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Abstract

In the last decades, offshore wind harvesting has increased enormously, and is seen as a renewable energy resource with
great potential in many regions of the world. Therefore, it is crucial to understand how this resource will evolve in a warm-
ing climate. In the present study, offshore wind resource in the Southwestern African region is analysed for the present and
future climates. A ROM (REMO-OASIS-MPIOM) climate simulation in uncoupled and coupled atmosphere—ocean mode,
at 25 km horizontal resolution, and a multi-model ensemble built with a set of regional climate models from the CORDEX-
Africa experiment at 0.44° resolution were used. The projected changes of the offshore wind energy density throughout the
twenty-first century are examined following the RCP4.5 and RCP8.5 greenhouse gas emissions scenarios. Characterised by
strong coastal-parallel winds, the Southwestern African offshore region shows high values of wind energy density at 100 m,
up to 1500 Wm™? near the coast, particularly offshore Namibia and west South Africa. Conversely, along Angola’s coast
the available offshore wind energy density is lower. Throughout the twenty-first century, for the weaker climate mitigation
scenario (RCP8.5), an increase of the offshore wind resource is projected to occur along Namibia and South African western
coasts, more pronounced at the end of the century (+24%), while a decrease is projected along Angola’s coasts, reaching a
negative anomaly of about — 32%. Smaller changes but with the same pattern are projected for the stronger climate mitiga-
tion scenario (RCP4.5). The future deployment of offshore floating hub turbines placed at higher heights may allow higher
production of energy in this region. Along offshore Namibia and west South Africa, the wind energy density at 250 m showed
differences that range between 30 and 50% relative to wind energy density at 100 m.

Keywords Wind offshore resource - Climate change - Eastern boundary current system - Southwestern African region -
Regional climate modelling

1 Introduction
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' Under a warming climate, ambitious efforts and future goals
dclima@fc.ul.pt

have been put forward to reduce greenhouse gas emissions
(Wiser et al. 2011). As a contribution to this climate change
mitigation, the development of renewable energy resources
(including wind power), in substitution of fossil fuels, has
been increasing over the last decades. This growth is linked
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to recent technology maturity, large offshore wind poten-
tial available in vast coastal regions, and finally to the level
of saturation in onshore wind harvesting. Barthelmie and
Pryor (2014) explore the impact of the expansion of wind
power deployment in the efforts to avoid the +2 °C warming
threshold. The authors not only show the significative impact
of replacing coal by wind power, but also, that the warming
threshold may be delayed by more than a decade if wind
power and other strategies are implemented.
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The worldwide potential for wind energy exceeds the cur-
rent global electricity production (Lu et al. 2009), although
the distribution of the wind is not uniform around the
globe. Due to different reasons, such as costs, favourable
areas, etc., the wind resource is not a viable option in many
countries, particularly offshore deployment. Additionally,
being an intermittent energy resource, it typically needs a
secondary energy technology to ensure safety of supply.
Although the wind resource is available in most regions of
the world, the majority of wind turbines are concentrated
in Asia, Europe and North America (OECD/IEA 2013). In
Europe, between 2008 and 2018, wind power grew from
the 5th to the 2nd largest form of electric power generation,
reaching a total installed wind power capacity of 189 GW,
with 170 GW (19 GW) installed onshore (offshore) (Wind-
Europe 2019). Wind energy represents 37% of the electric-
ity generation from renewable energy, which corresponds
about 6% of the total electricity generation in United States
(EIA 2019). Asia, China and India have the highest installed
wind power capacity (Wiser et al. 2018). In those regions,
onshore wind power has limited growth perspectives due
to the high population density, which is also the case of
United States. Therefore, despite higher costs, the offshore
wind energy has become an important alternative to onshore
wind energy, which has led to the recent fast increase in its
deployment. The development of offshore wind power has
been also motivated by other important factors, including
greater potential around coastal areas with high wind speeds,
noise and visual impacts reduction nearby population settle-
ments and, the possibility to build larger wind power plants
(Kaldellis and Kapsali 2013). Most wind power capacity is
implanted in shallow waters, with depths around 20 m and
a distance to the coast below 20 km. Nevertheless, there is a
clear trend to install offshore power plants at higher depths
and further away from the coast, through the improvement
of floating technologies (GWEC 2010, 2019). The devel-
opment of larger wind turbines may lead to a reduction of
offshore wind energy costs (Wiser et al. 2011). Currently,
offshore floating wind turbines have hub-heights of around
70-100 m, with a power capacity between 3 and 6 MW.

Eastern boundary current systems (EBCS) are located
along the eastern flank of the five ocean gyres, including
the California, Canary, Peru-Humboldt, Benguela and West
Australia currents (Talley et al. 2011). In EBCS, atmos-
phere-land—ocean feedbacks play a crucial role in defining
the regional climate. These regions are strongly influenced
by intense coastal-parallel winds due to a sharp land-sea
thermal gradient at the coast associated to higher tempera-
tures over land and lower temperatures over ocean. The lat-
ter are connected to the presence of high-pressure systems
over the ocean and the development of thermal lows inland.
The EBCS are also characterised by a mesoscale wind fea-
ture designated as coastal low-level jets (CLLIJs) driven by
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the sharp pressure gradient and intensified by the land-sea
thermal contrast (Winant et al. 1988). CLLJs are character-
ised by a wind maximum within or at the top of the marine
atmospheric boundary layer (Beardsley et al. 1987; Ranjha
et al. 2013; Soares et al. 2014, 2019b; Lima et al. 2018).
Due to higher values of wind speed within the atmospheric
boundary layer, it is expected that, along EBCS, the offshore
wind energy has a greater potential.

Global warming is expected to impact all regions of the
world, including EBCS areas, which are considered as one of
the most vulnerable to climate change (Sydeman et al. 2014;
Bakun et al. 2015; Wang et al. 2015). An overall growth of
the near-surface wind speed connected with the increase of
the frequency of CLLJs occurrence is projected in the EBCS
for the end of the twenty-first century (Semedo et al. 2016).
For African EBCS, Benguela and Canaries, an increase of
the near-surface flow along the coast is expected under a
warming climate (Lima et al. 2019a; Soares et al. 2019a).
In the Benguela EBCS, Lima et al. (2019a) showed that the
projected increase of the near-surface wind speed and the
Benguela’s CLLJ frequency, is related to the intensification
and south-easterly displacement of the South Atlantic high-
pressure system and to the strengthening of the land—ocean
thermal contrast. Soares et al. (2019a) performed an analysis
of the future changes on the North Africa CLLJ and found
an intensification of the near-surface wind speed in coastal
regions where the North Africa CLLJ is more persistent.
Moreover, the authors showed an increase in the mean wind
speed at the more prevalent jet heights. For the western coast
of Iberia, Soares et al. (2014) characterised, for the first time,
the climate change impact on the offshore wind resource. In
this region (associated with the Canary EBCS), an increase
of the near-surface wind speed associated with the north-
easterly expansion of the Azores high-pressure system and
the intensification of the Iberian thermal low is projected to
occur (Soares et al. 2017b). An increase in the frequency and
intensity of the Iberian Peninsula CLLJ is also projected.
The authors showed a significative enhancement of the wind
potential in summer, which counteracts the reduction in the
remaining seasons.

Most studies concerning wind power in present and future
climates are focused on the onshore wind power (Fant et al.
2016; Reboita et al. 2018; Nogueira et al. 2019). Further,
studies analysing the offshore wind resource in a climate
change context are scarce. Moreover, the expected devel-
opment of offshore floating hub turbines towards higher
altitudes may allow more energy production in regions
where CLLIJs occur. Hence, it is important to understand
the future evolution of the offshore wind resource, especially
in EBCS regions, where this resource is little explored, as in
offshore Southwestern Africa. To the best of our knowledge,
an offshore wind power study was never performed for this
region. The main aim of the current study is to investigate
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the offshore wind resource potential in present and future
climates in the Southwestern African offshore region (along
Angola, Namibia and South Africa coasts). For the first time
in this region, atmospheric and ocean models are coupled
and produce a 3D depiction of the atmosphere at high tem-
poral and spatial resolution (0.25°) and for a climatologi-
cal scale (60 years) (Sein et al. 2015). Due to the strong
coupling between the atmosphere and the ocean surface
in these regions, these simulations represent the state-of-
the-art regarding weather and climate. However, these two
runs rely on the same atmospheric model, which is short
for a climate change assessment study. In order to provide
robustness to the study and in addition to the coupled simu-
lation, an uncoupled simulation with the same settings of the
first and, state-of-the-art regional climate simulations from
Coordinated Regional Climate Downscaling experiment
over Africa (CORDEX-Africa; Giorgi et al. 2009; Hewitson
et al. 2012) are also used. Note that all these simulations are
performed with atmospheric models, which in many cases,
are also used for weather forecasting and embody the best
representation of the atmospheric 3D circulation to date. The
novelty of the current study is the use of a regional coupled
simulation to explore the impact of climate change on the
offshore wind resource taking in account the air—sea cou-
pling on changes in wind power. The coupled simulations
can be essential to represent the ocean processes in regions
with important atmosphere—ocean feedbacks.

The present study intends to answer to the following
questions: (1) What is the present offshore wind resource
in the Southwestern African region at a typical hub-height
of 100 m height? (2) How will the offshore wind resource
be affected by global warming? and (3) What will be the
impact of higher hub-heights in regions of maximum Ben-
guela CLLJ occurrence?

This paper is organised as follows: Sect. 2 presents the
model, simulations and methodology; the climatology of the
offshore wind resource and the impacts of climate change
are described in Sect. 3, and the main conclusions are out-
lined in Sect. 4.

2 Data and methods
2.1 CORDEX-Africa simulations

CORDEX encompasses a set of regional climate simula-
tions over Africa (Hewitson et al. 2012), which are used
here to characterise the offshore wind resource in present
and future climates (Fig. 1a). Only daily mean near-surface
wind speed is used since the wind speed at model levels is
not available. A total of 19 CORDEX-Africa simulations
(available through the web portal of the Earth System Grid
Federation: http://esg-dnl.nsc.liu.se/esgf-web-fe/live) with

a horizontal resolution of 0.44° were used for the histori-
cal climate period (1976-2005) and for two future climate
periods, the mid-twenty-first century (2040-2069) and the
end twenty-first century (2070-2099). The future climate
is investigated under two different greenhouse gas emis-
sions scenarios, following the Representative Concentration
Pathways (RCP), RCP4.5 and RCP8.5 (Moss et al. 2010;
van Vuuren et al. 2011; Riahi et al. 2011). The CORDEX-
Africa RCM simulations used are presented in Table 1, with
the respective Global Climate Model (GCM) forcing. The
CORDEX-Africa simulations have been extensively evalu-
ated for present climate; e.g.: precipitation (Nikulin et al.
2012; Kalognomou et al. 2013), temperature (Kim et al.
2014; Panitz et al. 2014), surface fluxes (Careto et al. 2018)
and offshore wind speed (Lima et al. 2019a, b; Soares et al.
2019a, b). Overall, the RCM simulations are able to repre-
sent the continent’s climate.

2.2 ROM simulations

In the current study we analyse four regional climate simu-
lations produced with the coupled system model ROM
(REMO-OASIS-MPIOM) (Sein et al. 2015). In this system,
the OASIS coupler is used to couple the Regional Atmos-
pheric Model (REMO; Jacob et al. 2001), the global oceanic
model Max Planck Institute Ocean Model (MPIOM), the
Hamburg Ocean Carbon Cycle (HAMOCC) Model and the
Hydrological Discharge (HD) Model. Here, we examine sim-
ulations for historical climate from 1976 to 2005 and future
climate (following the RCP8.5 scenario) from 2070 to 2099,
in stand-alone atmosphere mode and in atmosphere—ocean
coupled mode. These simulations were forced by the Max-
Planck Institute Earth System Model (MPI-ESM) as lateral
boundary conditions (Giorgetta et al. 2013) both in coupled
and uncoupled runs. The atmospheric component of ROM
(REMO) has a 25 km horizontal resolution, with 31 hybrid
vertical levels, covering the African continent, a large part
of Atlantic Ocean, the Mediterranean region, and parts of
the Indian Ocean (Fig. 1b). In both uncoupled and coupled
simulations, the atmospheric component of the MPI-ESM
is used to force the lateral boundary conditions of REMO.
The atmospheric component of MPI-ESM is used to force
MPIOM outside of the region of coupling (that coincides
with the REMO domain).

2.3 Observations

The 10-m wind speed from the Cross-Calibrated Multi-Plat-
form (CCMP) data set (Atlas et al. 2011) is used to compute
the offshore wind resource and evaluate the RCM simula-
tions. CCMP was developed by NASA (National Aeronaut-
ics and Space Administration) and it has 6-hourly output at
0.258° of horizontal resolution. This wind product spans
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Fig.1 a CORDEX-Africa domain, b ROM Model domain and ¢ a zoom over the Southwestern African offshore region. Solid red line delimits

the areas B1, B2 and B3 of analysis regarding the offshore wind resource

from July 1987 to June 2011, without gaps. Through a vari-
ational analysis method, the cross-calibrated multiple sat-
ellite datasets were combined with remote sensing, in situ
observations and reanalysis data from the European Centre
of Medium-Range Weather Forecasts (ECMWF).

In Lima et al. (2019a), a qualitative and quantitative
assessment of the 10-m wind speed from the uncoupled
and coupled ROM simulations, and CORDEX-Africa
simulations against the CCMP dataset was performed.
Based on this assessment, a CORDEX-Africa multi-model
ensemble weighted mean (EnsFull) was built by aggre-
gating each RCM’s wind speed multiplied by the RCM’s
respective weight [see more details about the ensemble
building and the evaluation process in Lima et al. (2019a)].

@ Springer

This EnsFull is used in the current study. Lima et al.
(2019a) showed that the coupled ROM and the EnsFull
near-surface wind fields have the best agreement when
compared with observations, giving confidence to the use
of the ensemble in this study.

2.4 Wind offshore resource

The offshore wind resource is characterised by the wind
energy density. Here we consider a typical hub-height of
100 m. Accordingly to Pryor and Barthelmie (2011), the
instantaneous wind energy density E, equivalent to the wind
power per square meter P/A, is computed as:
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Table 1 Regional climate models from CORDEX-Africa used in the present study with the respective global climate model forcing

Global Climate Model
(forcing models)

CORDEX-Africa
Regional Climate Model

Institution

References

ICHEC-EC-EARTH
MOHC-HadGEM2-ES
CNRM-CERFACS-CNRM-CM5
MPI-M-MPI-ESM-LR
ICHEC-EC-EARTH
ICHEC-EC-EARTH
MOHC-HadGEM2-ES
ICHEC-EC-EARTH
MPI-M-MPI-ESM-LR
ICHEC-EC-EARTH
MOHC-HadGEM2-ES
CNRM-CERFACS-CNRM-CM5
MPI-M-MPI-ESM-LR
IPSL-IPSL-CM5A-MR
CCCma-CanESM2
CSIRO-QCCCE-CSIRO-Mk3-6-0
MIROC-MIROCS
NCC-NorESM1-M
NOAA-GFDL-GFDL-ESM2M

CCLM4-8-17

HIRHAMS
RACMO22E

REMO2009

RCA4

Climate Limited-area Modelling Community

Danish Meteorological Institute

Koninklijk Nederlands
Meteorologisch Instituut

Swedish Meteorological
and Hydrological Institute

Rockel et al. (2008)

Christensen et al. (2007)
Van Meijgaard et al. (2008)

Helmholtz-Zentrum Geesthacht, Climate Service Jacob et al. (2001)
Center, Max Planck Institute for Meteorology

Samuelsson et al. (2011)

E=f= 2o ()
where the p is the air density considered as a constant value
of 1.2 kg m™, in agreement with a standard atmosphere
from the International Organization for Standardization.
Most wind turbines do not produce electrical power below
(cut-in) wind speeds around 3 ms~! and higher than 25 ms™"
(cut-out). The wind energy density is computed at 100 m
height, for wind speeds between 3 and 25 ms™!, with the
aim of performing a climate change assessment of the off-
shore wind resource, considering its spatial and temporal
variabilities.

Since the CCMP is a near-surface wind product and
the RCMs from CORDEX-Africa do not have model level
data available, the 100-m wind speed is computed for these
simulations using the logarithm wind profile extrapolation
(Eq. (2)) (Yamada and Mellor 1975).

- 4 m
vZ—valn<ZO>/ln<ZO> @

v, corresponds to the wind speed at a height z, v_ is the
wind speed at the standard height of 10 m and z; is the
local roughness length with a constant value of 1.52 x 10~
m over the ocean surface (Carvalho et al. 2014). In the
case of ROM simulations, the wind speed at model levels
are used to interpolate and compute the 100-m wind speed.

2.5 Methods

Firstly, a characterisation of the offshore wind speed and
wind energy density at 100 m height are performed along the
Angolan, Namibian and South African coasts for the present
climate, using the uncoupled and coupled ROM simulations
and a CORDEX-Africa multi-model ensemble. Secondly,
the impact of the climate change on the properties of the
wind resource is investigated towards the end of the twenty-
first century. The wind resource at higher hub-heights is also
explored in the regions where the Benguela CLLJ is more
frequent.

Three coastal areas where the wind speed has higher val-
ues are chosen. These areas are defined with red boxes in
Fig. lc, in agreement with the areas where the Benguela
CLLJ has higher frequency of occurrence (Lima et al.
2019a).

In Fig. 2, a flowchart illustrates the methodology used
connected with the paper’s structure.

3 Results
3.1 Present climate

The offshore Southwestern Africa annual and seasonal wind
speed and wind energy density at 100 m height are depicted

@ Springer
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Fig.2 Methodology flowchart

in Figs. 3 and 4, respectively and Fig. 5 shows the prob-
ability density function (PDF) for the 100-m wind speed.
As expected, the spatial patterns of the wind energy den-
sity and wind speed at 100 m height are rather similar. In
all seasons, the offshore wind speed reveals a meridional
wind speed gradient, ranging between 8 and 12 ms~! along
Namibia and west South Africa coasts and 4 ms~! along the
coast of Angola. An annual cycle is clear in observations
and models, with the highest wind speeds occurring dur-
ing the austral summer and spring seasons (DJF—Decem-
ber, January and February and SON—September, October
and November, respectively). This annual cycle is also
clearly present in the wind speed maxima position, which is
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related with the presence of the Benguela CLLJ (Lima et al.
2019a, b). During summer and spring, a maximum value of
wind speed around 12 ms~! is found near 26° S. In winter
(JJA—June, July and August), the wind speed maximum is
located around 17.5° S with a value of about 10 ms~. Along
the coast, the wind speed spatial pattern is rather similar
between both ROM simulations (uncoupled and coupled)
and the EnsFull. Nevertheless, the uncoupled ROM run has
slightly lower wind speed values. The spatial patterns of
the wind speed are comparable between observations and
models, however the flow interaction with the coast is not
clear in the CCMP. This is related to the known problems
that this product shows near the coast, due to the influence of
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Fig.3 Annual and seasonal wind speed means (ms™!) at 100 m height for the CCMP (1988-2011), the uncoupled (ROM_U) and coupled
(ROM_C) ROM runs and the EnsFull, for the historical period (1976-2005)

the backscatter from land that contaminates the wind speed
measures closer to the coast (Tang et al. 2004).

In order to analyse the uncertainties between RCMs, the
PDFs of wind speed at 10 m height are depicted in Fig. 5
for each of the selected areas. In the three areas, the mod-
els present an overestimation of the occurrence of wind
speeds higher than 10 ms~! and an underestimation of the

occurrence of wind speeds in the range of 1-10 ms™!. These
results are in agreement with the PDFs presented in Lima
et al. (2019a) for a region encompassing these three study
areas. The distribution of the near-surface wind speed val-
ues is rather similar between both ROM simulations and
there is a slight shift for higher values for the EnsFull wind
speed distribution in area B3. Looking at the distribution
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of each CORDEX-Africa RCMs, the models represent
reasonably well the 10-m wind speed distribution and the
spread between them is not large. In the three areas, the
wind speed median values are found between 8 and 10 ms™!
for the EnsFull and in the range of 7 and 9 ms~! in both
ROM simulations. The occurrence of strong wind speeds
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(higher than 10 ms™") is higher in area B2 and the incidence
of wind speeds above 25 ms~! is almost negligible in all
areas. Also, about 95% of occurrences have wind speeds
higher than 3 ms™".

The wind energy density spatial pattern reveals the loca-

tions and the seasons where the offshore wind resource has
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higher available potential. Offshore Namibia and South
Africa western coasts, the wind energy density presents val-
ues ranging from 700 to 1500 Wm™2 in all seasons. Along
the Angola coast, the offshore wind resource does not exceed
400 Wm™. Though, there are specific coastal areas where
the wind energy density has maximum values. During sum-
mer and spring, a maximum value of about 1400 Wm™? is
found around 26° S. At the same location, during winter
(JJA) and autumn (MAM—March, April and May), the
wind energy density does not exceed 1000 Wm™2. Finally,
around 17.5° S the mean wind energy density has values
in the range of 1000—1100 Wm™2. As for wind speed, the
areas where higher values of wind energy density are found
correspond to the areas of maximum frequency of occur-
rence of the Benguela coastal jet (Lima et al. 2019b). In
Soares et al. (2017a), where the characterisation of the off-
shore wind resource along the western Iberian Peninsula
coast is presented, a similar link between the CLLJ and the
wind resource is presented. These results show that the areas
where CLLJs are more prevalent are also the areas where the
potential for the wind renewable energy is highest.
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The shading grey area represents the spread of 19 CORDEX-Africa
RCMs. The PDFs are for areas B1, B2 and B3 (red boxes in Fig. 1c)

3.2 Future climate
3.2.1 Mid-twenty-first century (2040-2069)

Figure 6 illustrates the annual and seasonal mean wind
energy density at 100 m projected changes for mid-twenty-
first century, from the EnsFull (relative changes: future
minus present divided by the present time slices; in percent-
age). It is important to keep in mind that ROM simulations
do not have this time period. For convenience, from here
onwards, all projected relative changes will only be referred
as “projected changes”. For all the projected changes a Stu-
dent’s ¢ statistical significance test has been applied. The
shaded areas specify changes non statistically significant at
a 90% confidence level.

The EnsFull mean wind energy density shows small
to moderate projected changes in both greenhouse gas
emissions scenarios. During summer, a slight increase
between +4 and + 8% offshore west South Africa is pre-
dicted, although it is larger for RCP8.5, close to+ 16%.
However, along the coast of Angola, a small reduction
between — 4 to — 8% and — 8 to — 12% is found in RCP4.5

@ Springer



1380

D.C.A.Limaetal.

and RCP8.5 scenarios, respectively, in all seasons except
during autumn.

3.2.2 Late twenty-first century (2070-2099)

Projected changes for the end of the twenty-first century,
from ROM simulations (uncoupled and coupled) and the
EnsFull for the annual and seasonal wind energy density
mean at 100 m are depicted in Fig. 7.

For the RCP4.5 scenario, a slight increase of the offshore
wind resource in the range of +4 and + 8% offshore west
South Africa is projected during summer. The EnsFull pro-
jected changes for the annual mean wind energy density
pattern shows a small reduction of — 4% along the coast of
Angola. The projected changes of the offshore wind resource
present a small decrease between — 4 and — 8% along the
coast of Namibia. On the other hand, in winter and spring, a
decrease of about — 8% is projected along offshore Angola,
as shown by the annual EnsFull projected changes.

Regarding the RCP8.5 scenario, the overall projections of
wind energy density present a similar pattern for both ROM
simulations and EnsFull. To illustrate the uncertainties in
the projected changes, the 100-m wind speed seasonal delta

108

208 -

EnsFull

308

changes between the future climate (2070-2099, following
the RCP8.5 scenario) and the historical climate (1976-2005)
for each area are represented in Fig. 8. The projections
for the annual mean reveal an increase in the range of +4
and + 12% offshore Namibia and west South Africa. During
summer, all simulations project an enhancement of the mean
wind energy density offshore west South Africa reaching
values of + 24%. Looking at the 100-m wind speed changes,
projected by individual models, for the area B3, more than
90% of models display an increase, giving robustness to the
results. An increase is also projected offshore Namibia in
winter, reaching values around + 16% and +20%. The ROM
coupled simulation shows a higher offshore extent of the
projections of wind energy density than the ROM uncoupled
and EnsFull. More than 80% of individual models agree in
the projected signal, supporting the significant increase of
the wind energy density in area B2. In spring, the ROM
uncoupled run has statistically significant projected changes
offshore Namibia, with an increase of about+24%. The
ROM coupled and EnsFull present a slight increase between
4 and 8%. Furthermore, only 73% of individual models dis-
play a positive signal, which does not reach the 80% thresh-
old considered for robustness. Along the Angola’s coast,
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Fig.6 Projected relative changes of the annual and seasonal mean
wind energy density at 100 m height between historical and future
mid-century under the scenarios RCP4.5 and RCP8.5 (2040-2069
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minus 1976-2005)/(1976-2005), from the CORDEX-Africa multi-
model ensemble. Shaded areas specify changes not statistically sig-
nificant using a Student’s #-test at the 90% confidence level
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Fig.7 Projected relative changes of the annual and seasonal mean
wind energy density at 100 m height between historical and future
end-century under the scenarios RCP4.5 and RCPS8.5 (2070-2099
minus 1976-2005)/(1976-2005), from ROM simulations and from

the annual mean displays a significant decrease of the wind
energy density, in the range of — 12 and — 16%, although
the uncoupled ROM simulation shows decreases of around

0o 8

16 24 32

the CORDEX-Africa multi-model ensemble. Shaded areas specify
changes not statistically significant using a Student’s ¢-test at the 90%
confidence level

— 28%. Here, a significant reduction (— 32%) is projected in
the uncoupled ROM simulation during summer. This anom-
aly is related to the increase of the sea surface temperature
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Fig.8 Wind speed at 100-m height delta absolute change values aver-
aged over each area (B1, B2 and B3) for the period 2070-2099 with
respect to 1976-2005. The delta values are calculated for the seasonal
values in a austral summer (DJF, X axis) and winter (JJA, Y axis) and

(SST), which feedbacks negatively with the near-surface
wind speed, resulting in a decrease of the wind speed in the
maritime atmospheric boundary layer (MABL) (Lima et al.
2019a). During the remaining seasons, the projected wind
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b in autumn (MAM, X axis) and spring (SON, Y axis). Results are
given by both ROM simulations (uncoupled and coupled), CORDEX-
Africa multi-model ensemble (EnsFull) and individual RCMs (RCMs
0.44)

energy density has small changes in the uncoupled ROM
run. The same does not happen in the coupled ROM run and
in the EnsFull, where a decrease between — 20 and — 26%
is projected to occur, particularly during winter and spring
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seasons. Offshore Namibia, during summer, the projected
changes in the uncoupled and coupled ROM simulations are
not statistically significant, although the EnsFull presents a
negative relative change around — 12%. In the area (B1), the
EnsFull projected slight changes, however there is a large
spread between individual models, revealing an unclear pro-
jected change signal in all seasons.

The increase of the offshore wind resource potential is
related to the strengthening of the Benguela CLLJ offshore
Namibia and west South Africa (Lima et al. 2019a). Also,
the coastal areas where the potential is larger agrees with
the areas with higher Benguela CLLJ frequency of occur-
rence. An overall analysis of the projected changes shows
a north—south migration of the offshore wind resource. The
analysis also reveals increases in two coastal areas, off-
shore Namibia and west South Africa, where the industry
of wind harvesting can reach higher energy production. To
further assess the annual cycle of the wind energy density
for present and future climates, the annual cycle for present
and future climates, as well as the relative differences, are
depicted in Fig. 9 for the three areas defined in Fig. lc.

In the northernmost area (B1) the values of wind energy
density are higher between July and October, closer to 1000
Wm™2, decreasing to ~ 200 Wm~2 during January and Feb-
ruary, which reveals a strong annual cycle (Fig. 9a). As illus-
trated through the projected changes of the annual mean
(Fig. 7), the annual cycle shows an overall decrease of the
wind energy density in the northern area (B1; Fig. 9b). The
projected relative reduction of wind energy density is more
pronounced in the months where its values are lower. For
the RCPS8.5 scenario, the EnsFull show a smaller decrease
of the offshore resource than both ROM runs. The coupled
ROM run has a positive projected change in March and July,
reaching + 12% in the latter, while no significant change is
projected by the EnsFull during winter months. In the first
three months of the year, the uncoupled ROM simulation
presents a strong reduction of energy density, which can
reach — 23%, whilst the coupled ROM run and EnsFull has
a smaller decrease, closer to — 10%. Regarding the central
area (B2), spring and summer months have associated the
highest values of wind energy density, ranging from 800 to
1000 Wm™2. The coupled and uncoupled ROM simulations
projected positive changes of wind energy density, except in
February, March and November, whilst the EnsFull for the
RCP8.5 scenario shows negative anomalies from October
to March and positive during the remaining months. The
west South Africa (southernmost area; B3) has the lowest
annual variability comparatively with the other two areas.
The uncoupled and coupled ROM simulations present rather
similar annual cycle, with positive changes in almost all
the months of summer and spring, and the opposite dur-
ing autumn and winter. The EnsFull RCP8.5 shows positive
anomalies in all months, except from July to September. In

all areas, the EnsFull RCP4.5 scenario follows the climate
change signal projected by the EnsFull RCP8.5, although
with lower anomalies, ranging from — 10 and+ 10%. In
general, the climate change signal is rather similar between
ROM simulations and EnsFull, however with differences in
the magnitude of changes.

Along the Benguela EBCS, the Benguela CLLJ occurs
virtually the entire year, and is characterised by strong wind
speed within or at the top of the MABL temperature inver-
sion. The most predominant height of the jet wind maxima
occurrence is around 360 m (Lima et al. 2019b). Since the
Benguela CLLJ occurs with a frequency around 50% in pre-
sent climate [Fig. 4 in Lima et al. (2019b)] and it is projected
to increase towards the end of the twenty-first century [Fig. 6
of Lima et al. (2019a)], it is expected that the wind energy
density will have larger values at higher altitudes than at
100 m. Presently, the hub-height of the floating turbines is
around 100 m. Nevertheless, the development of offshore
floating hub turbines placed at higher heights (e.g. 250 m)
is under consideration for the near future, to increase the
energy production capacity and to reduce the costs asso-
ciated with offshore wind energy (Wiser et al. 2011). To
analyse the differences in wind energy density between the
250 m and 100 m for the end of the twenty-first century
(RCPS8.5), Fig. 10 displays the relative difference between
the wind energy density at these two heights, for both ROM
simulations (the EnsFull is excluded since the wind interpo-
lation is through logarithm method). As expected, there is
an overall increase of the wind energy density in all areas,
more prominent near the coastal regions. Along the Angola’s
coast, the differences are lower than 10% for the uncoupled
ROM and can reach 20% during winter and spring in the
coupled ROM run. Offshore Namibia and west South Africa,
there is an increase in the potential of offshore wind resource
at 250 m, larger in the coupled ROM run. During summer,
the differences can reach 50% in the coupled ROM and 30%
in the uncoupled ROM simulation. In the remaining seasons,
near coastal regions of offshore Namibia and west South
Africa, the differences can reach 40% in the coupled ROM
run and 20% in the uncoupled ROM simulation. These high
values of wind energy density offshore Namibia and west
South Africa are in agreement with the future projections of
an increase of the Benguela frequency of CLLJ occurrence.

4 Discussion and conclusion

The present challenge of reduce greenhouse gas emissions
to the atmosphere has led to an increase of renewable energy
development in the last decades. As the onshore locations
for wind farms becomes scarce, technological development
renders offshore wind energy increasingly more attractive.
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Fig.9 a Annual cycle of the wind energy density at 100 m height for
the historical and the end of the twenty-first century climate following
the RCP4.5 and RCP8.5 and b respective relative change (2070-2099

However, global warming is associated with changes of the
wind patterns, as in the EBCS regions. Therefore, it is cru-
cial to investigate the impact of the climate change on the
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minus 1976-2005)/1976-2005, for areas B1, B2 and B3 (red boxes
in Fig. 1c) from uncoupled and coupled ROM simulations and COR-
DEX-Africa multi-model ensemble

offshore wind resources and its evolution throughout the
twenty-first century.

The characterisation of the present and future offshore
wind resource in the Southwestern African offshore region
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was presented for the first time in the current study. The
analysis of the future climate was performed for middle and
end of the twenty-first century. Two ROM simulations in an
uncoupled atmosphere mode and coupled atmosphere—ocean
mode at 25 km resolution, and a CORDEX-Africa multi-
model ensemble built with 19 RCMs at 0.44° horizontal
resolution, were used. This allowed the analysis of model’s
performance and the exploration of uncertainties of the
future projections, giving robustness to the study.

For present climate, the Southwestern African offshore
region revealed great availability of wind resource. The wind
energy density has a seasonal cycle associated to the wind
speed variability. The higher values of wind speed and there-
fore higher wind energy available, were found in regions
where the Benguela CLLJ is more frequent and stronger.
The wind energy density showed similar spatial patterns
between both ROM simulations and the EnsFull. Offshore
Namibia and west South Africa, the wind energy density was
shown to have values higher than 700 Wm™2, reaching 1500
Wm~?2 during spring and summer. Along the Angola’s coast,
the wind speed is weaker, leading to lower available wind
energy density, with values not reaching 500 Wm™2. Never-
theless, the Southwestern African offshore region revealed
a greater potential for the offshore wind resource.

The projected changes of the 100-m wind speed showed
a similar signal between models. The warming climate
impacts significantly on the expected future offshore wind
energy resource in the studied area. An increase in the wind
energy density is projected to occur offshore west South
Africa during summer, for the EnsFull in both greenhouse
gas emission scenarios (RCP4.5 and RCP8.5), throughout
the twenty-first century enhancing at the end of the cen-
tury. In late twenty-first century, the EnsFull, following
the RCP4.5 scenario, projects relative changes of the wind
energy density of around +4 to +8%. Regarding the RCP8.5
scenario, the EnsFull increases reach +24% offshore west
South Africa during summer. The expected enhancement of
the wind energy density offshore west South Africa is related
to the south-easterly shift of the South Atlantic anticyclone,
which intensifies the flow along the west South Africa coast
(Lima et al. 2019a). This also enhance the conditions for
the Benguela CLLJ occurrence, with higher wind speeds
in altitude. Future projections of the wind energy density in
this region are similar in both ROM simulations. The vari-
ability of the wind resource is lower relatively to the vari-
ability in the coasts of Namibia and Angola, with an average
oscillation of about 550-1000 Wm™ along the year. Along
the coast of Namibia, during winter, a projected increase of
the wind resource of around + 18% is expected. A reduction
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in wind energy availability is projected to occur along the
coast of Angola throughout the entire year. The projected
increase of the SST in this region may lead to a decrease
of the wind speed near-surface. The projections offshore
Angola revealed some differences in magnitude between
simulations, although with the same change signal. Both
coupled ROM and EnsFull showed a decrease of about
— 20% and + 26% during winter and spring. The uncoupled
ROM run presented a strong decrease of the offshore wind
energy density reaching — 32%, whilst in the coupled ROM
and EnsFull do not exceed — 20%.

Overall, the uncoupled ROM simulations showed lower
values of wind speed, and consequently, lower values of wind
energy density offshore the Southwestern African region. This
difference in wind speed field between both ROM simulations
can be related to the air-sea interactions, which play an impor-
tant role in EBCS (Sein et al. 2015; Lima et al. 2019a; Soares
et al. 2019a). In the case of the coupled ROM simulation,
the SST stems from the ocean model representation of ocean
dynamics and atmosphere—ocean interaction processes, while
in the uncoupled simulation it is derived from the GCM. Con-
sequently, the coupled ROM run has a higher SST resolution
than in the uncoupled, leading to a better description of the
across-shore SST gradients. Along the coast, the land-sea ther-
mal contrast is larger in the coupled ROM than in the uncou-
pled, resulting in strong wind speeds in the MABL (Lima et al.
2019a). However, in the open ocean, the St. Helen anticyclone
is broader and more intense in the coupled run, leading to
lower wind speeds than in the uncoupled one.

The results presented in this study showed a relevant
improvement in the knowledge of offshore wind resource using
a coupled atmosphere—ocean simulation, which can be applied
to other EBCS regions. In line with this, a state-of-the-art cli-
mate change assessment of offshore wind resource, featuring
model uncertainty and using coupled atmosphere—ocean mod-
els, would require more simulations forced by different GCMs.
Although the climate change signal between the EnsFull and
ROM simulations is similar, there are some differences in what
regards the magnitude, which can be related to the different
GCMs and RCMs used.

The future evolution of offshore floating hub turbines
placed at higher altitudes (e.g. 250 m) may benefit this region,
potentially increasing the amount of energy to be produced. In
the Southwestern African offshore region, due to the presence
of the Benguela CLLJ, the wind speed is stronger at higher
altitudes than 100 m. Along Namibia and west South Africa
coasts, the wind energy density at 250 m showed differences
between + 30 and +50% relative to wind energy density at
100 m. At 250 m of height, close to the frequent altitude of
Benguela CLLJ occurrence, the available energy is higher than
at 100 m height, reaching 2400 Wm™2.
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The recently released reanalysis data from the ECMWF,
the ERAS at 0.285° horizontal resolution with 137 model lev-
els, allows a global characterisation of the renewable offshore
wind energy and will be investigated in a future research. Also,
it would be interesting to explore the impact of the warm-
ing climate on global renewable offshore wind energy, using
an ensemble of GCMs, under the framework of the CMIP6
project.
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