practice to describe a specific sea state is to use a
reduced set of statistics such as the significant wave height and
the mean direction. These statistics, however, do not represent
the complex wave climate in some regions, where sea states
are the result of several wave trains travelling in different
directions. The two-dimensional wave spectrum characterizes
the distribution of the wave energy among different frequen-
cies and directions and it is considered a complete description
of (phase averaged) waves on the ocean surface.

The concept of spectral partitioning introduced by Gerling
(1992) allows for the identification of sub-peaks within the
two-dimensional wave spectrum. The computation of the
statistics of these segments represents a considerable data

reduction that preserves directional information.
Consequently, these parameters have become usual output
from wave models. The partitioning scheme in
WAVEWATCH 1II is based on the method of Hanson and
Phillips (2001), implemented as described in Tracy et al.
(2007).

In order to reconstruct the full frequency—direction spec-
trum, we use four parameters obtained from spectral
partitioning. Those parameters are significant wave height
(Hs), peak period (7p), mean direction (f) and directional
spread (o) for one sea and up to five swells {Hsq, Tpo, o,
09... Hss, Tps, 05, 0s}. Any partition can be viewed as a
unimodal spectrum given by its parameters, and the multi-
modal spectrum can be obtained by aggregation of these
unimodal spectra. We reconstruct the frequency—direction
spectrum following:

E(f.0) = pgSi(/)Di(0), (2)
i=0

where p is the water density and g is the acceleration due to
gravity. Si(f) and Dy(6) are the one-dimensional wave spectrum
and the directional distribution for a partition 7.

The one-dimensional wave spectrum S;(f) is obtained by
using a JOint North Sea WAve Project JONSWAP) spectrum
(Hasselmann et al. 1973), where the amount of energy is
determined by Hs; and the distribution over the frequencies
depends on Tp;. We have used a JONSWAP spectrum shape
with a peak enhancement parameter v=3.3, since no other
measures of frequency distribution were available from the
wave hindcast and testing showed that this assumption has
negligible effect in the assessment of the effective wave ener-
gy reaching a target point. Regarding the directional

Fig. 2 Geographic criteria for a target point P [10° W, 39° N] in the North-East Atlantic Ocean. The selected geographic area is represented in green and

the neglected area is represented in red
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distribution D(f) we assume a cosine-type expression (e.g.
Mitsuyasu et al. 1975; Holthuijsen 2007):

0_ 0 0
D(6) = 4scos™ (;‘) for-180" < f-a < 180", (3)

where 6 is the mean direction parameter and « is the direction
between the source point and the target point. 4, and s are two
parameters controlling the width of the distribution and de-
pend on the directional spread parameter:

2

S:?_la (4)

A2:F(s+l)/{F(s+%>2\/%]. (5)

A simple analysis to evaluate the spectrum reconstruction
was performed to compare the reconstructed spectra against
the original spectra from the numerical model. The evaluation
in different locations and periods shows consistent results.
Reconstructed spectra capture correctly the directional distri-
bution. The frequency distribution is also represented reason-
ably well, although some discrepancies are found for the
higher frequencies. This was expected since two parameters
(6 and o) are used to represent the directional distribution and
only one parameter (7p) is used to represent the frequency
distribution.

2.3 Effective energy flux assessment

The effective energy flux assessment is based on the
characteristics of the spectrum and the location of the
source point and the target point. Here, the effective
energy flux is defined as the energy of the spectrum
travelling towards the target point at the group velocity,
and it is estimated to achieve the Effective Wave
Energy (EWE) ESTELA maps. The effective energy is
corrected by the viscous dissipation that the waves are
expected to suffer during the propagation between the
source and target points. In order to evaluate the rela-
tive importance of the far-field regions, the effect of
other dissipation mechanisms must be taken into ac-
count. This can be assessed qualitatively by analyzing
the effective energy flux in the downstream points of
the great circle path.

Figure 3 shows the relevant part of the spectrum at a time ¢
(right) for a particular great circle (left). The position of the
source point with respect to the target point is defined by the
distance r and the angle «. The spectral density radiated
towards the target point is determined by Ez ), the cross
section through the spectrum E¢y.... ) at the direction a. In
order not to overestimate the importance of energy from
distant source points, a spatial decay at a rate p can be
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considered. A theoretical lower bound for 4 is given by the
viscous theory, giving, in deep water (Dore 1978; Ardhuin
et al. 2009; Collard et al. 2009)

w2t () m ©

Pw8Cg

where p./p,,=0.0013 is the relation between air density and
water density, ¢, = &7/, is the group velocity and v, is the
air viscosity (for a clean surface v,=1.4 10 >m?s ).

Viscous dissipation is responsible for a considerable
loss of energy of higher frequencies. Dissipation of
lower frequencies, however, is dominated by other pro-
cesses. We only correct viscous dissipation because it
can be considered independent of the atmospheric and
oceanic conditions during the propagation. Moreover,
regions where the loss of energy cannot be explained
by viscous dissipation are as interesting as the regions
where energy is generated.

The effective energy flux (F) and the travel time (7) at any
time (#) and position (, a) are then:

F(r,oc,t) = J E(f;r,oc.t)eimcgdfy (7)
0

0

J E( fir,o,t) e_urdf
0

Fr o)

(8)

Trot) =7

The effective energy flux and the travel time over a series
of N sea states can be easily obtained. The effective energy
flux is the sum of the valid energy fluxes divided by the
number of sea states and the travel time is obtained by using
the weighted mean of the group celerity:

Z Fra)

=1
F(nu) = lTa (9)
a T(r,ot)
Z F(r,oc,ti) P
Tl =r— : (10)
F(r.oc,ti)

i=

—_

2.4 Gain/loss of energy

The effective energy flux characterizes wave propagation. In
order to analyse the wave generation and dissipation, this
information must be regridded to a polar grid centred at the
target point. In a polar grid, the gain/loss of energy in each cell
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Fig.3 Left An example of the great circle between a target point near Portugal and a source-point in Canada. Right Wave energy spectrum at the source
point. The selected cross section of wave energy that will propagate along the great circle between TP and SP is coloured

(AF) can be viewed as the difference between the incoming
and the outcoming flux along the great circle. This Lagrangian
point of view, similar to the first-generation wave models, is
shown in Fig. 4. Note that this approach sums the effect of the
traditional wave growth and dissipation with the effect of
wave components that cross the great circle.

In order to reduce the influence of the discretization,
AF ¢ o= AF (1,07 AF (1, 1s divided by the surface of the
cell. The surface is the intersection between a spherical wedge
and a spherical segment

S = Sigtee Sscament _ g pp A 05 7 /R) 605 (ro /)|

S total S total

2w

2 )

(11)

where R is the Earth radius, A is the angle of the wedge and 7,
and r,, are the distances between the target point and the sides
of the cell. The AF, ,)values are shown in the gain/loss (G/L)

ESTELA map.
Fin
Gain: -
(Fout > I:in) o
Fin
Loss:

(Fout < Fin) .

AF/S

/
\
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/

==
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=

Fig. 4 Polar grid with coarse resolution centred in a target point P [10° W, 39° N] in the North-East Atlantic Ocean (/eff) and diagram of gain/loss of

energy (right)
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3 Results

In order to show the suitability of the ESTELA method at any
location, four target points are selected: (i) site A [131° W, 46°
N] in the North-East Pacific, close to the Oregon state (USA);
(i1) site B [80° W, 8° S] in the Central-East Pacific, near the
Peruvian coast; (iii) site C [10° W, 44° N] in the North-East
Atlantic, near the North-West Spanish coast and (iv) site D
[55.5°E, 5.5° S]in the Indian Ocean, located in the Seychelles
Islands.

Site A is affected by the North-Pacific extra-tropical cy-
clone activity. Some authors have explained higher wave
energy due to intensification of the Aleutian low and a strong
interannual variability of wave climate related to the Pacific
North America (PNA) teleconnective index (Bromirski et al.
2005; Graham and Diaz 2001). Site B is in a tropical region,
affected by long-period swells that cross the entire Pacific
Ocean (Young 1999) and the trade winds. Atmospheric pat-
terns related to teleconnections between tropics, extra-tropics
and high latitudes are, therefore, expected to affect the vari-
ability of the wave climate in this study site (see for instance
the effect of the Southern Annular Mode (SAM), on waves in
the South Hemisphere described in Hemer et al. 2010). Site C
is an open location exposed to the North Atlantic extra-
tropical storms. The strength and the direction of the westerly
winds and storm tracks are the main climatic drivers at site C.
Some authors (e.g. Woolf et al. 2002; Izaguirre et al. 2010)
have found that a large fraction of the wave energy along the
Atlantic European coast can be associated to the North

Atlantic oscillation (NAO). Wave climate of site D is clearly
affected by tropical cyclone activity in the Indian Ocean and
the penetration of swells from the Southern Ocean has been
previously identified (Young 1999; Alves 2006).

Figure 5 shows the effective mean energy flux and travel
time at site A from 1993 to 2012. The coloured area shows the
effective energy flux (kW/m/degree). Red lines show the great
circles of 16 directional sectors and black lines represent the
travel time (7) in days. Red and yellow areas represent the
regions with the highest wave energy transmitted toward the
target point whereas the effective energy of dark blue areas is
negligible. The ESTELA map reveals two important regions: a
clear energetic region eastward of the target point covering the
North Pacific Ocean from 30° N, and a region in the Southwest
Pacific near Australia and New Zealand. The second one is the
source of swells travelling from SSW to reach site A during 9—
14 days. Some wave energy from this region is blocked due to
several Polynesian islands but the waves reaching the target
point from this region should be sorted swells.

Figure 6 shows the obtained generation areas (in red) and
dissipation areas (blue). In this figure, the complexity of the
northern area of influence becomes more evident. There are
up to 3-day swells from the north-east, up to 6-day swells from
southeast and important local wind seas. Moreover, the
generation and dissipation of southern swells is easily
identifiable. The wave attenuation due to the small islands in
French Polynesia demonstrates the importance of obstruction
grids for spectral wave models as outlined in Tolman (2003)
and Chawla and Tolman (2008).

Fig. 5 Mean effective energy EW/ ™ 260
flux from 1993 to 2012 for site A. °
The coloured area is defined by 80 - 2048
the group of source points that
satisfy the geographic criteria. 1024
The travel time is represented by S
the grey and black lines o 512
40
256
20F - 1128
- 164
\\
\\\ r o 32
\\\ 7 a1 16
| 8
> _ 4
’ 2
gl oV A TS 1
-250 -200 -150 -100 -50
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Fig. 6 Gain/loss of energy areas
from 1993 to 2012 for site A

0
-250 -200 -150 -100 -50

Fig. 7 Mean effective energy flux in 1996 (upper leff), 1998 (upper right), boreal winter (lower left) and summer (lower right) for site A
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The analysis of ESTELA maps for different time periods
can be used to analyse the local wave climate variability.
Figure 7a shows the ESTELA map for the years 1996 (left)
and 1998 (right). The spatial pattern in both years is quite
similar to that of Fig. 5. The intensity of F, however, is
different between the maps, with 1996 being a low-energy
year whereas 1998 presents the largest values in the 20 years

analysed. Figure 7b shows the ESTELA maps during the
boreal winter (December, January and February) and summer
(June, July and August) seasons. These maps are quite differ-
ent to each other. In winter, the northern area is clearly dom-
inant, whilst energy from the southern hemisphere is almost
negligible in the proximity of the target point. On the contrary,
the energy in the northern hemisphere decreases during austral

X 360
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512

256

128

-80
-260  -240 -220  -200 -180

-160

-140 120  -100 -80 -60

-260 -240 -220 -200 -180 -160 -140 -120 -100 80 60

-260 -240 -220 -200 -180 -160 -140 -120 -100 -80 -60

Fig. 8 Mean effective energy flux for site B. The upper chart shows the aggregation of years from 1993 to 2012. The lower charts show January (lef?)

and August (right) months of 1998
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winter whereas the energy of the southern hemisphere swells
increases. The ESTELA maps reveal that the interannual
variability of wave climate at site A is not as large as the
within a year variations.

Figure 8 shows the ESTELA maps for three different time
periods at site B. The resulting ESTELA map for the 20 years
(upper chart) shows an impressive spatial pattern. Two fami-
lies of wave generation areas are identified: one from each
hemisphere. The two areas of influence for site B show travel
times of up to 2 weeks. It is interesting to note that sites A and
B are affected by waves from the same extra-tropical areas of
the Pacific Ocean. The effect of these waves is, however,
clearly different in site B. This location is clearly exposed to
the westerly winds of Southern hemisphere, which generate
waves southward and southwest of site B. The wave energy in
the northern hemisphere is also relevant but it is limited to a
narrow directional sector between Californian Peninsula and
Galapagos Islands. The lower charts of Fig. 8 show the
ESTELA maps for January (left) and August (right) months
of 1998, an intense El Nifio year and positive SAM climate
index. Swells with large energy from the northern hemisphere
can reach the site B or can be non-existent depending on the
month of the year.

Figure 9a shows the ESTELA maps for site C during
positive and negative North Atlantic Oscillation (NAO)
values. The figure shows that the effective energy in northwest

(@)

L oy ; — . : )
0 20 40 60 80 100 120 o

ST

Spain is characterized by long-period swells under active
storm periods (Espejo et al. 2014). The NAO pattern is one
of the most prominent climate fluctuation patterns in the
Northern Hemisphere (Hurrell et al. 2003). The NAO Index
series obtained from the Climate Prediction Center has been
used to analyse the influence of this climate index in the
effective energy flux. Results show that the positive phase of
NAO (NAO+) is characterized by large and long-period
waves whilst the negative phase (NAO-) is characterized by
smaller waves and a direction shift from northwest to west.
This result agree with Izaguirre et al. (2010), which found a
great influence of NAO on the extreme wave height in the
North-East Atlantic, and can be related to the stronger,
northward-shifted winds during NAO+ and the weaker
southward-shifted winds during NAO— (Dupuis et al. 2006;
Le Cozannet et al. 2011).

Figure 9b shows the ESTELA maps for site D during the
boreal winter (DJF) and summer (JJA). Three families of
swells are characterized: a large southwest swell generated
in a region of intense winds in the Southern Ocean (more
intense during austral winter); a eastern swell in the tropical
Indian Ocean, a region with high occurrence of tropical
cyclones, and a northern swell only appearing during boreal
winter months. The ESTELA map reveals that this northern
swell family can reach the tropical Indian Ocean region, in
contrast with results from Alves (2000).
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Fig. 9 The upper charts show the mean effective energy flux for site C during NAO+ (leff) and NAO— (right). The lower charts show the mean effective

energy flux for site D during boreal winter (/eff) and summer (right)
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4 Summary and conclusions

ESTELA provides an easy and objective representation of the
wave climate affecting a local area based on only two param-
eters: the effective energy flux and the wave energy travel
time. In order to obtain a good representation of directionality,
these parameters are computed from the full frequency—direc-
tion spectrum. As spectral data is not always available, we
propose a simple method to reconstruct the full spectrum from
the statistics of spectral partitions derived from hindcast
models. The reconstructed spectra show a good agreement
with direct output spectra and may be useful for a range of
applications.

The computational effort of ESTELA is very low because it
is based on precomputed hindcast data. We would like to
highlight, nevertheless, that the ESTELA results depend on
the quality of the forcings and the physics scheme used in the
wave model. In order to evaluate the importance of these
choices, the results were compared with previous results (not
shown) based on a different hindcast forced by NCEP-NCAR
reanalysis and using Tolman and Chalikov (1996) source
terms. As expected, some differences in magnitude were found,
the spatial patterns, however, were qualitatively similar.

The results in the analysed locations offer a new tool for
understanding regions of wave generation and the extent of
swell propagation over the global ocean. For instance, the maps
show the effects of model representation of small islands on the
wave climate at distant locations and the time variability of wave
generation areas. In this paper, we have analysed climatologies
and seasonal and interannual variability but ESTELA can be
used for a range of applications and in different time scales, from
hours (footprints of extreme storms) to long term (climate
change impact in the swell generation areas). For instance,
Camus et al. (2014) uses ESTELA maps information to charac-
terize the footprint of the wave climate and to automate the
definition of the predictor spatial domain corresponding to the
swell wave component.
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