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a b s t r a c t

Marine energy sources are an untapped resource able to make a significant contribution to renewable
and clean energy generation. In Uruguay, investment in renewable energy has experienced strong
growth in recent years. Because the country is located in a microtidal zone, wave energy is the most
promising marine energy resource. An assessment of its potential was conducted from a 31-year wave
hindcast performed with the Wavewatch III® third-generation wave model forced by CFSR (Climate
Forecast System Reanalysis) winds. The model was calibrated and validated with altimeter data and in
situ measurements. The spatial distribution of the resource and its variability at different timescales were
analyzed, as well as the correlation between the variability of the directional wave spectrum and several
climate indexes. The extreme conditions that a wave energy converter should withstand were analyzed,
and a new figure was defined to quantify the impact of extreme conditions on WEC (Wave energy
converter) design and optimization. The obtained results show that although wave energy potential is
moderate, it is fairly steady throughout the year, and the extreme waves are relatively benign. Therefore,
wave energy is an attractive resource for integration into the country energy mix, contributing to its
diversification and sustainability.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The needs to meet the growing global energy demand and to
address the concerns regarding energy security and the environ-
mental consequences of global warming attributable to the use of
fossil fuels has led to the development of many renewable energy
projects worldwide [53]. In this context, marine energy sources are
an untapped resource able to make a significant contribution to the
development of a sustainable energy mix [52]. Among the five
marine energy sources, namely, waves, currents, tides, thermal
gradient and saline gradient, waves have the greatest potential [49].
Gunn and Stock-Williams [17] estimated that at 30 nautical miles
offshore, the global oceanwave theoretical potential is 2.11 TW. The
theoretical potential, which refers to the annual average of physical
power that is hypothetically available, must be distinguished from
the technical resource potential, which refers to the portion of a
theoretical resource that can be captured using a specific
technology.
lonso), ssolari@fing.edu.uy
WEC (Wave energy converter) technology has experienced
accelerated development in recent years and is recognized as an
industry in its own right. Currently, the most advanced projects are
in the commercial demonstration stage [59], whereas several other
projects are in the preliminary stages of development. A special
feature of the present status of WEC technology is the coexistence
of different systems [13], which differ in the principle used for
harvesting energy, their location (off-shore, intermediate waters or
near-shore) and their orientation relative to incident waves. Este-
ban & Leary [12] compared the developments in the field of wave
energy with the recent development of the wind off-shore energy
field. They estimated thatWEC technologywill be competitive after
2020 and that by 2050, 7% of global energy will be generated in the
sea, mainly from waves, currents and offshore winds, employing
approximately 1 million people.

Theoretical potential resource assessment is the mandatory first
step to begin wave energy research. Global assessments (e.g.
[17,39], provide a first idea of the theoretical potential at any point.
However, to obtain accurate and detailed results that can be used as
inputs of feasibility studies of wave farms, high resolution assess-
ments using local information are required. Many studies have
been conducted in different locations in recent years (e.g.,
[1e6,11,14]; [15,16] [26][28,30,33e35,37,38,40e47,56e58];
[61,62,63]. Except for a few works based exclusively on buoy data
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1 Source code available at http://polar.ncep.noaa.gov/waves/wavewatch/wave
watch.shtml (last visited on August 2nd 2015).
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(e.g. [30], high-resolution studies are based in wave hindcast da-
tabases because the in situ and altimetry measurements are
generally not sufficient to sustain a comprehensive resource
assessment that typically covers a large area (territorial sea of a
country) and a long period of time (more than 10 years).

High-resolution studies are not only aimed at the analysis of the
mean annual availability of the resource but also the analysis of its
variability, typically by characterizing its annual cycle. Although the
interannual variability is relevant when in the characterization of
an energy source, most studies do not perform the analysis [40].
Moreover, most of the studies that do analyze interannual vari-
ability limit themselves to the analysis of the variability of the total
energy (generally using the coefficient of variation or an equivalent
approach; e.g. [3,14,33,35,41,46], or of the omnidirectional spec-
trum (e.g. [40,56], overlooking the variability of the directional
spectrum, which is an important factor when choosing and opti-
mizing a WEC for a particular place [30]. Few studies have linked
the interannual variability of the wave energy resource with global
climate indexes (e.g., [35,40,41]).

Another aspect that has not been systematically studied, even
though it has shown to be an important factor for feasibility studies
[23], is the characterization of the extreme conditions that a WEC
would have to withstand in a given place. Except for [56] who
conducted a complete extreme value analysis, and [19] who
analyzed the 100-year return conditions, recent studies have
analyzed only particular extreme storms (e.g. [15], or themaximum
value registered during the hindcast period (e.g. [9], uses the
maximum value of the 10 years series for their global analysis).

Uruguay has no exploitation of fossil fuels. To reduce the
dependence of its prices and availability, the country is undergoing
the process of diversification of the energy mix towards renewable
and native sources. The government's short-term objective is to
reach 50% of the primary energy mix obtained from these sources
([36]). In this way, wind energy [18], solar ([51]), biomass and
micro-hydro developments are adding to the traditional and
limited hydropower. In the long term, and taking account of the
Uruguayan maritime domain, wave energy appears as an inter-
esting alternative to continue increasing the weight of renewable
and native sources in the national energy mix.

Global assessments shows that in deep waters, the theoretical
wave energy potential of the Atlantic Ocean close to Uruguay is
between 20 and 30 kW/m [17,39]. Although this value does not
attract attention on a global map, which highlights the west coasts
of the continents in mid and high latitudes (e.g., U.K., Chile and
Australia), the zone is still catalogued as a good offshore location,
according to Ref. [13].

In this paper, an analysis of the wave energy potential of the
Uruguayan coasts is presented. To this end, a local high resolution
wave hindcast was implemented and calibrated. Then, a detailed
assessment of wave energy resources was performed, analyzing
the spatial distribution and temporal variability at different time
scales. Additionally, the issues previously raised were addressed,
namely, the full directional spectrum was analyzed and its vari-
ability was correlated with several global climatic indexes, and a
new index was defined to quantify the impact of extreme wave
conditions on the design and optimization of a WEC for local
applications.

The remainder of the paper is organized as follows. In Section 2,
the study area is introduced (2.1), the wave model and its calibra-
tion are described (2.2 and 2.3), and the methodologies used to
characterize wave energy resources are defined (2.4). In Section 3,
calibration and validation results are shown (3.1), and the following
issues are analyzed: wave climate and spatial distribution (3.2),
temporal variability (3.3) and extreme conditions (3.4). Finally, the
conclusions are summarized in Section 4.
2. Materials and methods

2.1. Study zone

The study zone includes the Río de la Plata and the Uruguayan
waters in the Atlantic Ocean (Fig. 1). The Río de la Plata is a large
estuary formed by the confluence of Paran�a and Uruguay rivers. It is
290 km long and has a NWeSE orientation. In the outer zone, the
estuary is wide (O(200 km)), and the depth varies between 10 and
20 m, whereas in the intermediate and inner zone, it is narrower
(O(50 km)) and shallower (O(5 m)). The Uruguayan Atlantic Shelf is
wide, with the coast oriented perpendicular to SE. Taking the 200m
iso-depth as a reference, the width of the continental shelf varies
between 140 and 180 km. Between the coast and the 50 m iso-
depth, the presence of shoals and pits form an irregular
bathymetry.
2.2. Wave model

The hindcast was performed with a third-generation wave
model forced with reanalysis winds. This class of models represents
the time evolution of thewave spectrum, based on the propagation,
generation, waveewave interactions and dissipations off all spec-
tral wave components individually. Third-generation models allow
for the modeling of waves under more realistic and arbitrary con-
ditions than the idealized cases assumed by parametric wave
models. Furthermore, they improve on their predecessors (first-
and second-generation wave models) because the spectrum is free
to develop without any shape imposed a priori (see e.g., [24,29].
2.2.1. Description
The model used for wave hindcasting was the third-generation

wave model WAVEWATCH III® version 3.14 [55],1 which solves the
random phase spectral action density balance equation for
wavenumber-direction spectra,

vN
vt

þ Vx$
�
cg þ U

�
N þ Vs$csN ¼ S

s
; (1)

where N ¼ F/s is the wave action spectral density, F is the spectral
energy density, s is the relative frequency, Vx and Vs are the dif-
ferential operators in space and the spectrum, respectively, cg is the
group velocity, U is the mean horizontal current velocity, cs is a
characteristic velocity in the spectral space and S is the sum of the
wave energy source and sink terms, as detailed in Eq. (2),

S ¼ Sin þ Snl þ Sds þ Sbot þ Sdb; (2)

where Sin is the energy supplied by the wind, Snl is the energy
transfer between spectral bins due to quadruplet non-linear in-
teractions, Sds is the energy dissipation in deep waters (white-
capping), Sbot is the energy dissipations due to bottom friction and
Sdb is the dissipation due to bottom-induced breaking.

The selection of the parametrization used to represent Sin þ Sds
is described in Section 2.3. To calculate Snl, Discrete Interaction
Approximation (DIA [21], was used. To represent Sdb, the parame-
trization of Ref. [60] was considered using the McCowan criteria to
define the maximum non-breaking individual wave height, and
JONSWAP parametrization [22] was used for Sbot (see Ref. [55] and
references therein for details of the parametrizations).

http://polar.ncep.noaa.gov/waves/wavewatch/wavewatch.shtml
http://polar.ncep.noaa.gov/waves/wavewatch/wavewatch.shtml


Fig. 1. Location of the study area and its bathymetry.

Table 1
Computational grids: covered domain, spatial resolution and time steps.

Domain
(SW corner-NE corner)

Dlon Dlat Dtg(s) Dtp,r(s) Dtk�q(s) Dts(s)

Global (180 W,78 S)e(180 E, 78 N) 1.25� 1� 3600 1300 3600 300
Regional (66 W,42 S)e(42 W, 22 S) 50 50 720 300 720 20
Local (58.77 W,36.17 S)e(52.02 W, 32.52 S) 10 10 180 60 180 20
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2.2.2. Computational grids
Amulti-grid approach [55] with three grids (global, regional and

local) was used. The area covered by each grid, the spatial resolu-
tion and the different time steps used are shown in Table 1. The
different time steps are those used in the fractional step method
[55], where Dtg is the global time step, by which the entire solution
is propagated in time and input winds are interpolated, Dtp,r and
Dtk�q are the time steps for spatial and intra-spectral propagation,
respectively, and Dts is the time step for the integration of the
source terms.

The spectrum was discretized in 24 directions uniformly
distributed and 25 frequencies distributed as a logarithmic grid
covering the range of 0.0418 Hze0.4114 Hz. The third-order
ultimate quickest numerical scheme [10,31,32] was used to
solve the spatial and intra-spectral propagations, and the aver-
aging technique was used to alleviate the Garden Sprinkler Ef-
fect [54].
2 Data was accessed through the CISL Research Data Archivehttp://dx.doi.org/10.
5065/D6513W89 (last visited on August 2nd 2015).
2.2.3. Input and calibration data
The wave data used in the calibration and validation of the

model are in situ measurements obtained at two points and
altimetry data from the L2P database of the Globwave project (see
www.globwave.org). In situ measurements were obtained by
means of a Datawell Waverider buoy located at coordinates
35�400S, 55�500W and an ADCP (Acoustic Doppler Current Pro-
filer) located close to the Montevideo coast at coordinates
34�580S, 56�100W. Both in situ measurements are located inside
the estuary; therefore, altimetry data were the only data available
for calibration in the Atlantic region. The location of the buoy and
the ADCP and satellite tracks in the study zone are shown in
Fig. 2.

Wind data were obtained from the Climate Forecast System
Reanalysis2 [48], hereinafter CFSR, which is the latest atmospheric
reanalysis of the NCEP (National Center for Environmental Pre-
dictions) and has higher spatial and temporal resolutions than
previous reanalysis, providing a valuable resource to develop a
long-term hindcast database for wind waves [7]. The spatial reso-
lution of the wind fields is 0.5� � 0.5�, and the period covered is
1980e2010.

2.3. Calibration and validation

There are three packages available in WWIII v3.14 for the
parametrization of the input and dissipation terms (Sin þ Sds):
WAM-3, Tolman and Chalikov and WAM-4 and variants (see Ref.
[55] for details). To select the package that gives the best results
for this particular study, a period of six months was simulated
using each of the packages. Then, the obtained results for the
significant wave height (Hs) were compared with the altimetry
data in the Atlantic region. This area was prioritized because the
wave power there is more promising than in the estuary. In situ
measurements taken in the estuary were then used only for
verification purposes.

http://www.globwave.org
http://dx.doi.org/10.5065/D6513W89
http://dx.doi.org/10.5065/D6513W89


Fig. 2. Satellite tracks and locations of in situ measurements.
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Bias, RMSE (Root Mean Square Error) and SI (Scatter Index) were
the error metrics used to assess model performance,

Bias ¼ ym � yo; (3)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðym � yoÞ2

q
; (4)

SI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��
ym � ym

�
�
�
yo � yo

��2r

yo
� 100; (5)

where y is the analyzedmagnitude (Hs in this case), and subindexes
m and o refer to the model and observation, respectively. The
period simulated was 1/1/2005e30/6/2005, and 2223 data points
were obtained for comparison. According to the spatial and tem-
poral resolution of the model (Table 1), the space and time dis-
tances between observed (satellite) and modeled data are less than
1 km and 30 min, respectively.

Once the parametrization of Sin þ Sds giving the best results was
selected, the calibration of the model was performed. The cali-
bration included tuning the dimensionless coefficient (Cds)
involved in the parametrization of whitecapping (Sds), that is, the
process usually considered to be a tuning knob in this type of wave
model [64]. Finally, the validation of the model was performed
based on the simulation of a different period: 1/7/2005e31/12/
2005. Table 2 includes the final configuration of the model.
Table 2
Synthesis of the final configuration of the wave model.

Physical processes Parametrizatio

Wave growth and decay due to the action of winds (Sin)
in addition to dissipation (Swc)

WAM-4 and v

Non-linear resonant interactions (Snl) DIA approxim
Dissipations due to bottom friction (Sbot) JONSWAP
Dissipations due to bottom-induced wave breaking (Sdb) Batjjes-Jansen
2.4. Model outputs and analysis methodology

A total of 31 years (between 1980 and 2010) were simulated
after the model was calibrated and validated. The model outputs
are 3-hourly sea state parameters: significant wave height, mean
and peak period, mean and peak directions and omnidirectional
wave power calculated as,

P ¼
Z∞

0

Z2p

0

Fðs; qÞ$CgðsÞdsdq; (6)

where F is the spectral energy density, and Cg is the module of the
group velocity. Additionally, 3-hourly full directional spectrums
were obtained for the 22 virtual buoys shown in Fig. 3. Most of
them (17 buoys) are distributed along the Atlantic coast in areas
with depths approximately 20 m, whereas the remaining 5 buoys
are dispersed inside the estuary, 2 of them corresponding to the
location of the ADCP (PB in Fig. 3) and the Waverider Buoy (HV in
Fig. 3).

2.4.1. Temporal variability
The variability of the wave energy resources at different time-

scales must be considered in any prospective energy extraction
project. The variation coefficient (COV) obtained by dividing the
standard deviation (s) by the mean (m) of a series is a simple in-
dicator that can be applied at different timescales. The COV (coef-
ficient of variability) is calculates as,
n selected Parameters

ariants (ST3) Cds ¼ �1.5 and the rest of the parameters by default

ation Default parameters values (see Ref. [55])
Default parameters values (see Ref. [55])

n Default parameters values (see Ref. [55])



Fig. 3. Locations of the virtual buoys. HV (Hidrovía) corresponds to the location of the Waverider Buoy in the outer Rio de la Plata. PB (Punta Brava) corresponds to the location of
the ADCP in front of Montevideo.
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COV ¼ s

m
¼

h�
P � P

�2i0:5
P

; (7)

where the over bar denotes the average, and P is the wave power
estimated on a specific time scale. The variation coefficient is
calculated at each grid point for the original 3-hourly series (COV
3h), for the monthly averages series (COV monthly) and the annual
averages series (COV annually). Additionally, the SV (seasonal vari-
ability) index and MV (monthly variability) index proposed by Ref.
[9] are calculated,

SV ¼ PS1 � PS4
P

; (8)

MV ¼ PM1 � PM12

P
; (9)

where PS1 and PS4 are the mean wave power of the most and least
energetic season, respectively. In the same way, PM1 and PM12 are
the mean wave power of the most and least energetic month,
respectively.

To deepen the understanding of the causes of the wave energy
variability, the correlation between wave energy variability and
climatic indexes affecting the South Atlantic Ocean is analyzed. To
this end, the linear correlation between the mean monthly energy
anomaly and the indexes anomaly is calculated. However, atmo-
sphere circulation variability may affect the total mean monthly
wave energy and the period and the direction of the waves,
affecting the efficiency of any given WEC. The linear correlation
between the climatic indexes and monthly anomaly of the wave
energy contained at every spectral bin (that is, at every period and
direction bin of the directional wave spectrum) is also calculated.
The following indexes are used for this analysis: El Ni~no 3.4 (NINO),
SOI (Southern Oscillation Index), Antarctic Oscillation (AAO or
SAM) and TSA (Tropical South Atlantic Index). Index anomalies are
provided by the National Oceanic and Atmospheric Administration
of the US (NOAA).3

2.4.2. Extreme wave climate
When designing a WEC, one has to take account of both oper-

ational (exploitation) and extreme conditions, i.e., the WEC device
structure, its foundation and its mooring system must be designed
3 Data was accessed through NASA Global Change Master Directoryhttp://gcmd.
gsfc.nasa.gov/index.html (last visited on July 31st 2015).
to withstand the actions that may be produced by extreme events
during their lifetime. Then, the ideal case is a situation where
operational and extreme conditions are similar, so once the WEC is
optimized for operational conditions, no significant investment is
required to provide the WEC with additional resistance to with-
stand extreme events. This is rarely the case, and one requires some
indication of how severe the extreme design conditions would be in
comparison to the operational conditions. To assess this [19], is
revisited, and a new index is proposed.

Hagerman [19] proposed the use of the FOM (Figure of Merit) for
the evaluation of the wave energy potential in several US coastal
areas. FOM was defined as the division of the mean annual wave
energy flux in operational sea states (EF) over the 100-year
maximum wave height (Hmax,100).

FOM ¼ EF
Hmax;100

(10)

We define the exploitation to extreme ratio (ETER (Exploitation
to extreme ratio); eq. (11)) by dividing the significant wave height
representative of the sea conditions that provide more energy in a
year (referred to as exploitation Hs or He) by the significant wave
height representative of the most severe extreme events that the
project should be able to withstand (referred to as design Hs or Hd).
The smaller this ratio is, the higher the difference between the
operational and extreme conditions used for the design of the WEC
(i.e., ETER could be interpreted as the structural efficiency of the
WEC structure, being equal to one when exploitation and extreme
conditions are the same).

ETER ¼ He

Hd
(11)

Here, the exploitation significant wave height (He) is defined as
the significant wave height corresponding to the maximum of the
annual wave energy distribution (see, e.g., Fig. 10), whereas Hd is
defined as the significant wave height of the 112-year return period,
corresponding to a 0.2 failure probability in a 25-year lifetime (in
agreement with the return period used for the design of off-shore
structures, see, e.g., [27]).

The ETER index was calculated for every point in the compu-
tational grid, allowing for comparison between different places
inside the study area. To enable comparisons with previous studies
of different areas, the 10-year return period, Hs (H10), was calcu-
lated and mapped. In the calculation of Hd and H10, the Probability
Weighted Moments method was used to fit a GEV (Generalized
Extreme Value distribution) to the annual maxima series [25]; see
Appendix 1 for details).

http://gcmd.gsfc.nasa.gov/index.html
http://gcmd.gsfc.nasa.gov/index.html


Table 3
Hs errors corresponding to the different parameterizations of Sin þ Sds. The refer-
ences are altimetric data in the Atlantic region. The simulated period was 1/1/
2005e30/6/2005. 2223 data points were obtained for comparison. Bias and RMSE
are in m, and SI is dimensionless.

Bias (m) RMSE (m) SI

WAM-3 �0.20 0.37 18.4
Tolman and Chalikov �0.16 0.34 17.6
WAM-4 and variants �0.15 0.34 17.5

Table 4
Hs errors obtainedwith the calibratedmodel and its validation in the Atlantic region.

Bias (m) RMSE (m) SI

Calibration 0.02 0.29 17.3
Validation 0.06 0.30 16.9

Table 5
Hs errors in the Río de la Plata.

Bias (m) RMSE (m) SI

Outer RDP �0.05 0.28 27.8
Inner and middle RDP �0.25 0.35 33.8
Buoy 0.09 0.28 22.5
ADCP 0.04 0.26 50.2
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3. Results and discussion

3.1. Model calibration and validation

Table 3 shows the results obtained with different parameteri-
zations of Sin þ Sds. The package WAM-4 performs better for the
three error metrics used. The results obtained with this parame-
terization are shown in Fig. 4a.

Calibration of the WAM-4 package results in Cds ¼ �1.5. Fig. 4b
and Table 4 show that with this value, the of Hs is nearly zero.
Table 4 and Fig. 4c also show the validations results. The model
performance in validation and calibration was similar; therefore,
the obtained results are considered satisfactory.

Table 5 shows the Hs errors obtained in the Río de la Plata
(RDP). Although the estuary was not considered in the Sin þ Sds
selection and model calibration, the results obtained in the outer
RDP (altimeter and buoy) are as good as those obtained in the
Atlantic region (Table 5). Fig. 5 shows the agreement of the
comparisons between the model results and in situ measurement
time series.

3.2. Wave power spatial distribution and wave climate
characteristics

The mean wave power map is shown in Fig. 6, and the maps of
the 25th, 50th, 75th and 99th wave power percentiles are shown in
Fig. 7.

These maps show a similar pattern: a SEeNW gradient and a
strong decay inside the estuary. The Atlantic region has values of
30 kW/m at 200 km offshore and 20 kW/m at 70 km offshore, and
at 20 m depth (where virtual buoys B1 e B17 are located) the mean
wave power varies between 8 and 14 kW/m. In the RDP, the mean
wave power decreases from 7 kW/m in the outer zone to 1 kW/m in
the mid zone and continues decreasing towards the inner zone. On
the Atlantic coast, wave power northward of La Paloma is higher
than between Punta del Este and La Paloma. This is shown in Fig. 8
and Table 6.
Fig. 4. Significant wave height in meters (Hs(m)). Model result vs altimeter data in the Atl
variants, Cds ¼ �1.5, 1/1/2005e30/6/2005; c) WAM-4 and variants, Cds ¼ �2.1, 1/7/2005e3
On the Atlantic coast, the mean wave power varies between 10
and 14 kW/m in the Chuy to La Paloma stretch (B1 to B12), whereas
in the La Paloma to Punta del Este stretch (B13 to B17), the mean
wave power varies between 8 and 10 kW/m (see Fig. 8 and Table 6.
Integrating these results along the 200 km covered between B1 and
B17, a total of 2.2 GW is obtained. This figure is the theoretical wave
energy potential of the Atlantic coast at 20 m depth. While tech-
nology constraints and coastal use conflicts imply that only a
fraction of this potential could be exploited, the value is double the
current electric energy consumption of the country.

Based on these results, the study area is classified into three
zones, and a virtual buoy representative of each one is selected:
Atlantic coast between Chuy and La Paloma (virtual buoy B6),
Atlantic coast between La Paloma and Punta del Este (virtual buoy
B15) and outer Rio de la Plata (virtual buoy B19). Wave power roses
and annual wave energy distribution in terms of significant wave
height and period Tm01 corresponding to these three points are
presented in Figs. 9 and 10, respectively.

Fig. 10 shows that in the three analyzed buoys, predominant
waves (those with the highest annual frequency) are the largest
contributors to wave energy potential, i.e., the most frequent waves
are the major contributors to the mean annual energy. This is a
positive factor in terms of resource availability because it implies
that the wave energy is well distributed in time. These frequent
waves on the Atlantic coast have significant wave heights in the
range of 0.8 and 1.8 m and periods Tm01 in the range of 6 and 9 s.
These waves are spread in the EeS quadrant (see Fig. 9).

Lastly, Fig. 11 shows the average wave energy spectrums for the
three analyzed points. The average spectrum of B6 has the energy
distributed in the EeS quadrant and concentrated in periods be-
tween 9 and 13 s. The average spectrum of B15 is similar to B6, but
antic region. a) WAM-4 and variants, Cds ¼ �2.1, 1/1/2005e30/6/2005; b) WAM-4 and
1/12/2005.
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the energy is morewidely spread in periods and shifted to the west,
with a considerable portion of energy in the SeW quadrant. The
average spectrum of B19 has a different pattern, with energy more
widely spread both in direction and period.

3.3. Temporal variability

Fig. 12 shows the COV (coefficient of variability) maps obtained
for the different time scales considered: sea state (3h), monthly and
annual.

For the sea states, the coefficient (COV_3h) is approximately
1.2. Compared with [9]; these results are significantly lower than
the results obtained for the northern hemisphere, where
COV_3h > 1.5, but are higher than the prevailing results obtained
for the southern hemisphere, where COV_3h < 0.8. Between La
Paloma and Chuy, COV_3h is lower than between Punta del Este
and La Paloma and inside the estuary. This pattern is also observed
for COV_monthly and COV_annually, that is, La Paloma-Chuy has
the lowest wave power variability of the three zones for all
analyzed time scales.

Particularly noteworthy is the low annual variability. At no point
is COV_annually higher than 0.1, indicating that the standard de-
viation of the annual mean energy is less than the 10% of the mean
annual energy for the whole area. This is also shown in Fig. 13,
where the annual mean wave power throughout the simulated
period is presented for the three buoys considered.

The maps of the MV (monthly variability) index and SV (sea-
sonality variability) index are shown in Fig. 14. On the Atlantic
coast, MV and SV are in the range of 0.5e0.6 and 0.3e0.45,
respectively. These results reflect the low wave power variability of
the study zone at this timescale. Compared with [9]; this area is
among the sites with the lowest wave power monthly and seasonal
variability; typically MV > 1.5 and SV > 1.25 for the northern
hemisphere, whereas in the southern hemisphere, MV is mostly
between 0.6 and 0.9 and SV is between 0.5 and 1.

Fig. 15 presents the mean wave power annual cycle for the
three considered buoys. The low monthly variability is noted, and
September and January are the most (PM1) and the least (PM12)
energetic months, respectively. Fig. 16 presents the seasonal wave
power roses for each considered buoy. In autumn (AMJ) and
winter (JAS), the wave energy is higher than in spring (OND) and
summer (JFM), but the difference is moderate. The wave energy
during cold seasons (AMJ þ JAS) is approximately 55%e60% of the
total annual energy. However, a significant seasonal variability is
observed for wave directions, with eastern waves being more
frequent during hot seasons (OND þ JFM). This directional



Fig. 8. Box plot of the wave power at each virtual buoy.
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Fig. 7. Wave power 25th, 50th, 75th and 99th percentiles.

Table 6
Depth, mean significant wave height, 99% quantile significant wave height andmean
wave power at each virtual buoy. The points considered hereinafter for the detailed
analysis are labeled in bold.

Point Depth
(m)

(Hs)mean

(m)
H99

(m)
Pmean

(kW/m)

B1 16.2 1.4 3.0 10.4
B2 18.4 1.5 3.0 10.9
B3 17.5 1.5 3.3 11.9
B4 17.9 1.6 3.3 12.8
B5 20.1 1.5 3.2 11.7
B6 15.1 1.5 3.2 12.2
B7 12.4 1.5 3.4 12.8
B8 14.8 1.5 3.5 13.0
B9 16.5 1.6 3.7 13.8
B10 30.8 1.5 3.2 11.1
B11 21.7 1.4 3.2 10.6
B12 12.0 1.4 3.3 10.6
B13 23.5 1.3 3.1 8.5
B14 25.3 1.3 3.1 9.3
B15 26.2 1.3 3.1 9.1
B16 29.4 1.3 3.2 9.1
B17 27.0 1.3 3.2 9.3
B18 22.2 1.2 3.1 7.2
B19 9.1 0.8 2.1 2.4
B20 6.6 0.6 1.8 1.0
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variability is not quantified in the MV and SV indexes that focus
only on the magnitude of the wave power, not on its direction (see
Fig. 16).

Finally, the correlation between the monthly wave energy
anomaly and several climatic indexes was analyzed. Table 7
shows the obtained results. Antarctic Oscillation is the only in-
dex that has a statistically significant correlation with the
monthly wave energy anomaly at the three analyzed buoys. For
the northern stretch of the Atlantic Ocean, significant correlation
with the Southern Oscillation Index is also obtained. This is in
agreement with previous results [50]. Only the AAO and SOI in-
dexes are used for the analysis of the monthly wave energy
Table 7
Linear correlation between the monthly wave energy anomaly and climatic indexes.
Only correlations statistically significant at the 90% level are shown (correlations
significant at the 95% level are labeled in bold).

Buoy Climatic index

AAO TSA Nino 3.4 SOI

B6 0.10 e e �0.10
B15 0.12 e e e

B19 0.11 e e e



10% 20%

30%

WEST EAST

SOUTH

NORTH

0 − 2
2 − 5
5 − 10
10 − 15
15 − 25>=25

kW/m

B6

10% 20%

30%

WEST EAST

SOUTH

NORTH

0 − 2
2 − 5
5 − 10
10 − 15
15 − 25
>=25

kW/m

B15

10% 20%

30% 40%

WEST EAST

SOUTH

NORTH

0 − 2
2 − 5
5 − 10
10 − 15
15 − 25
25 − 50

kW/m

B19

Fig. 9. Wave power roses at B6, B15 and B19.

Fig. 10. Annual wave energy distribution in terms of significant wave height Hm0 and period Tm01 at B6, B15 and B19. The color scale represents annual wave energy, and the
numbers represent the occurrence of the different sea states in hours per year. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 11. Average wave energy spectrum at B6 (La Paloma e Chuy), B15 (Punta del Este e La Paloma) and B19 (outer Rio de la Plata) in m2/(Hz*rad).
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Fig. 12. Maps of the variability coefficients at different time scales.
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variability at each spectral bin. Fig. 17 shows the obtained results.
For the three buoys, a positive AAO anomaly is associated with an
increase in the energy content for the low period eastern bins and
a decrease in the high period southern bins, whereas a positive
SOI anomaly is associated with a decrease in the high period
south-southeastern bins. Moreover, both AAO and SOI affect the
modes of the spectrums, except for B6, for which only SOI affects
its main mode.
995 2000 2005 2010
ear

B6 B15 B19

ower at B6, B15 and B19.
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3.4. Extreme wave climate

The map of the ETER index is presented in Fig. 18. Higher values
of the index are obtained for the La Paloma-Chuy stretch than for
the La Paloma-Punta del Este stretch. This is an advantage of the
former zone over the latter (the closer the index is to 100, the closer
are the exploitation and the design waves).

Fig. 19 shows the map of H10. A comparison with similar results
obtained by previous authors for other sites (e.g., global map in Ref.
[9] shows that the severity of extreme waves is lower here than in
the most template coasts in the world, particularly those in the
northern hemisphere.

4. Conclusions

A detailed assessment of wave energy resources in Uruguay was
presented. The analysis was performed on the basis of a 31-year
wave hindcast conducted with the WAVEWATCH III® wave model
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forced with CFSR winds. The assessment includes the wave power
spatial distribution, a temporal variability analysis of different
timescales, the relation with climate indexes and considerations of
extreme events.

The obtained results show that the mean wave power in deep
water is 30 kW/m. Although the potential diminishes towards
the coast, on the Atlantic coast, at a 20 m depth, the theoretical
potential doubles the current electrical energy consumption of
the country. Meanwhile, the wave power in the Río de la Plata
decays from 7 kW/m in the outer zone to 1 kW/m in the in-
termediate zone and continues decreasing toward the inner
zone.

The prevailing sea states are those that contribute the most to
the mean annual wave energy. Regarding temporal variability, the
results show low medium- and long-term (monthly, seasonal and
annual) variability but not as low variability in the short-term (sea
state time scale). Moreover, seasonal variability related to wave
directionwas detected.With respect to extreme events, the 10-year
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Fig. 17. Linear correlation between the monthly wave energy anomaly at each spectral bin and the AAO and SOI indexes. Black contour lines correspond to the mean annual energy
spectrum at each buoy. Only the correlations statistically significant at the 95% level are shown.

  59oW   58oW   57oW   56oW   55oW   54oW 
 20' 

35oS 
 40' 
 20' 

34oS 
 40' 

20

2015

15
10

5 Pu
nt

a
de

l E
ste

M
on

te
vid

eo

Co
lo

nia

La
Pa

lom
a

ETER x 100

Fig. 18. Exploitation to extreme ratio (ETER) index map.
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return period significant wave height is not too severe when
compared with other areas analyzed by previous authors.

Although the aforementioned aspects of wave energy resource
apply to the whole Atlantic coast, La PalomaeChuy is the stretch of
coast with the highest wave energy potential, the least variability
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Fig. 19. Ten-year return period significant wave height (H10).
and the highest values of the ETER index. The variability within the
directional wave energy spectrum has less influence on themode of
the spectrum on this stretch of coast than on the others. For these
reasons, La Paloma-Chuy is considered to be the most attractive
stretch of Uruguayan coast for wave energy development.

In summary, this assessment has shown that although the wave
energy potential in Uruguay is moderate, it is fairly steady
throughout the year, and the extreme wave conditions are rela-
tively benign.

Acknowledgments

This work was partially founded by the Uruguayan Agency for
Research and Innovation (ANII) through its Energy Funds program
(FSE), contract numbers PR-FSE-2009-1-12 and FSE-1-2013-1-
10748. Rodrigo Alonso acknowledges the financial support pro-
vided by ANII through the postgraduate scholarships program,
grant number POS-NAC-2012-1-8936. Sebasti�an Solari acknowl-
edges the financial support provided by ANII through the post-
doctoral scholarship “Fondo Profesor Dr. Roberto Caldeyro Bar-
cia”, grant number PD-NAC-2012-1-7829.

Appendix 1. Extreme wave analysis

Extreme wave analysis is performed following the annual
maxima approach. To this end, an annual maxima data series is
obtained at each grid point and is used for fitting a GEV (General-
ized Extreme Value) distribution (see e.g., [8]).

GðzÞ ¼ exp
�
�
�
1þ x

	
z� m

s


��1=x�
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where �∞ < m < ∞ is the location parameter, s > 0 is the scale
parameter, �∞ < x < ∞ is the shape parameter and the function is
defined on the set {z:1 þ x(z � m)/s > 0}.

The parameters of the GEV distribution are estimated for every
grid point using PWM (Probability Weighted Moments), following
[25] x ¼ �(7.859c þ 2.955c2).

s ¼ � ð2b1 � b0Þx
Gð1� xÞð1� 2xÞ

m ¼ b0 � sfGð1� xÞ � 1g=x

with b0, b1 and c estimated from the annual maxima data series as,

bi ¼ n�1
Xn
j¼1

prj;nxj

c ¼ 2b1 � b0
3b2 � b0

� log 2
log 3

where xj is the ordered sample of n elements (x1�…�xj�…�xn),
and pj,n is the plotting position, estimated as,

pj;n ¼ j� 0:35
n
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