
  

Abstract— A qualitative and quantitative analysis is 

presented of two renewable marine energy sources: wave 

energy and offshore wind energy in the Gulf of Cádiz 

(south of Spain) putting special focus in their joint 

exploitation. From numerical model simulations of time 

series of wave and wind data, spanning the years from 2006 

to 2020, provided by Puertos del Estado, we carried out a 

characterization of both resources for the studied region. 

The model was validated with time series from two 

oceanographic buoys. The temporal and spatial variability 

of both resources was also studied through the 

construction of wind and wave roses, and several maps, 

where the seasonal mean values of wave and wind power 

were evaluated. Two high-energy episodes that took place 

during the study period were selected: the storms Emma 

and Elsa, and their power peaks were analyzed. The main 

conclusion of this work indicates that there is an area of 

the Gulf, on the eastern side of the region, and above the 

300-meter isobath, where both resources show significant 

power values, and it would be the ideal place for the joint 

exploitation of the two resources. 

 
Keywords—Gulf of Cádiz, hydrodynamic model, 
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I. INTRODUCTION 

HE development of marine renewable energy 
industry is considered to be 10-15 years behind wind 

energy industry. However, having started its 
development later could be somewhat beneficial, as this 
industry can make use of more advanced engineering 
and science, so it is expected to progress rapidly [1]. Some 
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authors estimate that the usable offshore wind power on 
a global scale is 329,600 TWh/year [2], whereas the global 
potential associated with waves is estimated at 29,500 
TWh/year [3]. Despite the fact that the national objectives 
of the European countries included reaching 43 GW of 
installed marine power by 2020, these objectives have not 
been achieved. In the specific case of Spain, the installed 
power of marine origin is especially low, with 5 MW from 
offshore wind and 4.8 MW from other marine sources, 
according to the International Renewable Energy Agency. 

The Atlantic coastlines of Western Europe are 
favorable places for taking advantage of the wave energy 
resource for two reasons: their location at the eastern 
boundary of the Atlantic Ocean and the prevalence of 
western winds in mid-latitudes [4]. To be able to take 
advantage of this available resource adequately, it is not 
only required a technological development that allows to 
transform in an efficient and economically profitable way 
the wave energy into electricity; in addition, it is 
necessary to carry out resource assessments in a local and 
comprehensive way. 

Hybrid marine energy technologies are currently being 
developed, which combine various forms of energy use 
with the aim of achieving greater production of electrical 
energy for longer periods of time. For example, 
combinations of floating wind technology and wave 
energy converters could produce energy even at times 
when the wind is calm. This fact is possible since it has 
been proven that in many deep-water areas around the 
world, wind and wave resources are decoupled [5]. 
However, the combined use of these devices increases the 
complexity of the infrastructures and their control: the 
incorporation of wave converters in offshore wind plants 
raises specific problems derived from the interaction 
between them, the wind turbines and the platform itself. 
An example of this type of combined systems would be 
the W2Power concept developed by the company 
EnerOcean. It consists of two wind turbines mounted on 
a semi-submersible platform, with integrated wave 
converters [6]. 

The Gulf of Cádiz encompasses the coastal region to 
the southwest of the Iberian Peninsula, bathed by the 
waters of the Atlantic Ocean, including the coasts of the 
provinces of Huelva and Cádiz. Regarding the 
hydrodynamic regime, it is considered that the Gulf of 
Cádiz presents a mesotidal regime, being the main 
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constituents of the semi-diurnal character, and with an 
average range of tides in spring of 3.06 m in Huelva, 2.96 
m in Cádiz, 2.30 m in Barbate and 1.22 m in Tarifa [7]. The 
main winds in the region are the winds from the west 
(Poniente) and from the east (Levante). The waves in the 
Gulf of Cadiz are about 0.5–3.5 m high under wind sea 
conditions (with Poniente as the dominant wind), and 
1.5-4.4 m under swell conditions (when either Levante or 
Poniente can dominate) [8]. The continental shelf in the 
Gulf of Cádiz is delimited by the 100 m deep isobath. In 
front of Cape Santa María, located in the municipality of 
Faro (Portugal), the continental shelf is very narrow (less 
than 5 km wide) and ends in a continental slope that 
descends abruptly to more than 600 m deep in less than 4 
km. To the east of this cape, the continental shelf widens 
rapidly to more than 40 km in front of the Guadalquivir 
river [9]. 

The Strait of Gibraltar is considered to be one of the 
most energetic ocean locations in the world, the tidal 
current potential in the Strait would have a theoretical 
power capacity of 7 GW. The potential of wave energy in 
the region has also been studied, with predictions of up 
to 2 GW, and with especially interesting perspectives if 
this resource is exploited in combination with offshore 
wind energy in the Gulf of Cádiz, as revealed the study 
commissioned by the Andalusian Energy Agency [10]. In 
this study, the annual mean wave flow fields were 
calculated through hydrodynamic wave modeling. The 
results showed average wave flows of up to 10 kW/m, 
values that are not too high, and for this reason it was 
concluded that a combination of wave and wind energies 
would be necessary to justify their commercial 
exploitation [10]. 

Different types of wave energy converters have been 
also analysed [10], opting for “floating superposition” 
devices, combined with wind turbines for the Gulf of 
Cádiz. Comparison of simultaneous wind and wave data 
showed that both power sources have a low correlation, 
so even in low wind conditions, combined devices could 
still produce power through the waves. It was concluded 
that the low frequency of storm events in the area make 
the Gulf of Cádiz a privileged region for testing and 
developing technologies that will be used mainly in areas 
with higher energy, such as northern Spain, northern 
Europe and overseas. 

II. MATERIAL AND METHODS 

A. Simulation models in the studies of coastal processes and 

SIMAR dataset 

Numerical models are used in oceanography to 
describe the temporal evolution of the oceans, through 
the simulation of various natural processes. Among those 
models that reproduce physical processes are wave 
models, which study their generation and propagation. 

We carried out this study with data provided by 
Puertos del Estado, which are based on the waves model 

WAM [11] and Wavewatch III® wave model [12]. They 
are made available within the SIMAR data set. The 
SIMAR series collects data from 1958 to the present, and 
has been developed by merging two subsets of data: 
SIMAR-44 (1958-2005) and WANA (2006-present). The 
data used in the present study belong to the second 
subset, which comes from the sea state prediction system 
that Puertos del Estado has developed in collaboration 
with the Spanish State Meteorological Agency (AEMET). 
It has been generated by forcing with the outputs of the 
atmospheric models HIRLAM [13] and HARMONIE-
AROME [14] since 2018. They are diagnostic or analysis 
data [15]. 

 
The data series corresponds to 80 points located in the 

area of the Gulf of Cádiz (Fig. 1), and covers 15 years of 
duration, from 2006 to 2020, with a temporal resolution of 
1 hour. We also requested historical wave data 
corresponding to two buoys for validation purposes. 

B. Wave resource power 

To analyze the waves data it is necessary to consider it 
behaves as a stochastic process, in which the statistics 
associated remain unchanged during a given period of 
time. In order to assume this approach, it is necessary to 
work with instants of time in which the process can be 
considered as weakly stationary. These moments are 
called sea states. The statistical and spectral 
characterization of the waves in the sea states is known as 
short-term analysis. The parameters used to characterize 
these states are variable over time, and the statistical 
characterization of the time series of these parameters 
serves to describe the long-term maritime climate in a 
given area [16]. 

One of the wave parameters needed to estimate the 
wave power is the wave height, which can be expressed 
in terms of the spectral moment of order zero m0, related 
to the representative wave height of the sea state, Hm0, or 

 
Fig. 1.  Points for which data were available. SIMAR points are 

represented by circles, while the buoy is represented by a rhombus. 
The different colours of the SIMAR points represent classification 
into the zones that was made to aid the characterization of the wind 
and waves variability. 

 

22189-



RAMOS et al.: ANALYSIS OF WAVE AND WIND ENERGY IN THE CÁDIZ GULF COAST 
 

wave height of the zero order moment, by the following 
relationship: 𝐻𝑚0 = 4.004 √𝑚0 (1) 

If the process is narrow-banded and the wave height 
distribution is a Rayleigh one, this value coincides with 
the significant wave height, HS, which is the mean height 
of the N/3 largest waves in a free surface record of N 
waves [16]. The average flow of energy, which is called 
wave power, represents the power available in a sea state, 
and is given by (2). 

𝐽 =  𝜌𝑤 𝑔 ∫ ∫ 𝑐𝑔(𝜔, ℎ) 𝑆(𝜔) 𝑑𝜔 𝑑𝜃∞
0

2𝜋
0  (2) 

where ρw is the water density, g is the standard gravity, 
S(ω) is the spectral density function that represents the 
sea state, cg is the group velocity, which is a function of 
the angular frequency ω and the depth h, and θ is the 
direction of wave propagation. If each sinusoidal 
component is considered to be a wave train, whose 
period is T, it will travel at a phase velocity given by the 
following expression: 𝑈 = 𝑔𝑇/2𝜋 (3) 

The energy of the wave train, per horizontal area unit, 
will be expressed as a function of the root mean square 
wave height: 𝐸 = 𝜌𝑤 𝑔 𝐻𝑚02/16 (4) 

The wave oscillations transport this energy in the 
direction of propagation, therefore the temporary average 
energy flow will be given by the product between the 
average energy and the group velocity, which in deep 
waters can be considered as cg = U/2 [17]. This approach 
to the calculation of the energy flow can be used to 
estimate the power of the waves as follows: 𝐽 =  𝐸 𝑐𝑔 = 𝐸 𝑈/2 =  𝜌𝑤 𝑔2𝑇𝑒𝐻𝑠2/(64𝜋) (5) 

C. Wind resource power 

The available power of the wind is related to its speed 
through the following expression: 𝑃 = (1/2) 𝐴 𝜌𝑎 𝑣3 (6) 

where ρa is the air density, A is the area of the air stream 
considered and v the wind speed. However, it is not 
actually possible to extract all the available energy from 
the wind flow that is passing through the rotor of a wind 
turbine. Belz's Law establishes the maximum usable limit, 
by which only the fraction of 16/27 of the total available 
wind power can be converted into mechanical power 
[18]. The power that can actually be achieved depends on 

other factors, such as wind speed, which tends to present 
great variability on different temporal scales, from sub-
hourly to multi-decadal scales [19], or the type of 
technology installed. Offshore wind plants add structural 
difficulties to these limitations, since the hydrodynamic 
factors are added to the aerodynamic problem. The 
transport of the energy to land must also be considered, 
which sometimes requires cabling that covers long 
distances. All this factors finally mean higher costs as 
compared to onshore installations. 

III. RESULTS AND DISCUSSION 

D. Model validation  

In addition to the SIMAR points, time series of two 
buoys were available, and we used them for the model 
validation. We searched the closest points to both buoys: 
point 29, in open waters of the gulf, separated just over 4 
km from buoy 1, and point 71, which is located less than 1 
km from buoy 2, close to Tarifa. Fig. 2 shows, for the 
month of December 2019, the series of mean significant 
wave height and wind speed for point SIMAR 29 and for 
buoy 1. 

There is a quite satisfactory agreement between the 
results of the numerical models and the experimental 
values measured through the buoy. We chose the period 
of December 2019 because during this time, one of the 
most energetic episodes took place on the coast of Cádiz, 
the storm Elsa, named on December 16, and whose effects 
could be felt in Spain from the 18 to the 20 of December, 
although the storm associated with zonal circulation 
continued throughout the week. During this storm, the 
buoy registered wave heights of over 5 m, and wind 
speeds up to 15 m/s.  

In order to validate the results of the model, we 
calculated the Pearson correlation coefficient associated

 

 

TABLE I 
CORRELATION COEFFICIENTS BETWEEN THE TIME SERIES OF THE 

BUOYS AND THE CLOSEST SIMAR POINTS 

 Buoy 1 - point 29 Buoy 2 - point 71 

Hs 0.91 0.84 

Wave power 0.89 0.83 

v 0.84 - 

Wind power 0.84 - 

 
TABLE II 

STATISTICAL ERROR METRICS BETWEEN THE TIME SERIES OF THE 

BUOYS AND THE CLOSEST SIMAR POINTS 

 
 MAE RMSE BIAS 

Hs (m)  
Buoy 1 - point 29 0.20 0.28 -0.01 

Buoy 2 - point 71 0.24 0.35 0.12 

Wave direction (º) 
Buoy 1 - point 29 21.34 49.80 9.75 

Buoy 2 - point 71 44.32 58.79 24.74 

v (m/s) Buoy 1 - point 29 1.41 1.82 0.75 

Wind direction (º) Buoy 1 - point 29 23.96 39.02 2.52 
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TABLE III 
SUMMARY OF STUDY POINTS, LOCATION AND DEPTH, MOST IMPORTANT PARAMETERS OF WIND AND WAVE RESOURCES 

Site no. Location Depth Zone (Hs)mean (Hs)max Jmean  Jmax  vmean ± std. vmax Pmean Pmax 

    (m)   ± std. dev.(m) (m) (kW/m) (kW/m) dev.(m/s) (m/s) (kW/m2) (kW/m2) 

47 36.17º N, -6.67º W 496 7 1.38 ± 0.79 7.59 11.40 376.46 6.69 ± 3.54 24.44 0.36 8.94 

48 36.15º N, -6.50º W 113 7 1.35 ± 0.78 8.11 9.76 350.75 6.72 ± 3.62 25.06 0.37 9.64 

49 36.15º N, -6.40º W 80 7 1.33 ± 0.74 7.89 8.92 324.33 6.67 ± 3.61 24.65 0.36 9.17 

59 36.05º N, -6.50º W 230 7 1.43 ± 0.82 8.25 11.01 364.30 7.01 ± 3.84 25.72 0.43 10.42 

60 36.05º N, -6.40º W 117 7 1.43 ± 0.79 8.24 10.56 359.11 7.03 ± 3.89 25.69 0.44 10.38 

61 36.05º N, -6.30º W 73 7 1.37 ± 0.76 7.76 9.38 315.82 7.05 ± 3.94 25.55 0.45 10.22 

73 35.95º N, -6.40º W 327 7 1.48 ± 0.80 8.34 11.53 366.19 7.16 ± 3.93 24.71 0.46 9.24 

74 35.95º N, -6.30º W 127 7 1.45 ± 0.78 8.2 10.86 358.25 7.22 ± 3.99 25.12 0.47 9.71 

75 35.95º N, -6.20º W 108 8 1.41 ± 0.76 8.07 10.10 351.14 7.27 ± 4.04 25.1 0.48 9.69 

76 35.95º N, -6.10º W 237 8 1.36 ± 0.74 7.95 9.22 343.56 7.27 ± 4.05 24.91 0.49 9.47 

 

with the SIMAR-buoy data in each case during the 15-
year period for which data were available. In addition, 
we calculated some statistical error metrics for the same 
period: mean absolute error (MAE), root mean square 
error (RMSE) and the bias. Table 1 shows the correlation 
coefficients for the series of significant wave height and 
wind speed, as well as their associated powers. Table 2 
shows the statistical error metrics for significant wave 
height and wind speed between both data sets. It should 
be noted that for buoy 2 only wave data was available. 
Although the correlation is higher in general for the 
waves, these correlation coefficient values close to 1 
indicate a good correlation between the data sets. Also, 
the statistical error metrics show small discrepancies 
between the two data sets. These results allow us to 
validate the results obtained by the models used for the 
SIMAR points. 

E. Characterization of the energy resources of waves and 

wind in the Gulf of Cádiz 

We evaluated and characterized wave and wind 
energy resources in the 80 available SIMAR points. In 
table 3 some points have been selected, for which both 
wave power and wind power results showed the highest 
values within our study area. These points are those that 
are depicted in Fig. 1. For the waves, the mean spectral 
significant height is specified at each point, with its 
standard deviation, the maximum spectral significant 
height in the period studied, the mean wave power and 
the maximum power. For the wind, at each point the time 
averaged wind speed is specified, with its standard 
deviation, the maximum speed over the 15 years, the time 
averaged wind power and the maximum power. 

In general we can observe that the wave height values 

 

Fig. 2.  Above, hourly averages significant wave height for point SIMAR 29 (in red) and for buoy 1 (in blue), below, hourly average wind 
speed for point SIMAR 29 (in red) and for buoy 1 (in blue), for the month of December 2019. 
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and the associated powers are limited, especially if we 
compare them with other coastal regions, such as the 
Galician coast, where evaluations of SIMAR points offer 
values of mean significant wave height of more than 2.5 
m in some cases, and associated mean powers of more 
than 50 kW/m [4]. However, in some areas values of more 
than 10 kW/m of average power are reached, generally 
corresponding to the points farthest from land, and 
therefore at greater depths. Also, in these areas we can 
find the maximum wave heights and power peaks for the 
period under study, with heights of more than 8 m, and 
powers above 350 kW/m. 
Average wind speeds are between 5 and 8 m/s along the 
Gulf of Cádiz, indicating that it is a significant resource. 
The highest speed values occur in the area closest to the 
Strait of Gibraltar. The maximum wind speeds at some 
points show extremely strong wind values (> 25 m/s), of 
force 10 on the Beaufort scale, which correspond to 
episodes of storm. 

The high standard deviation values obtained for wave 
heights and wind speed indicate large dispersions of the 
values with respect to the mean. However, it should not 
be forgotten that we are working with fifteen years long 
series at intervals of one hour, therefore this variability 
was expected. 

F. Wave and wind roses 

In order to study the distribution of the directions of 
origin of waves and wind, the 80 points were divided into 
10 zones (Fig. 1). For each zone we constructed wind and 
wave roses for the studied period. The quadrants are 
defined clockwise, the first quadrant is the one between 
the north and east directions. 

In the case of waves (Fig. 3), the directions and the 
wave height are clearly different in the areas located 
closer to the coast of Huelva, from than in those located 
on the coast of Cádiz and in the Strait. On the coast of 
Huelva (zones 1 and 2), the predominant wave directions 
are SW, almost perpendicular to the coastline, and also 
less frequently SE directions, which wave height rarely 
exceeds one meter. In the area of the Guadalquivir 
Estuary and the coast of Cádiz (zones 4 and 6), the 
predominant direction of the waves is W, and in this case 
the frequency of heights between 1 and 2 m is higher, and 
to a lesser extent exceed 2 m. In these areas, directions 
located in the second quadrant are also seen, with 
frequencies lower than 10%. As we move away from the 
coast, at depths between 200 and 500 m, but still far from 
the Strait (zones 3 and 5), the predominant direction is 
again the W, with waves of greater heights than in the 
shallower zones. In this case, the directions in the third 
quadrant (SE) are a bit more frequent, and are associated 
with higher wave heights. In the innermost region of the 
Strait of Gibraltar (zones 7, 8, 9 and 10), the most frequent 
swell comes from the W and NW. In this case we can find 
directions in the 4 quadrants, which is probably due to 
the topography of this area. As we move towards open 

waters of the Atlantic, the NW direction is gaining 
importance, and in general the waves are higher than in 
the innermost part of the Strait, being this region (zone 7) 
the one that registers the highest heights (average and 
maximum) of all the points studied in the Gulf of Cádiz. 
Likewise, SE directions can be observed, with frequencies 
around 15%, whose wave heights are above 2 m in most 
cases. 

In regard to wind (Fig. 4), we can see that wind and 
wave directions do not seem to be related to each other. 
In addition, the directions of origin of the wind are very 
different along the areas of the Gulf of Cádiz. On the 
coast of Huelva (zones 1 and 2), there are directions 
distributed between quadrants I, III and IV, the NW and 
SW directions are especially frequent, and the wind 
speeds are mostly between 5 and 10 m/s. When 
descending to the south, through the area of the 
Guadalquivir Estuary, and the coast of Cádiz, both in the 
shallower regions and open waters (zones 3, 4, 5 and 6), 
most of the winds are grouped in the fourth quadrant, 
although there are winds from all directions of origin. As 
we descend in latitude (zones 7, 8, 9 and 10), it can be 
seen that the winds coming from the E (Levante) and the 
SE are gaining importance, become more frequent and 
have associated higher speeds (usually above 10 m/s). 
The importance of the east wind is evident in the 

 
Fig. 4. Gulf of Cádiz wind roses for the period under study. The 

bars point at the direction of wind origin.   

 
Fig. 3.  Gulf of Cádiz wave roses for the period under study. The 

bars point at the direction of waves origin. 
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innermost area of the Strait (zones 9 and 10), where the 
east wind is not only the most frequent, taking place 
more than 25% of the time, it also has high speeds, mostly 
between 10 and 15 m/s, and in many cases above 15 m/s. 

G. Characterization of the sea states 

Usually, sea states are characterized according to their 
significant wave height (Hs) and their energy period (Te). 
This type of spectral characterization is useful when 
choosing the type of devices to use for energy conversion. 

In Fig. 5 we represented a dispersion of the sea states 
against significant height and wave period, also 
indicating the occurrence of the sea states, in hours per 
year, and including a representation by colours of the 
annual energy per meter of wave front, in MWh/m, 
calculated over the 15-year period under study. To 
calculate the annual energy, the diagram was divided 

into squares of 0.3 m (ΔHs) and 0.5 s (ΔTe), and for each of 
them we counted the number of hours per year in which 
the parameters waves are within the limits of the grid. 
Finally the hours counted were multiplied by the energy 
flow, calculated through (5), using the mean values of Hs 
and Te corresponding to each grid. 

We chose these points because they are the ones that 
obtain the highest average wave power values, their 
locations and depths can be found in table 3. The sea 
states with wave heights above 2 m and periods of 
between 4 and 8 s stand out, accumulating energy values 
of almost 3 MWh/m throughout the year. These most 
energetic sea states are located approximately between 
the 5 kW/m and 25 kW/m isolines, of power per meter of 
wave front. In general, in all areas, most of the sea states 
throughout a year present wave heights below 2 m, 
although in the areas further from the coast we can find 
sea states with waves of greater height than in the areas 
closer to the coast. 

H. Temporal and spatial variability 

We constructed seasonal maps of the powers 
associated with both resources in the Gulf of Cádiz. Since 
the points for which data were available were spatially 
presented in an irregular manner, in order to be able to 
construct rectangular meshes, we carried out Kriging 
interpolations. This method allows obtaining exact 
interpolations, sometimes offering better predictions than 
regression analyzes, using space-filling designs to give 
more weight to neighboring observations [20]. 

In Fig. 6 we can see the maps for the wave resource, 
and in Fig. 7 for the wind resource. It is striking that the 
maximum power values of each resource do not coincide 
in time, whereas for the waves winter is the most 
energetic season, in the case of wind it is spring. This 
could be beneficial for the jointly use of both energy 
resources, being able to compensate each other. It also 
shows that both resources are decoupled over time. On 
the other hand, summer registers the minimum power 
values for both the waves and the wind.  

The wave resource shows in summer very small power 
values, spring and autumn represent transition seasons, 
in which wave power becomes more significant in the 
southern part of the Gulf, especially at greater depths. 
Winter is clearly the most energetic season. The wave 
resource is generally limited, however it reaches higher 
values in the southern part of the Gulf, where there are 
greater depths. The fact that the continental shelf is 
extensive in this area may be favorable for the possibility 
of taking advantage of this resource. In certain places, 
specifically near the coasts of Conil and El Palmar de 
Vejer, where depths are around 50 m, average values of 
up to 15 kW/m are reached in winter, and 10 kW/m in 
spring and autumn, something that usually occurs at 
greater depths, on coasts with more energetic waves.  

 
Fig. 5.  Characterization of the wave energy resource for the 

period under study (2005 - 2020), in zones 1 to 3, in terms of the 
significant wave height (Hs) and the energy period (Te). The 
numbers represent the occurrence in hours per year for each sea 
state. The different colours indicate the annual energy in MWh/m. 
Isolines that represent the power of the swell have also been added. 
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west winds in this season, which come from the At 

 
Fig. 6.  Seasonal mean values of wave power in the Gulf of Cádiz for the study period. 

 
   Fig. 7.  Seasonal mean values of wind power in the Gulf of Cádiz for the study period. 
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This fact may be due to a unique bathymetry, it has 
been shown that in coastal areas with sudden changes in 
depth, concentrations of wave energy can occur, as a 
result of the interaction of the waves with the currents 
near the coast [21]. 

The wind resource is clearly marked by the influence of 
the Strait of Gibraltar. It is known that the Strait area is 
frequently subjected to strong winds (10-20 m/s), with the 
eastern winds being the dominant ones. This resource 
shows maximum powers in spring, however, these high 
values are localized in the Strait area, which is consistent 
with the fact that the east winds have their highest 
intensities in spring. In winter, significant wind power 
values are reached throughout the Gulf, probably as a 
consequence of the greater frequency and intensity of the 
west winds in this season, which come from the Atlantic 
and cover the entire region of the Gulf of Cádiz, finding 
no obstacle. The powers registered in autumn and 
summer are more limited for this resource, and 
significant values are only seen in the Strait area. The 
region located in front of El Palmar de Vejer, with depths 
of less than 50 meters, registers average powers from 0.25 
kW/m2 in summer to 0.5 kW/m2 in spring. 

I. High energy events 

The study of high-energy marine events is important to 
determine their impact and estimate their recurrence 

periods. It is necessary to be able to predict these types of 
events to try to minimize the damage that they can cause 
in various areas, also in structures and devices for energy 
use in the sea. With this objective in mind, we attempted 
to analyze and characterize some of the higher energy 
events that took place in the Gulf of Cádiz during the 
period under study, specifically two storms: the storm 
Emma, which affected the Iberian Peninsula in the first 
days of March 2018, and the storm Elsa, whose effects 
could be seen from the 18 to the 20 of December. For both 
storms, we built maps where the wave height is 
represented through colours, and by means of vectors, 
the intensity and direction of the wind, for the moment in 
which the maximum wave height was detected at some 
point in the Gulf in each storm (Fig. 8). 

We can see in both cases that the direction of origin of 
the wind is similar, from the SW. This seems to indicate 
that this types of events are associated with winds from 
the west, since it is difficult for the east winds to generate 
episodes of such energy in the Gulf, because despite their 
intensity, the east winds encounter too many obstacles to 
affect the entire Gulf of Cádiz. Regarding the intensity of 
the wind, we find values between 10 and 20 m/s at all 
points, and we can see no decrease in magnitude as the 
wind enters the gulf. This could be due to the fact that the 
wind coming from this direction has more space and time 
to move without encountering obstacles in its path that 
could reduce its magnitude, as occurs at the points closest 
to the coast, where the wind vectors reduce their size. It is 
observed that for the Elsa storm, the waves reached 6 
meters at some points, while for Emma storm, the waves 
reached more than 8 meters, which represents waves of 
grade 7 on the Douglas scale. Although this type of 
phenomenon is not common on the coasts of the Gulf of 
Cádiz, it is necessary to take them into account, as their 
effects can cause great damage. The storm Emma 
registered the largest waves of the entire period under 
study, and caused numerous personal and material 
damages in the provinces of Huelva, Sevilla and Cádiz. 

J. Best areas for combined energy use 

We were looking for an area where a hybrid-type 
installation, which took advantage of the resources of the 
waves and the wind at the same time, could be suitable. 
Based on this, point 60 was chosen to perform a wave and 
wind analysis through the construction of roses. It is 
located 117 m deep, and far enough from the Strait to not 
be affected by heavy maritime traffic from the Strait of 
Gibraltar. Likewise, for this point we obtained one of the 
highest values of average wave power and also of 
average wind power. In Fig. 9 it is represented the 
seasonal wave roses and in Fig. 10 the seasonal wind 
roses for this point.  

Observing the wave roses, we can see that in all cases 
the most frequent direction is NW–W, especially in 
summer, when this direction takes place over 50% of the 
time, with waves of small height. Also the SE-E direction 

 
Fig. 8.  Storms Emma (above) and Elsa (below), at the moments 

when the maximum wave heights were detected in each case. The 
wave height has been represented by colours, and the intensity and 
direction of the wind by vectors. 
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appears in all cases, which is associated with higher wave 
heights, even in summer. These two directions take place 
almost the entire period studied at this point. It is in 
winter when, in general, the highest wave heights appear 
at this point, with episodes of more than 3 meters taking 
place with relative frequency. 

Fig. 10 shows a great predominance of the Levante 
wind, which also has high speeds, between 10 and 15 m/s 
most of the time, and sometimes above 15 m/s. This east 
wind reaches its maximum frequency in spring, taking 
place approximately 25% of the time. It is also in spring 
when it seems to show the highest speeds, since around a 
third of the times that there is an east wind in spring, it 
exceeds 15 m/s. The NW-W direction is also important, 

taking place 10% of the time, with minimum speeds in 
summer and maximum speeds in winter; however, winds 
coming from this direction rarely exceed 15 m/s. 

The main objetive of this work was to determine the 
most favorable area of the Gulf of Cádiz for the 
installation of hybrid devices, capable of harnessing the 
energy of the waves and the wind. For this, we 
considered the areas where both resources are significant, 
and depths above 300 meters.  

In Fig. 11 the most favorable sectors for the use of both 
resources have been represented. We marked through 
blue lines inclined to the right the best area for harnessing 
wave energy, and with red lines inclined to the left, the 
most favorable sector for harnessing wind energy. Both 
areas partially overlap, delimiting the optimal area for the 
jointly use of both resources, located near the coasts of El 
Palmar, Conil and Cape Trafalgar. Particularly interesting 
is the fact that part of this area is located above the 50 
meter isobath. This limit could serve to divide the area 
into two sub-regions: above 50 meters of depth it could be 
the ideal place for the installation of fixed structures, 
whereas for greater depths floating structures should 
probably be chosen. 

IV. CONCLUSIONS 

The main conclusions to highlight would be the 
following: 
• The validation of the model data corresponding to 

point 29 with the data of the buoy 1, and to the point 
71 with the data of the buoy 2 offered good 
correlations, demonstrating the accuracy of the 
model results. 

• The wave and wind resources in the Gulf of Cádiz 
are decoupled, both temporally and spatially. 
Whereas the maximum power of the waves occurs in 
winter, it is in spring when the wind reaches its 
highest speeds. Regarding the spatial distribution, 
the waves are largely conditioned by the underwater 
topography, which in general causes the highest 

 
 
Fig. 11.  Map of the best areas of the Gulf of Cádiz for energy use 

of wave (in blue) and wind (in red) resources. 

 
Fig. 9.  Seasonal wave roses for the point 60. 

 
Fig. 10.  Seasonal wind roses for the point 60. 
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wave heights to appear in the deepest areas. In the 
case of wind, it is the land topography that mainly 
determines the scope of this resource, causing the 
east winds to be limited to the area of the Strait of 
Gibraltar, whereas those from the west affect the 
entire Gulf. 

• As a main conclusion, an optimal zone has been 
determined for the jointly use of both resources. This 
region is located off the coast of El Palmar de Vejer, 
approximately between latitudes 35.95º N and 36.15º 
N, and between longitudes 5.75º W and 6.5º W. It is 
especially interesting that part of this area is located 
above the 50 meter isobath, which could serve as a 
limit to divide the area into two subregions, so that 
above 50 meters depth it could be the ideal place for 
the installation of fixed structures, while for greater 
depths should probably be chosen floating structures. 
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