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Abstract

The Caribbean has suitable conditions for a significant wind energy development, which
makes a good planning for the future renewable energy mix essential. The impact of
climate change on Caribbean wind power has been analyzed by means of an ensemble of
CORDEX regional climate models (RCMs) under the RCP8.5 warming scenario. The
offshore wind energy resource was classified for the historical period and for the future
considering wind energy factors, environmental risk factors and cost factors whose weights
were estimated by a Delphi method.

Future projections show a maximum annual wind increase, ~0.4 ms™ (8%), in most of the
Caribbean, except in the Yucatdn Basin. This increment occurs mainly during the wet
season, ~0.5 ms™ (~10%), associated with changes in the extension of the North Atlantic
Subtropical High, which will strengthen the Caribbean low-level jet. Additionally, the
moderate wind increase, ~0.2 ms™ (~4%), projected during the dry season is restricted to
the southeastern coast and it is associated with an increment in the land-ocean temperature
difference (~1°C), which will intensify local easterly winds. The low-level jet region was
classified as the richest wind energy resource in the Caribbean for the future with a larger

extension compared to the historical period.
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1. Introduction



The Caribbean has very good conditions to a significant increase in renewable energy
development due to its location close to the equator (almost uninterrupted sunlight) and the
influence of the northeasterly trade winds. The North Atlantic Subtropical High (NASH),
located over the Atlantic Ocean, produces strong northeasterly trade winds over the eastern
Caribbean. In fact, the Caribbean Sea has wind energy values above the average compared
to the rest of the subtropical Atlantic Ocean according to previous studies dealing with
wind power density worldwide [1-2]. Most Caribbean countries lie between 10°N and 30°N
and are influenced by the trade wind belt (between 5°N and 30°N). Additionally, most of
these countries have a high dependence on fossil fuel imports at high prices (only
Venezuela and Trinidad and Tobago have enough oil and gas reserves for local
consumption and export). The average cost of electricity in the Caribbean is very high (US
$0.31/kWh) compared to the USA (US $0.12/kWh) and Canada (US $0.10/kWh) due to
fuel import charges [3]. The development of renewable energy would enable a more
sustainable energy supply in the future and help in the production of fresh water, as well as
reducing carbon dioxide emissions of Caribbean countries, whose economy is based mainly
on tourism [4] and agriculture. For these reasons, Caribbean countries are good candidates
for the use of a renewable energy mix. In many of these countries, this mix is based mainly
on solar (photovoltaic panels) and wind energy (wind turbines). The long dry season and
the lack of volcanic zones and large rivers preclude the possibility of developing other

forms of renewable energy such as geothermal and hydroelectric power.

In recent decades, the development of wind technologies has gained more strength because
they are less costly than photovoltaic technologies. The cost of equipment and maintenance
of wind turbines has fallen at the same time as their efficiency and availability have
improved, with larger turbines available for intercepting higher wind speeds. Large
contemporary wind turbines make electricity generation from wind farms cost-competitive
with electricity from fossil fuels [5]. Some Caribbean islands, notably Cuba, Curacao,
Jamaica, Martinique and Guadalupe, have already implemented wind farms [6]. For the
development of wind energy projects, comprehensive knowledge and quantification of
near-surface wind climate and wind resources provide an idea of the wind power available
in the region. The first analysis of the wind energy resource in the Caribbean and Central

America was carried out using in-situ data [7]. Although this study was mainly focused in



land areas with a low spatial resolution, the authors classified the Caribbean marine areas
into different wind power categories using data from ships. They found that most of the
Caribbean Sea has an annual average wind power >200 W m™, which is beneficial for most
applications related to wind energy exploitation. More recently, wind power availability in
the Caribbean was analyzed by means of reanalysis data [8], which assimilated 10 m winds
from land stations, buoys, ships and satellites from 1979 to 2010. The annual wind resource
map shows the Caribbean low level jet (CLLJ) region as having the highest wind power
resource (400-600 W m™) followed by the Netherland Antilles as an excellent region (300—
400 W m™) and the Greater Antilles and the Bahamas as a good wind resource (200-300
Wm™). In addition, wind power is shown to be greater during the dry season (350 Wm™)
than during the wet season (247-290 Wm™), where the wet season covers the period May—
November and the dry season December—April. On a more regional scale, wind
characteristics were also analyzed with emphasis on the suitability of the climate for wind
technology applications in Puerto Rico Island [9], the Yucatan Peninsula [10], Jamaica
Island [11], Barbados Island [12], Grenada Island [13] and Trinidad and Tobago Island [5]

using wind data from meteorological stations.

Good planning of the future renewable energy mix depends on the impact of climate
change on future wind power production. This planning should be founded on reliable
climate projections, using high spatial resolution models whose accuracy has been tested
and verified against real data. On a regional scale, future wind variations and their
geographical distribution will have a direct impact on wind power production, making
some regions more suitable than others for installing wind farms. Climate models have
been shown to be the most useful tool for simulating and projecting the impact of future
climate change on wind circulation patterns [14-23]. These models consider atmospheric
chemistry, aerosols and the carbon cycle, and incorporate the interaction between the
atmosphere, land-use and vegetation. The Coordinated Regional Climate Downscaling
Experiment (CORDEX) is the most recent and largest ensemble of Regional Climate
Models (RCMs). This uses as forcing the state-of-the-art Global Climate Models (GCMs)
from the Coupled Model Intercomparison Project Phase 5 (CMIP 5) for different regional
climate-change scenarios. The CORDEX project has more ensemble members, emission

scenarios and higher spatial resolution to better reproduce the topography, land use and



smaller-scale meteorological processes than its predecessors, the PRUDENCE and
ENSEMBLES projects. Even so, models are always simplified representations of the
earth’s climate system. Climate models have some limitations because not all temporal and
spatial scales can be resolved and not all processes within the Earth’s system are yet fully
understood, and thus are not directly quantifiable in explicit terms (e.g., turbulent
exchanges in stable conditions, or aerosol life cycles). Additionally, the results depend on
the climate model configuration (surface characteristics, the number of vertical levels,
parameterizations, the numerical scheme used to solve the equations...). However, in
general, according to the EURO-CORDEX Guidelines [24], climate models are becoming
able to simulate the state and trends of the climate for longer time periods and larger
regions than previously. Special care has to be taken if regional climate models are used to
study events occurring at small temporal and spatial scales, such as at a particular location

(i.e., a single grid box) or a short time period (e.g. single storm events).

Although the impact of climate change on mean wind, wind power and wind extremes has
been studied both at global and regional scales worldwide for the 21% century [14-23],
there is a lack of information about the influence of climate change on wind power
resources in the Caribbean. Future solar and wind energy spatial patterns were simulated
for Puerto Rico by means of the parallel climate model (PCM) coupled with the regional
atmospheric model (RAMS) [25]. Their numerical results indicate a slight decrease in the
net surface solar radiation in the Caribbean Basin, being more pronounced in the western
part, for the period 2041-2055 compared to the 19962010 period. They also projected an
increase in easterly winds in 2070-2098, especially around the coast. Differences in wind
speed were also analyzed, but in that case by means of a statistical downscaling of only one
GCM (GFDL CM2.1) [26]. Wind speeds for two different emission scenarios, a pre-
industrial scenario and a scenario with more than triple the pre-industrial levels, were
compared for the month of April (the transition month between dry and wet season) from

2069 to 2079. A slight increase in wind power was projected for most of the Caribbean Sea.

However, the offshore wind energy exploitation depends not only on the characterization of
the regional wind regime but also on a series of factors related to environmental risk and

cost as previously stated by [2]. In this previous study, a Delphi method was developed to



classify the worldwide offshore wind energy taking into account wind energy factors (wind
power density, WPD, effective wind speed occurrence, EWSO, rich level occurrence,
RLO), environmental risk factors (extreme wind speed, EWS, coefficient of variation, Cv
and monthly variability index, Mv,) and cost factors (water depth, WD, and distance to
coast, DC) to categorize the global offshore wind energy resource. According to historical
records, they classified the offshore wind energy resource of the Caribbean as better than

good following their new wind energy classification [2].

The aim of the present study is to analyze future wind resources projections in the
Caribbean for the 21* century both annually and seasonally. The analysis was carried out
by means of a high spatial resolution ensemble of CORDEX RCMs under the greenhouse
gas scenario RCP 8.5 for three future time periods: near future (2019-2045), mid-future
(2046-2072) and far future (2073-2099). The capability of the RCMs to reproduce real
wind data measured by in situ buoys was previously tested by means of the overlap
between measured and modeled probability distribution functions from 2009 to 2016.
Additionally, a method similar to the one described in [2] was applied to classify the future
offshore wind energy resource in the Caribbean Sea taking into account wind energy

factors, environmental risk factors and cost factors.

2. Data and methods
2.1. Data

The analysis of future wind and wind power projections for the Caribbean was developed
by means of seven RCMs simulations carried out within the framework of CORDEX
project (http://www.cordex.org) at a spatial resolution of 0.44° x 0.44°. The regional
simulations were carried out by means of a multi-model-ensemble with one RCM (RCA4)
forced by seven GCMs under the RCP8.5 future emission scenario (Table 1). The use of the
largest possible model ensemble, both for evaluation and application of RCMs, is
recommended to achieve robust results. As mentioned above, RCP 8.5 represents very high
greenhouse gas emission leading to 8.5 Wm-? radiative forcing, which is projected to

continue rising even after 2100. For further information on future regional climate



projections from the CORDEX project (climate scenarios, the limits of climate modeling,
evaluation of the RCM simulations and how to interpret and adjust model biases, among

others) the reader is referred to [24].

Daily wind speed data at 10 m height, monthly surface air temperatures and sea level
atmospheric pressures were considered in the present study. Sea level pressure was used to
analyze the position of the NASH for the 21 century; surface air temperature was used to

analyze the difference between land and ocean temperatures (see locations in Figure 1).

Three different periods were considered for future projections: near future (2019-2045),
mid-future (2046-2072) and far future (2073-2099). Far future projections are considered
to be merely theoretical, because the typical lifetime of wind turbines is considerably
shorter; nevertheless, it may be assumed that the lifetime of a wind farm is much longer
than the life of individual turbines due to the frequent replacement and updating of wind
turbines in existing wind farms. Historical simulations for 1976-2005 were also considered

for comparison purposes.

The capability of RCMs to reproduce in situ wind behavior was evaluated from hourly
wind data obtained from five marine buoys distributed along the Caribbean Sea, deployed
by the National Data Buoy Center (http://www.ndbc.noaa.gov) from 2009 to 2016 (Figure
1, numbers). Buoys sample wind speed and direction at a height of 4 m above sea level and
their coordinates are described in Table 2. It can be seen that at least one buoy was present
in each basin of the area under scope. Considering this fact, a first wind speed
characterization was carried out by representing, the Weibull distribution for each buoy
(Figure 2), which is the most widely method used to characterize wind speed [27]. Weibull
distribution is a two-parameter probability density function that, in this case, represent the
frequency distribution at 0.1 ms™ wind speed range for the whole period available at each
buoy. It depends on two parameters also shown in Figure 2: the shape parameter (k) and the

scale parameter (c) which is proportional to the average wind speed.

2.2. Methods

2.2.1. Offshore wind data extrapolation



Wind data from buoys and from the CORDEX project were respectively extrapolated from
4 m and 10 m to 120 m, which is the typical hub height of offshore wind turbines. This
is done using methods that account for atmospheric stability, such as Monin-Obukhov
theory [28] or the Liu and Tang method [29]. However, the buoys considered in the present
study do not collect the necessary measurements of temperature, heat flux and friction
velocity to allow correct application of these methods. In addition, the CORDEX project
does not contain all the necessary variables for calculating atmospheric stability at each
time and pixel. Therefore, wind extrapolation was carried out using a logarithmic wind
profile [Eq. (1)] that assumes a neutrally stratified atmosphere [30], following the
expression applied in previous studies [22, 31]. This approach was selected as the best

option to reach a compromise between availability and low cost for data [32].
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where H is the hub height of the offshore wind turbine; H,s is the height at which near-
surface winds are measured (10 m for CORDEX and 4 m for buoys); Wy is the wind speed
at the hub height; Wy is the near-surface wind speed; and z¢ is the roughness length. At
ocean locations, a value of zy = 0.001 m was assumed for open calm sea [33, 34].
Variations of mean wind speed depending on height can be seen in Figure S1

(Supplementary material).

2.2.2. Wind power calculation

The wind power density (WPD) of a turbine depends on air density and wind velocity. It

can be calculated according to [35] by the following expression:



1
WPD = EpawH3 (2)

where p, is the air density (1.225 kgm™ at 15°C and 1000 hPa).

WPD (in watts m™) indicates how much energy is available to be converted by a wind
turbine at a specific place. So, this variable is the most appropriate to compare different
locations before wind farms are installed. WPD does not consider the specific properties of
a wind turbine, which agrees with the main purpose of the present study. It is expected that
the efficiency and the structural properties of wind turbines (as hub height or rotor
diameter) will be improved in the future. For this reason, this study was focused on the

energy available in the wind (WPD) and its variation in the future.

2.2.3. Geostrophic winds calculation

Geostrophic wind components resulting from the balance of Coriolis force and pressure
gradient force were calculated from the formulas described in [36]. Geostrophic wind
calculation, which is based on the monthly surface atmospheric pressure fields, allowed

analyzing variations of the NASH over the 21* century.

2.2.4. Multi-model validation

The capacity of a RCM to predict future winds was statistically analyzed in terms of the
percentage of overlap (OP) between the measured and modeled probability distribution
functions (PDF) using a procedure similar to that in [37], where OP equal to 100%
indicates coincident PDFs, thus reproducing in situ data perfectly. This procedure enables
comparison of the whole data distribution, ensuring that the main features of the dataset are

satisfactorily captured by the model [37].

Future changes in wind speed and power were evaluated as the percentage of change for

each future period, calculated from:



k10 (3)
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where < Vi > is the mean value of the wind module or wind power for each future period

e

and < V> for the historical period.

The multi-model approach makes possible to determine the significance of the differences
calculated following equation 3 by analyzing if an agreement exists between the different
models that compound the multi-model. This methodology is called the consensus criterion
[22, 38] and it is based on imposing two conditions to determine if a pixel is statistically

significant:

1. Wind differences were calculated following equation 4 for each model separately
and also for the multi-model mean. The first condition is that at least 70% of all
models agreed in the direction of change compared to the direction of change of the
multi-model mean, that is, if a pixel has a positive sign in the multi-model mean, at
least 70% of the 7 RCMs should also have a positive sign for this pixel.

2. The Mann-Whitney (or Wilcoxon rank sum test) non-parametric test was applied at
every pixel, both for each model and for the multi-model mean, because wind speed
and wind power are, generally, not normally distributed functions [39]. The Mann-
Whitney test cross-checks the null hypothesis that two data samples belong to
continuous distributions with equal medians, against the alternative that they do not.
A 5% significance level was considered at each grid point. To fulfill the second
condition, it was imposed that at least 80% of the models that fulfilled the first

condition passed the Mann-Whitney-Wilcoxon test.

2.2.5. Classification off the offshore wind energy resource

A method similar to the one developed by [2] was carried out to classify the future offshore
wind energy resource in the Caribbean. This method considers wind energy factors,
environmental risk factors and cost factors, all of them necessary for the future wind energy
exploitation. The indices that characterizes these three types of factors were taken from [1]

and [2].



The wind power density, WPD, is based on the wind power classification developed by
NREL [40], where 7 categories were considered depending on the annual average wind
speed (Table 3). The frequency of occurrence of effective wind speed, EWSO, means that
wind speed was in the range that allows producing wind energy, typically defined as 4-25
ms™. The rich level occurrence, RLO, was defined as the frequency of energy levels higher

than 200 Wm™.

The stability of wind energy was also taken into account because offshore wind energy
storage still reminds a challenge [41]. A stable energy supply throughout the year would
improve the conversion efficiency and, therefore, its viability. In order to measure wind
stability, two indices were applied, the Coefficient of variation index (C,) and the Monthly

variability index (My), calculated as follows:

where [ is the standard deviation and Z@s the mean value.

7] 7] P
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where and is the average WPD calculated at the months with the highest and the

lowest mean WPD, respectively; is the annual averaged WPD.

Extreme wind speeds, EWS, were also considered because they can highly impact the
safety of ocean engineering. Its calculation was based on the Gumbel curve method, for

which a return period of 50 years was considered.

Finally, cost factors were considered attending to the water depth (WD) and distance to
coast (DC) for each pixel of the area under scope. These are crucial factors for marine
engineering and electricity interconnection. For this purpose, the ETOPO bathymetry and
the Global Self-consistent, Hierarchical, High-resolution Geography (GSHHG) coastline

database were considered.

Because each index has different magnitudes with different units it was necessary to carry
out a normalization to integrate all factors in a unique value of wind energy resource. The

normalization carried out in the present study is a little different from that applied by [2]



worldwide. In this regional study, all factors were normalized considering five categories
with the exception of the WPD parameter, which was normalized following categories from
Table 3. Table 4 shows the five ranges of values for each factor. Normalized values are
calculated in such way that both positive and negative indicators were converted into

positive indicators with the optimal value of 1 and the worse 0.

Once normalized, a weight coefficient was applied to each factor following the Delphi
approach developed by [2]. These coefficients, shown in Table 5, were derived from the

evaluation of ten experts and engineers in the field of wind energy.

The final value of the wind energy resource was then obtained multiplying the weight
coefficient set for the normalized values and classified in seven categories according to
Table 6 [2]. Following this classification, an area is considered a rich wind energy resource
when the final value is higher than 0.6. This method was applied for historical and future
periods with the aim of comparing the spatial distribution of regions with rich wind energy

resource currently and in the future.

3. Results and Discussion
3.1. Capability of CORDEX models to reproduce Caribbean wind data

The extent to which CORDEX models can reproduce real wind conditions was analyzed by
comparing CORDEX-projected winds with in sifu data from buoys from 2009 to 2016,
calculated by the OP between measured and modeled data. Results are summarized in
Table 7.

Overall, the mean overlap percentage for the whole region (M, last row) was similar for all
models, ranging from 87.6 + 6.4% (M7) to 95.5 £ 2.5% (M2). The multi-model mean of the
overlap percentage (<KOP>M, last column) was found to depend on the location of the buoy,
ranging from 89.4 + 5% (at buoy 4) to 94.8 + 2% (at buoy 1). Overall, the mean average for
all models and buoys was 92.4 + 4.9%.

In summary, taking into account that the accuracy of all models was similar, subsequent

analyses were based on multi-model means, where all models were assigned the same



weight. Multi-model means had lower uncertainties and produced better results than

individual models, which minimized individual model bias [42, 43].

3.2. Wind speed and wind power evolution for the 21" century.

Once the capability of CORDEX RCMs to reproduce wind has been assessed for the
Caribbean, the impact of climate change on wind for the 21% century was analyzed. Climate
models are used to analyze future climate projections, from multi-decadal to centennial
time scales. The uncertainty in the simulated temporal evolution of climate may be
estimated by adopting a range of ensemble simulation strategies, including the multi-model
ensemble. In the present study the analysis of wind speed and wind power evolution for the
future was carried out by means of a multi-model ensemble of RCMs for RCP 8.5. The
multi-model ensemble simulation method minimizes the modeling uncertainties due to,
among other factors, the different parameterizations and the numerical approaches used in
each model, and also to the initial conditions of the climate system, as each global model is
initialized at a different climate state. Note that these multi-model simulations produce
future projections, not forecasts, because the results are obtained only from possible
emission scenarios [24]. In the present case, the least favorable greenhouse gas emission

scenario for the 21* century was adopted.

3.2.1. Annual wind energy projection

Figure 3 shows the multi-model mean for wind speed (Fig. 3a) and wind power (Fig. 3b)
and their standard deviations (Figs. 3c, d) for the period 2019-2099. The highest wind
speeds were projected for the Colombian Basin (~14 ms™). Intense winds speeds (~10 ms™)
were also projected for the Venezuela Basin, with more moderate speeds (~7 ms™) for the
Yucatan Basin. Wind power density followed a similar pattern: highest values in the
Colombian Basin (~1500 Wm'z), intense (700 Wm'z) in the Venezuela Basin and moderate
(250 Wm™) in the Yucatan Basin. Low standard deviations for mean wind speed and WPD
were obtained for most of the Caribbean (Figs. 3¢, d) with the highest values being in the

regions where the highest mean wind speed and WPD were projected.



The projected WPD highlighted that regions with high power resources at present (i.e.,
Caribbean low-level jet region, 400-600 Wm™, eastern Caribbean 300-400 Wm™ and the
Netherland Antilles 200-300 Wm™ [8]) will continue to be potentially important or even
more suitable for the installation of wind farms during the 21% century. Annual WPD
projected for Colombian and Venezuela basins for the 21* century was higher than WPD
projected in other regions also by means of CORDEX. In this way, future WPD around 500
Wm? were projected in most of the Mediterranean and Black seas [23], where it is
expected a wind speed decrease over the 21% century under RCP 8.5. Higher values (800-
1200 Wm™) were projected for the North European Atlantic coast and lower WPD in the
South Atlantic area. Along the western Iberian Peninsula, future WPD lower than 400 Wm’
? were projected at a height of 90 m [14]. Considering that offshore wind farms are planned
in some of these areas, such as the Mediterranean Sea or the Iberian Peninsula ([44]), it can
be deducted that Caribbean Sea has a great potential as offshore wind energy resource to be

exploit.

Figure 4 shows the multi-model mean of the wind percentage of change for the three future
temporal periods with respect to the historical period. Overall, there was a consensus
between models in the projection of a higher wind speed in most of the Caribbean in the
future. Maximum changes of ~8% were projected in the Colombian Basin and ~4% in the
Venezuela Basin for far future (Fig. 4c). The Yucatan Basin is the only region in which

reductions were projected with a wind speed decrease of ~6% for the far future.

3.2.2. Seasonal wind energy projection

The Caribbean climate is characterized by two seasons, the dry season from December to
April and the wet season from May to November [45]. Figure 5 shows the multi-model of
the mean wind calculated for the dry season (Fig.5a) and wet season (Fig. 5b) for 2019—
2099. Spatially, the strongest winds were obtained in the Colombia Basin, with values
around 14 ms™”. Values were slightly more intense in the dry season (Figure 5a), when
winds >10 ms™ were projected for most of the Colombia and Venezuela Basins. Seasonal
differences were also projected for the Yucatan Basin, with slightly stronger winds during

the dry season (Fig. 5a).



A similar pattern was observed for the multi-model mean of wind power (Figure 6).
Projected values were >1,000 Wm™ in the Colombian Basin for both seasons, but occupied
a larger area in the dry season (Figure 6a). As for wind speed, projected wind power was
also slightly larger in the Yucatdn Basin during the dry season (Figure 6a). Future
projections of the seasonal wind power coincide with the seasonal wind power measured at
present, with larger values in the CLLJ region during the dry season (350 Wm™) than in the
wet season (290-247 Wm™) [8].

Figure 7 is a multi-model mean of the wind percentage of change for dry season (left-hand
column) and wet season (right-hand column). For both seasons, the pattern was similar for
the three future periods, although the magnitude of change increased over time. However,
the changes were completely dependent on the season. During the dry season, projected
winds showed only a moderate increase (around 4%) in the Venezuela Basin. For the rest of
the region, a wind decrease was projected being up to >5% in the Guajira region of the
Colombian Basin for the far future (Figure 7¢). On the other hand, there was a consensus
between models for an increase (~ 10%) in projected winds for most areas of the Caribbean
Basin during the wet season, especially for the mid- and far future. Only the Yucatan Basin

showed a wind decrease (~10%) during the wet season.

The multi-model mean of the percentage of change for seasonal wind power showed a
similar pattern to that described for wind speed (Figure 8). Models showed a consensus in a
wind power decrease for most of the Caribbean during dry season being more than 20% in
the Colombian Basin for far future. In addition, there was also a consensus in a moderate
increase (~10%) in the Venezuela Basin for all temporal periods. During the wet season,
existed a consensus in a wind power increment in the Colombian and Venezuela Basins and
a decrease in the Yucatan Basin for all temporal periods, with a maximum decrease of

about -20% projected for the far future.

3.2.3. Dynamical analysis of future changes

Both wind speed and power were projected to be larger during the dry season for the rest of

the 21* century. An increment in wind speed and power relative to the historical period



1976-2005 was projected to occur during the wet season over most of the area (except in
the Yucatan Basin) for all future time periods. This behavior is associated with the future
increase of wind intensity in the southeastern Caribbean region during the wet season. The
boreal maximum observed in the CLLJ in July is related to the strengthening and
movement of the NASH [46, 47]. Thus, NASH values for the far future and the historical
period were compared (Figure 9) during boreal summers (wet season). Figure 9a, b shows
the mean atmospheric pressure at sea level for the far future and the historical period,
respectively. The comparison indicated negligible strengthening of the NASH center over
the rest of the 21% century. In addition, the displacement of the center was also negligible
(<0.2° latitude and longitude) and consequently undetectable on the measurement grid (1°
% 1°). In spite of the small magnitude of these changes, the shape of the isobar pattern is
different, producing important differences in the geostrophic wind module. Figure 9¢ shows
the percentage of change of the geostrophic wind for the Caribbean during the boreal
summer (wet season). An increase of about 10% was observed for the southern Caribbean
(Figure 9c) as a result of the widening of NASH in the far future, consistent with the

percentages of wind change (Figure 7).

The projected increase in wind speed and power were less intense for the dry season than
for the wet season and were restricted to a small region in the Venezuela Basin. The
increase was associated with incremental differences in surface air temperature for land
(blue points, Figure 1) and ocean (red points, Figure 1). A comparison of far future
temperature projections with temperatures recorded during the 30-year historical period
implied an increase of 1°C in the land-ocean temperature differential by the end of the 21*
century. This would cause intensification of local easterly winds [47]. Within a framework
of global warming, terrestrial warming may occur more rapidly than oceanic warming

during the rest of this century, resulting in a strengthening of the southeastern CLLJ.

3.2.4. Classification of the offshore wind energy resource in the Caribbean

The classification of the offshore wind energy resource in the Caribbean, analyzed taking
into account wind energy, environmental risk factors and cost factors, is shown in Figure 10

both for the historical period (a) and for near (b), mid (¢) and far (d) future. This



classification was carried out according to the criterion specified in Table 6. This criterion
was established after calculating the value of wind energy resource multiplying the

normalized values (Table 4) by the weighting coefficients (Table 5).

During the historical period, most of the Caribbean Sea was classified in a category higher
than 4, which means that the wind resource is better than good, with some particular areas
close to Colombia and Venezuela coasts reaching higher values (classes 6 and 7). However,
some coastal areas of Central America and the Yucatan Basin showed to have a poor wind
energy resource. Overall, the historical wind energy classification obtained for the
Caribbean is in good agreement with previous studies [1,2]. As for the future wind energy
classification (Figures 10 b, c, d), the Caribbean regions classified as outstanding (class 6)
will extend progressively in the future. The richest area in the future will remain to be the
southern Caribbean Sea, opposite to Venezuela and Colombia coasts, but with a larger

extension compared with the historical period.

3.2.5. Regional development constraints

The classification of the offshore wind energy resource takes into account factors that are
crucial to ensure the present and future viability of the offshore wind energy resource in the
Caribbean Sea. This classification, in conjunction with the knowledge of future wind power
regime both at annual and seasonal scales, clearly identifies regional differences in the
offshore wind energy projections and can help policymakers to adopt and modify strategies
for long-term sustainable development in the Caribbean. It is important to have in mind that
the present study represents the first step in the development of projects to exploit this
resource. Thus, after the current analysis, it is possible to select the most suitable areas for
offshore wind energy exploitation in the Caribbean Sea, as well as to know its future
viability. However, the later phases of development of offshore wind farms must consider
other factors of legal, political, technological or biodiversity conservation nature [44]. The
analysis of these aspects should be done on a smaller spatial scale in order to find any

possible spatial restriction.



As a first attempt to introduce some of these aspects, the territorial waters and the protected
areas of each country and the Caribbean main shipping routes were represented in Figure
11. Territorial waters which includes internal waters, territorial seas up 12 miles and 24
miles from the coast and the Exclusive Economic Zone (EEZ) was represented in Figure
11a attending to the United Nations Convention on the Law of the Sea of 1982 (UNCLOS)
and later maritime delimitation treaties between countries. This is an important aspect in the
Caribbean Sea due to the high number of islands and archipelagos present in this territory.
According to UNCLOS, each country has full sovereignty in their internal waters and their
territorial seas up to 12 nautical miles from the coast, purple and green polygons in Figure
11a. In addition, countries have also sovereignty, although more restrictive, to exploit and

manage offshore wind farms in the contiguous zone (up to 24 miles) and the EEZ [44].

The marine protected areas (green polygons) according to the United Nations Environment
World Conservation Monitoring Centre and the International Union for Conservation of
Nature, as well as the main shipping routes in the Caribbean Sea according to the Regional
Marine Pollution Emergency Information and Training Center for the Wider Caribbean
(REMPEITC-Caribe) [48] were represented in Figure 11b. Marine protected areas may
represent a restriction to the installation of offshore wind farms, although it depends on the
specific countries’ legislation. Regarding the shipping lines, it can be seen that the Panama

Canal congregates the main shipping routes in the Caribbean Region (Figure 11b).

Apart from the previously pointed external constraints to the wind resource, other restraints
that depend on each country such as fishing, tourism, military uses or the laying of
submarine cables and pipelines [44] should also be considered in later steps of the

development of offshore wind farms in the Caribbean.

4. Conclusions

Projections of wind speed and power were developed from an ensemble of seven regional
climate models from the CORDEX project using the RCP 8.5 greenhouse emission

scenario in the Caribbean for the remainder of the 21* century. Then, the future offshore



wind energy resource was classified taking into account wind energy, environmental risk

and cost factors and compared with historical data.

The ability of the models to reproduce real wind conditions in the Caribbean was evaluated
by means of the overlap between real and modelled data. Results showed that all models
reproduced real wind accurately (overlap > 80%) for the period 2009-2016 for all regions
of the Caribbean. Taking into account that all models showed a similar level of accuracy,
the multi-model mean (which minimizes the bias associated with individual models) was
selected to analyze the projections. OP values between multi-model results and buoys were
in the order of 90%, showing the reliability of RCMs projected estimations of wind

resources in the Caribbean until the end of the 21% century.

Three periods of time were considered for the analysis of changes in wind speed and power
projected for the 21* century relative to the historical period: near, mid and far future. All
models coincided in a wind increase for the whole Caribbean except in the Yucatan Basin,
where a decrease was projected. Both positive and negative trends tended to intensify with
time, being highest in the far future, when the maximum percentage of change will be about

-6% in the Yucatan Basin and +8% for the rest of the Caribbean.

Changes in wind and wind power were also analyzed at the seasonal scale for the three
future periods. There is a consensus between models in the projected increment for the wet
season over the entire region, except in the Yucatan Basin, regardless of the period being
studied. On the other hand, only a small region in the Venezuela Basin showed a moderate
wind increase during the dry season. As previously observed at the annual scale, changes
tended to intensify in time, being highest in the far future when the maximum change of
wind speed and power are projected to be around 4% and 10% respectively in the dry

season, and 10% and 20% in the wet season.

The projected increment during the wet season was associated with changes in the
extension of the NASH, which was projected to produce stronger geostrophic winds in the
southeastern Caribbean. The moderate increase projected for the southeastern coast of the
Caribbean during the dry season was associated with an increment of around 1°C difference

between the air temperatures over the land and ocean, intensifying local easterly winds.



The wind energy resource was classified as more than good for most of the Caribbean Sea
both for the historical and future period. The extent of richest wind energy resource area,
which is opposite to Venezuela and Colombia at present, is projected to increase over the

21% century.

In summary, the high spatial resolution of CORDEX RCMs has shown to be a useful tool
for projecting the impact of future climate change on wind power. Near-future, mid-future
and far-future projections of wind speed and power density can help policymakers to adopt
and modify strategies for long-term sustainable development in the Caribbean. Thus, the
followed protocol which includes the classification of offshore wind energy resource and
the analysis of its time evolution should be the first step to identify the location of future
wind farms. In addition, the later phases of development of offshore wind farms must also
consider possible restrictions, such as territorial waters, marine protected areas, shipping

lines, fishing, tourism, military uses, etc.
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Figure Captions

Figure 1. Area under scope and bathymetry. Numbers mark the location of buoys. Blue and
red points mark locations where surface air temperature differences between land and sea

were calculated.

Figure 2. Weibull PDFs for all buoys (Table 2). Shape parameter (k) and scale parameter

(c) are shown in the legend.

Figure 3. Multimodel mean of (a) wind (ms™), (b) wind power (Wm™) and their standard

deviation (c) and (d), respectively, over the period 2019-2099. STD at each pixel was
calculated as BRI PPl 21 PIEPEE B where x is the value at each pixel and time; Bs the

mean value over the whole period and N is the number of RCMs used.

Figure 4. Multimodel mean of the wind percentage of change for (a) the near future (2019-
2045); (b) mid future (2046-2072) and (c) far future (2073-2099) with respect to the
historical period (1976-2005). Black dots represent the grid points where a consensus
between the different RCMS was obtained.

Figure 5. Multimodel mean of wind (ms™) for (a) the dry season and (b) the wet season

averaged over the period 2019-2099.

Figure 6. Multimodel mean of wind power (Wm™) for (a) the dry season and (b) the wet
season averaged over the period 2019-2099.

Figure 7. Multimodel mean of the wind percentage of change for the dry (left column) and
the wet season (right column). (a, b) near future (2019-2045); (c, d) mid future (2046-2072)
and (e, f) far future (2073-2099) with respect to the historical period (1976-2005). Black

dots represent the grid points where consensus between the different RCMS was obtained.

Figure 8. Multimodel mean of the wind power percentage of change for the dry (left
column) and the wet season (right column). (a, b) near future (2019-2045); (c, d) row mid
future (2046-2072) and (e, f) far future (2073-2099) with respect to the historical period
(1976-2005). Black dots represent the grid points where consensus between the different
RCMS was obtained.



Figure 9. Multimodel mean of sea level pressure associated to the NASH during the boreal
summer (June-August) for: (a) far future period (2073 to 2099) and (b) historical (1976—
2005). Arrows represent geostrophic winds. (c) Geostrophic wind percentage of change in

the Caribbean for the far future.

Figure 10. Wind energy classification of the offshore wind energy resource for the
Caribbean Sea by means of a CORDEX multi-model ensemble for: (a) historical period
1976-2005, (b) near future (2019-2045), (c) mid future (2046-2072) and (d) far future
(2073-2099).

Figure 11. (a) Territorial waters of Caribbean countries according to UNCLOS, which
includes internal waters (purple polygons), territorial seas up to 12 miles (green polygons)
and 24 miles (orange polygons) from the coast and the Economic Exclusive Zones (red
lines). (b) Marine protected areas (green polygons) attending to the United Nations
Environment World Conservation Monitoring Centre (UNEP-WCMC) and main shipping
lines in the Caribbean Sea according to REMPEITC-Caribe [48].
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Table 1. Regional climate simulations from CORDEX project (http://www.cordex.org)
used in this study. Seven GCMs were run with the same RCM (RCA4). The model ID
(M, ..., My) will identify the model throughout the rest of the text.

GCMs ID
NCC-NorESM1-M M1
MPI-M-MPI-ESM-LR M2
MIROC-MIROCS M3
IPSL-IPSL-CM5A-MR M4
CSIRO-QCCCE-CSIRO-MKk3-6-0 M5
CNRM-CERFACS-CNRM-CM5 M6

CCCma-CanESM2 M7




Table 2. Location of marine buoys distributed in the Caribbean Sea. Buoys were

deployed by the National Data Buoy Center (http:/www.ndbc.noaa.gov). Numbers

correspond to their position in Figure 1.

Number Buoy Latitude (°N) Longitude (°W)
1 42056 (Yucatan Basin) 19.918 84.938
2 42057 (Western Caribbean) 16.908 81.422
3 42058 (Central Caribbean) 14.888 74.575
4 42059 (Eastern Caribbean) 12.252 67.51
5 42060 (Caribbean Valley) 16.406 63.188




Table 3. Standard wind speed classification scheme [40].

Annual average | Annual average
Class | wind speed (ms") | WPD (Wm?)

1 0-44 <100

2 44-5.1 100-150
3 5.1-5.6 150-200
4 56-6 200-250
5 6-64 250-300
6 6.4-7 300-400
7 7-94 400-1000




Table 4. Normalized criterion used for EWSO, RLO, Cv, Mv, EWS, WD and DC
indices related to wind energy factors, environmental risk factors and cost factors.

Normalized | EWSO RLO EWS WD DC
value (%) (%) Cv Myv (ms™) (m) °)
0 <20 <20 >1.75 >1.75 >28 >500 >4
0.25 20-40 20-40  [1.25,1.75] [1.25,1.75] 25-28 100-500 3-4
0.5 40-60 40-60  [0.75,1.25] [0.75,1.25] 20-25 50-100 2-3
0.75 60-80 60-80  [0.25,0.75] [0.25,0.75] 15-20 25-50 0.5-2
1 80-100 80-100 <0.25 <0.25 <15 0-25 <0.5



Table 5. Weight coefficient of significant factors in the wind energy classification.

| Woa EWSO RLO Cv  Mv EWS WD DC

Weight | 0.22 0.22 0.1 0.1 0.05 0.14 0.07 0.1



Table 6. Classification scheme of wind energy resource.

Categorization Resource

Class value potential
1 x [10.4 Poor
2 0.4 [1x [10.5 Marginal
3 0.5 Ux [10.6 Fair
4 0.6 [1x [10.7 Good
5 0.7 Ux [10.8 Excellent
6 0.8 [1x [10.9 |Outstanding
7 X>0.9 Superb



Table 7. Overlap percentage of wind calculated at each buoy and RCM (OPy) for the

period 2009-2016. The last column represents the average of the overlap percentages for

the seven RCMs (<OP>\). M is the model skill to reproduce wind offshore and it was

calculated as the spatial mean of the overlap percentages for each model. * is the

standard deviation.

Buoy OPyyy OPyp, OPy; OPpy OPys OPy6 OPy; [ <OP>y e
1 94.7 95.9 90.5 96.6 94.4 95.7 96.1 94.8+2.0
2 95.8 95.6 933 94.4 96.9 97.0 81.3 93.545.5
3 96.8 96.7 99.1 94.8 93.0 86.7 92.8 94.3+4.0
4 86.9 91.2 88.8 84.0 94.6 96.4 83.6 89.4+£5.0
5 87.7 97.9 86.6 85.9 97.6 91.5 84.3 90.2+5.6
M 92.4+4.7 | 95.5£2.5 | 91.7+4.8 | 91.1+5.8 | 95.3£1.9 | 93.5+4.35 | 87.6+6.4 | 92.4+4.9
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Figure 1. Area under scope and bathymetry. Numbers mark the location of buoys. Blue

and red points mark locations where surface air temperature differences between land

and sea were calculated.
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Figure 2. Weibull PDFs for all buoys (Table 2). Shape parameter (k) and scale

parameter (c¢) are shown in the legend.
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Figure 4. Multimodel mean of the wind percentage of change for (a) the near future
(2019-2045); (b) mid future (2046-2072) and (c) far future (2073-2099) with respect to
the historical period (1976-2005). Black dots represent the grid points where a

consensus between the different RCMS was obtained.
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Figure 5. Multimodel mean of wind (ms™) for (a) the dry season and (b) the wet season

averaged over the period 2019-2099.
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Figure 6. Multimodel mean of wind power (Wm™) for (a) the dry season and (b) the

wet season averaged over the period 2019-2099.
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Figure 7. Multimodel mean of the wind percentage of change for the dry (left column)
and the wet season (right column). (a, b) near future (2019-2045); (c, d) mid future
(2046-2072) and (e, f) far future (2073-2099) with respect to the historical period
(1976-2005). Black dots represent the grid points where consensus between the
different RCMS was obtained.
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Figure 8. Multimodel mean of the wind power percentage of change for the dry (left
column) and the wet season (right column). (a, b) near future (2019-2045); (c, d) row
mid future (2046-2072) and (e, f) far future (2073-2099) with respect to the historical
period (1976-2005). Black dots represent the grid points where consensus between the
different RCMS was obtained.
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Figure 10. Wind energy classification of the offshore wind energy resource for the
Caribbean Sea by means of a CORDEX multi-model ensemble for: (a) historical period
19762005, (b) near future (2019-2045), (c) mid future (2046-2072) and (d) far future

(2073-2099).
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Figure 11. (a) Territorial waters of Caribbean countries according to UNCLOS, which
includes internal waters (purple polygons), territorial seas up to 12 miles (green
polygons) and 24 miles (orange polygons) from the coast and the Economic Exclusive
Zones (red lines). (b) Marine protected areas (green polygons) attending to the United
Nations Environment World Conservation Monitoring Centre (UNEP-WCMC) and
main shipping lines in the Caribbean Sea according to REMPEITC-Caribe [48].
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Figure 3. Multimodel mean of (a) wind (ms™), (b) wind power (Wm?) and their

standard deviation (c) and (d), respectively, over the period 2019-2099. STD at each
pixel was calculated as STD = /Z|x — x|?/N, where x is the value at each pixel and

time; x is the mean value over the whole period and N is the number of RCMs used.
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Figure 9. Multimodel mean of sea level pressure associated to the NASH during the

boreal summer (June-August) for: (a) far future period (2073 to 2099) and (b) historical



(1976-2005). Arrows represent geostrophic winds. (¢) Geostrophic wind percentage of

change in the Caribbean for the far future.



Highlights
Influence of climate change on future offshore wind power in the Caribbean

Future projections by means of an ensemble of RCM from the CORDEX under the
RCP8.5

Wind increases in most (only in southeastern coast) of Caribbean in wet (dry) season
Wind increase in the wet season associated to changes in the extension of the NASH

Wind increase in dry season due to an increase in land-ocean temperature gradient



