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1 | INTRODUCTION

While there is general scholarly unanimity that the climate
needs protection, controversies about effective climate change

Heiko Paeth

Abstract

Wind energy is a key option in global dialogues about climate change mitigation.
Here, we combined observations from surface wind stations, reanalysis datasets,
and state-of-the-art regional climate models from the Coordinated Regional Climate
Downscaling Experiment (CORDEX Africa) to study the current and future wind
energy potential in Zambia. We found that winds are dominated by southeasterlies
and are rarely strong with an average speed of 2.8 m-s™'. When we converted the
observed surface wind speed to a turbine hub height of 100 m, we found a ~38%
increase in mean wind speed for the period 1981-2000. Further, both simulated
and observed wind speed data show statistically significant increments across much
of the country. The only areas that divert from this upward trend of wind speeds
are the low land terrains of the Eastern Province bordering Malawi. Examining pro-
jections of wind power density (WPD), we found that although wind speed is
increasing, it is still generally too weak to support large-scale wind power genera-
tion. We found a meagre projected annual average WPD of 46.6 W-m 2. The high-
est WPDs of ~80 W-m™? are projected in the northern and central parts of the
country while the lowest are to be expected along the Luangwa valley in agreement
with wind speed simulations. On average, Zambia is expected to experience minor
WPD increments of 0.004 W-m™2 per year from 2031 to 2050. We conclude that
small-scale wind turbines that accommodate cut-in wind speeds of 3.8 m:s™" are
the most suitable for power generation in Zambia. Further, given the limitations of
small wind turbines, they are best suited for rural and suburban areas of the
country where obstructions are few, thus making them ideal for complementing
the government of the Republic of Zambia's rural electrification efforts.
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mitigation strategies have raged unabated for a long time
now. Several divergent accounts have been proposed,
resulting in numerous controversies (Ginzky et al., 2011;
Rosenbloom et al., 2020). However, one aspect on which
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consensus seems to be established is that renewable
energy is vitally important in the fight against climate
change. It is projected that renewable energy will account
for ~80% of the global electricity supply by 2050 com-
pared to the current 26.2% (Hafner et al., 2018). This will
drastically reduce carbon emissions thereby acting as a
climate change mitigation pathway. Based on these esti-
mations, a global shift toward a sustainable renewable
energy future has been widely heralded with interest
groups contending that it makes sense in both economic
and climate mitigation terms (Turner, 1999; International
Renewable Energy Agency, 2017).

Although the importance of renewable energy is well
established, studies focusing on this crucial area of scien-
tific enquiry, especially across southern Africa, are still
limited. This limitation is particularly concerning
because lack of access to energy represents one of the
region's greatest impediments to socio-economic develop-
ment (Penar, 2016; Sarkodie and Adams, 2020). It is esti-
mated that an average person living in southern Africa
consumes a meagre 200 kWh-year™" compared to 9,086
kWh in high-income countries (Hafner et al., 2018). With
populations projected to double in Africa by 2050
(UNFPA, 2010), any prospects of economic expansion
across the region will require increased access to energy.
The mainstay of any modern economy is reliable access
to stable electricity especially as countries transition into
digitally empowered societies (World Bank, 2019). There-
fore, any southern African country that aims to transform
its economy must address the issue of electricity head-on.
It is important to note that pursuits to increase access to
energy across the region must be within the realms of
renewables if the global climate protection agenda is to
be realized.

The growth of wind power is an example of renew-
ables and represents one of the most well-known renew-
able technologies. The science underlying wind power
generation is heavily rooted in climatic and allied sci-
ences. It is now well understood that wind is triggered by
nonuniform heating of the atmosphere by the sun
(Ramudu and Alla, 2018), topographical variations
including surface friction (Rueda et al., 2005), presence of
water bodies or vegetation (Oyedepo et al., 2012), and
rotation of the earth on its axis (Zaharim et al., 2008).
The kinetic energy in wind is converted to electricity by
wind turbines. The amount of energy a turbine can har-
vest is determined by wind speed, swept area, and the
density of the air (Wood, 2011). It follows that for effec-
tive investment in wind energy, studies focussing on
wind speed, swept area, and air density are pivotal.

Climate studies that investigate the spatiotemporal
distribution of wind speed are increasingly used to
inform the installation of both onshore and offshore wind
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turbines (Band et al., 2021; Ogunjobi et al., 2022). These
studies are particularly important considering that cli-
mate variability triggers changes in wind speed and
these should be thoroughly considered before estab-
lishing wind farms (Schaeffer et al., 2012; Band et al.,
2021). Therefore, future wind speed variations need to
be studied to understand the effect climate change
exerts on wind energy potential across areas of interest
especially considering that the effect of climate change
on wind speed differs markedly from place to place
(Davy et al., 2018).

Projections of wind speed are heavily dependent on
coupled general circulation models (GCMs). The global
nature of these models impedes the capturing of fine-
scale wind speed variations (Randall et al., 2007). This
challenge has been addressed by statistical and dynami-
cal downscaling approaches (Najac et al., 2011; Reyers
et al., 2014). Advances in downscaling GCMs include
those of the Coordinated Regional Climate Downscaling
Experiment (CORDEX), an internationally coordinated
modelling attempt based on regional climate models.
CORDEX models have been used in many studies and
form the mainstay of the present study (see section 2.2.3)
(Moemken et al., 2018; Li et al., 2020).

While variables such as wind speed, swept area, and
air density are pivotal to wind energy generation, their
assessment across southern Africa, particularly in
Zambia, has been ignored. A lack of literature on future
spatiotemporal variations of wind speed is especially
apparent. The overarching goal of this study is to provide
the first comprehensive assessment of wind speed projec-
tions across Zambia using the latest version of high-
resolution CORDEX-Africa models. To satisfy the goal of
this study, we address one important yet presently poorly
understood research question: How will future wind
speed vary at temporal and spatial scales across Zambia
and what are the potential implications for wind energy
generation?

2 | DATA SOURCES AND
METHODOLOGY
2.1 | Study area

This study covers the whole of Zambia, a southern
African country within the confines of longitudes 21°-
34°E and latitudes 17.4°S and 7.6°S (Figure 1). Zambia
is surrounded by several countries including the Demo-
cratic Republic of the Congo to the north, Tanzania to
the northeast, Malawi and Mozambique to the east,
Zimbabwe, Botswana, and Namibia to the south and
Angola to the west.
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Map of the study area showing the spatial distribution of surface wind observing stations used in this study. The

topographical data was retrieved from the archives of the Joint Institute for the Study of the Atmosphere and Ocean (JISAO; http://jisao.
washington.edu; accessed April 1, 2022). It is a 1° X 1° latitude-longitude resolution elevation dataset. The inset shows the location of
Zambia in southern Africa [Colour figure can be viewed at wileyonlinelibrary.com]

Although Zambia is described as a plateau with much
of its landmass falling between 910 and 1,370 m above
sea level, topographical variations are still apparent
(Haberyan, 2018). For instance, the country's Muchinga
escarpment in the Central Province is estimated to be
higher than 1,800 m while parts of the Eastern Province
especially in the valley of the Luangwa River, lie below
500 m. The topographical variations contribute to the
modulation of wind speed across the country. In general,
topography is known to alter the speed and trajectory of
wind on both vertical and horizontal planes (Tse
et al., 2020).

2.2 | Data sources

2.2.1 | Surface wind observing stations

Data from 37 surface wind observing stations across
Zambia covering the period 2006-2021 measured at 10 m
height was obtained from Ogimet (www.ogimet.com,
accessed April 1, 2022) (Figure 1 and Table 1). Ogimet is

a weather information service that archives surface syn-
optic observations (Synops), METeorological Aerodrome
Reports (METARs), and Terminal Aerodrome Forecasts
(TAFs) from around the world in near real-time. The data
for Zambia are available at hourly intervals. All the sur-
face wind observing stations use cup counter anemome-
ters installed as specified in the Guide to Global
Observation Systems of the United Nations World Meteo-
rological Organization (WMO, 2013).

We used the climate package (Czernecki et al., 2020)
in R Programming Language (R Core Team, 2020) to
automatise the decoding and downloading of data from
Ogimet. We then subjected the downloaded data to qual-
ity control checks which involved the removal of
strangely large or small values. For example, based on
expert knowledge from the study area (Munyeme and
Jain, 1994; Kanno et al., 2013), all wind speed data
>30 knots, representing ~3% of the full dataset, were
removed. Further, all negative entries representing 0.1%
of the full dataset were also removed. As the removed
values are generally unexpected in the study area, we
thought of them as being a result of human error. In the
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TABLE 1  Detailed information for WMO No. Station Latitude Longitude Elevation

surface wind observing stations used in

this study showing World 67581 Chipata Met —13.564 32.589 1,025

Meteorological Organization (WMO) 67753 Choma Agro Met —16.383 27.07 1,275

station identifiers, station names, 67543 Kabompo Met ~13.596 24.208 1,090

latitude, longitude, and elevation 67662 Kabwe Agro Met ~14.395 28.828 1,175
67663 Kabwe Met —14.448 28.302 1,204
67563 Kafironda Agro Met -12.614 28.148 1,220
67659 Kafue Polder Met —-15.777 27.921 976
67641 Kaoma Agro Met —14.795 24.804 1,158
67475 Kasama Airport Met —-10.224 31.14 1,384
67541 Kasempa Met —13.457 26 1,334
67403 Kawambwa Met -9.793 29.076 1,334
67743 Livingstone Int Airport Met —17.823 25.82 991
67583 Lundazi Agro Met -12.294 33.175 1,138
67666 Lusaka City Airport Met —15.417 28.321 1,274
67665 Lusaka Int Airport Met —15.324 28.448 1,153
67751 Magoye Agro Met —15.998 27.617 1,025
67461 Mansa Airport Met -10.173 28.942 1,257
67413 Mbala Met —9.028 31.553 1,665
67599 Mfuwe Met —13.255 31.931 557
67476 Misamfu Agro Met —10.171 31.225 1,378
67633 Mongu Met —15.254 23.151 1,048
67477 Mpika Met —11.901 31.433 1,399
67580 Msekera Met —13.646 32.563 1,011
67667 Mt. Makulu Agro Met —15.548 28.248 1,221
67655 Mumbwa Airport Met —15.078 27.189 1,209
67441 Mwinilunga Met -11.74 24.431 1,365
67561 Ndola Int Airport Met -12.994 28.659 1,269
67673 Petauke Met —14.251 31.339 1,022
67469 Samfya Marine Met -11.371 29.911 1,194
67731 Senanga Agro Met —16.111 23.298 1,012
67571 Serenje Agro Met —13.227 30.215 1,390
67741 Sesheke Agro Met —17.477 24.301 942
67551 Solwezi Airport Met -12.171 26.367 1,384
67531 Zambezi Met —13.534 23.108 1,065
67481 Isoka Met -10.07 32.38 1,360
67575 Mkushi Agro Met —13.38 29.26 1,237
67625 Kalabo Agro Met -14.51 22.42 1,033

final step of the station data preparation, we converted all
wind speed data from knots to m-s™' to conform to the
widely used International System of Units in wind energy
studies. Considering that only 3.1% of the data was dis-
carded, the final dataset was regarded as high quality.
While wind power fluctuates on various time scales
such as daily and subdaily (Moemken et al., 2018; Weber

et al., 2018), we mainly focus on monthly and annual fluc-
tuations in this study because wind turbines need to be in
areas with a lot of wind on a regular basis, which is more
important than having occasional high winds. Further,
our exploratory analyses showed that wind speed for
hourly, daily, monthly, and annual timescales fall within
the same range across Zambia, and this is consistent with
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previous research in the study area (Munyeme and
Jain, 1994; Kanno et al., 2013).

222 | Gridded datasets

Since surface wind observing station data only covers the
period 2006-2021, we retrieved two gridded datasets and
examined their ability to reproduce surface wind observing
station data. The comparative methods employed herein
involved the use of gridded datasets for only the grid cells
containing cup counter anemometers. The best-performing
dataset is finally used for subsequent analyses.

The first dataset we retrieved is TerraClimate, a
4-km high-resolution monthly climate dataset archiv-
ing several variables such as temperature, precipita-
tion, vapour pressure, solar radiation, wind speed, and
so forth covering the period 1958 to the near-present
(Abatzoglou et al., 2018). TerraClimate was developed
by combining climate normals from WorldClim version
1.4 and version 2 datasets (Fick and Hijmans, 2017),
the Climatic Research Unit Timeseries version 4.0
(Harris et al., 2014), and JRA-55 (Ebita et al., 2011).
TerraClimate data are widely used in applied climate
studies (e.g., Abdi, 2019).

The other dataset we evaluated is ERAS, the fifth-
generation global climate reanalysis developed and main-
tained by the European Centre for Medium-Range
Weather Forecasts. The dataset has a 0.25° x 0.25° hori-
zontal resolution and covers the period 1979 to near pre-
sent at a height of 10 m. ERA5 was developed by
assimilating observations in a global weather forecast
model (Hersbach et al., 2020).

2.2.3 | Regional climate models

We used regional climate models (RCMs) driven by
GCMs from the Coordinated Regional Climate Down-
scaling Experiment (CORDEX Africa 0.44; Giorgi
et al., 2009) to study the future wind energy potential in
Zambia under an intermediate and a business-as-usual
emission scenario (representative concentration path-
way; RCP4.5 and RCP8.5 respectfully; see Table 2). The
RCP4.5 is a stabilization scenario that keeps radiative
forcing at 4.5 W-m™2. This pathway was updated from
earlier versions of the Global Change Assessment Model
by including retrospective emissions and land cover
data; RCP4.5 can be considered a cost-minimizing path-
way (Thomson et al., 2011). The RCP8.5 is a high-
emissions scenario which gives the likely outcome when
no determined efforts are made to cut GHG emissions
(Riahi et al., 2011).

2.3 | Methodological approach
2.3.1 | Measures of reliability and the
climatological normal

We used the Taylor diagram to find a suitable gridded
dataset to be used in subsequent analyses in place of sur-
face wind observations. Taylor diagrams are useful in
gauging the relative skill of multiple datasets as they
include root mean square errors, correlation coefficient
(R), and standard deviation all at once (Taylor, 2001).

We further used R and percent bias (PBias; Gupta
et al., 1999) to assess the reliability of models and choose
those to be included in the ensemble which was devel-
oped using climate data operators (CDO; Schulzweida,
2021). PBias is a convenient way of assessing the skill of
models because results are given in percentage. It thus
shows the positive or negative behaviour of models with
regards to observational data in percentage. Models
showing performance of <50% and as close enough to
zero are generally regarded as well-performing (Moriasi
et al., 2007). We also compared trends which we calcu-
lated using the modified Mann-Kendall test for serially
correlated data as suggested in the Hamed and Rao
(1998) variance correction approach.

Climatological normals, typically covering 30 years,
are used in climate change studies as a standard refer-
ence period. The most recent WMO recommended
period is 1981-2010. Unlike the 1961-1990 baseline
which was until recently widely used, the 1981-2010
period includes key observations from satellites that
aid research activities. In this study, we use a 20-year
reference period (i.e., 1981-2000) to account for histor-
ical simulations of RCMs that do not cover the full
1981-2010 period (WMO, 2017). The 1981-2000 refer-
ence period has previously been used as a baseline to
assess wind power potential in the Gulf of Oman
(Band et al., 2021) and to study potential climate
change and afforestation effects on wind power in the
western African country of Nigeria (Matthew and
Ohunakin, 2022).

2.3.2 | Bias correction

Having observed some biases in model outputs, we used
linear scaling (LS), a bias-correction technique that is
widely used in modelling studies to adjust model outputs
(Ines and Hansen, 2006; Teutschbein and Seibert, 2012;
Shrestha et al., 2017). In a nutshell, LS considers the dif-
ference between mean station data and model outputs
and then applies it to the outputs. The Shrestha (2015)
software was used for this analysis.
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TABLE 2 Overview of the global and regional climate models used in this study

Driving GCM RIP RCM
CanESM2 rlilpl RCA4
IPSL-CM5A-MR rlilpl RCA4
CNRM-CM5 rlilpl RCA4
CSIRO-MK3.6.0 rlilpl RCA4
EC-EARTH rlilpl RCA4
MPI-ESM-LR rlilpl RCA4
GFDL-ESM2M rlilpl RCA4
HadGEM2-ES rlilpl RCA4
MIROC5 rlilpl RCA4
NorESM1-M rlilpl RCA4
HadGEM2-ES rlilpl RegCM4
MPI-ESM-MR rlilpl RegCM4

International Journal
of Climatology

RMets

Scenario Period Resolution
Historical 1981-2000 0.44° x 0.44°
Historical and future 1981-2100 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°
Historical and future 1981-2100 0.44° x 0.44°
Historical and future 1981-2100 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°
Historical 1981-2000 0.44° x 0.44°

Note: Models used for future analyses are slanted. The models used are the ones that were available at the time of analyses here: https://climate4impact.eu/

impactportal/general/index.jsp.

Abbreviations: GCM, general circulation model; RCM, regional climate model; RIP, index of the considered ensemble member.

2.3.3 | Wind energy potentials

Wind power generation is very dependent on the wind
speed available at the hub height. In the present study,
we use the term hub height to refer to the distance from
the platform to the rotor of a wind turbine—in this case,
100 m. However, the 100 m we consider here is much
higher than the 10 m height provided by ERA5. There-
fore, we converted ERAS5 wind speed at height h to the
turbine height z using the power law (Brown et al., 1984;
Kubik et al., 2013),

—_ w

where V, denotes the wind speed at height z and V),
denotes the wind speed at height h. « is the wind shear
coefficient which heavily depends on the stability of the
atmosphere and tends to be higher in a stable and strati-
fied atmosphere with high surface roughness (Jung and
Schindler, 2021; Ogunjobi et al., 2022). By extension, a
changes with variations in vegetation cover, wind speed,
elevation, temperature, and other atmospheric variables
(Kikumoto et al., 2017). In the present study, we applied
the power exponent of 0.14 as it is considered appropriate
for open land surfaces (Storm et al., 2009; Akinsanola
et al., 2017; Sawadogo et al., 2019). Further, considering
the tropical climate of Zambia, upper atmospheric con-
ditions such as rapid changes in temperature and icing
have a near-zero effect on the conversion of h to g
therefore, we did not factor this in our conversion. Many
studies in warm climates found upper atmospheric

conditions to have negligible effects (Davy et al., 2018;
Band et al., 2021).

To assess the amount of energy available across
Zambia, we used wind power density (WPD; W-m™2), a
widely used physical transformation in wind energy stud-
ies (Band et al., 2021; Ogunjobi et al., 2022). WPD can be
thought of as the amount of kinetic energy from the wind
per unit area that can be harnessed into energy produc-
tion (Hennessey Jr, 1977),

WPD= % (pV?), (2)

where p is the air density in kg-m™> and V is the mean

wind speed in m-s™".

3 | RESULTS AND DISCUSSION
3.1 | Near-surface wind climatology

In situ climate observations at the 10 m height indicate
that Zambia is dominated by southeastern near-surface
winds at an average speed of 2.8 m-s™" (Figure 2a). While
there are variations from season to season, results show
that southeasterlies remain dominant throughout the
year. Minor differences are observed during the
December-February (DJF) season when southwesterlies
prevail (Figure 2b). During the March-May (MAM;
Figure 2c) and June-August (JJA; Figure 2d) seasons, the
winds turn back to southeasterlies before veering again
from September—-November (SON; Figure 2e).
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FIGURE 2
distribution of wind speed and

Frequency

direction for (a) annual average;
(b) DJF season; (c) MAM
season; (d) JJA season; and

(e) SON season based on data
from surface wind observing
stations for the period 2006-
2021 [Colour figure can be
viewed at
wileyonlinelibrary.com]
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FIGURE 3 Month-to-month
variations of wind speed across

4.0

Zambia based on data from
surface wind observing stations
for the period 2006-2021. The
lower horizontal line of each

35

boxplot represents the first
quartile (Q1), that is, the middle
number between the smallest and

Wind speed (m-s~1)
25 3.0
! |

the median of the wind speed

2.0
|

dataset. The yellow part

represents the interquartile range : |

1

L
.
9

(IQR), that is, 25th to the 75th
percentile. The horizontal line in
the IQR represents the median of
the dataset. The upper horizontal
line shows the Q3. All datasets
shown outside the boxplots are
outliers [Colour figure can be
viewed at wileyonlinelibrary.com]

The observed climatological southeasterly wind system
is responsible for moisture advection from the Indian Ocean
and the tropical South Atlantic Ocean, thus contributing
significantly to the rainfall patterns in Zambia and across
the region (Hachigonta and Reason, 2006). While there are
variations in wind speed from season to season, the
observed 2.8 m-s™' mean wind speed has undergone a 12%
increase since 1994 (Munyeme and Jain, 1994). The sea-
sonal variations in wind speed can be attributed to atmo-
spheric kinetics that are driven by changes in solar
radiation from season to season (Zhou et al., 2021).

Results further indicate that with average near-surface
wind speeds of 2.8 m-s™', a minimum of 1.6 m-s™}, and a
maximum of 4.3 m-s™*, winds are rarely strong in Zambia
(Figure 3). The maximum wind speed was observed in
August while the minimum was reported in January. It is
notable however that calm conditions are generally nonex-
istent across the country, and this can be attributed to the
subtropical climate with prevailing trade winds within the
Hadley circulation (Del Genio, 1997; Freychet et al., 2021).

The observed mean average mean wind speed of
2.8 m-s' is consistent with wind speeds reported in neigh-
bouring Malawi (Ngongondo et al, 2012) and nearby
South Africa (Shonhiwa, 2015) but is slower than those
reported in the Mediterranean climate of Morocco where
they reach up to 9.04 m-s™* (El Khchine et al., 2019).

3.2 | Measures of reliability

Since station-based data only covers the period 2006 to
near-present, we examined the ability of ERA5 and

1 1 1 1 1 1 1 1 1
May Jun Jul Aug Sep Oct Nov Dec

Months

TerraClimate to reproduce station data with the aim of
using the one with better performance in subsequent ana-
lyses. Both datasets were found to perform relatively well
(Figure 4) suggesting that the use of either of them would
yield very similar results. However, with a correlation coef-
ficient (R) of 0.6, a root mean square error (RMSE) of only
0.14 (m-s™'), and a standard deviation of <0.05, ERAS5
exhibits slightly better performance (Figure 4).

The good performance of ERA5 is not surprising and
it has been used in place of station data in many data-
scarce regions. For instance, ERA5 was found useful in
the projection of wind energy potential over West Africa
(Akinsanola et al., 2021), it was used in a combined
wind-solar electricity production potential over north-
western Africa (Janosi et al., 2021), and most recently, it
was used to compare the wind energy potential at
120 and 140 m hub height (Jung and Schindler, 2022).
Based on these findings, ERA5 was used in subsequent
analyses of the present study in place of station data.

A cursory review of regional climate models (RCMs)
in simulating retrospective wind speed across the study
area indicated that with biases of <24%, RCA4_Had-
GEM2-ES, RCA4_IPSL-CM5A-MR, RCA4 GFDL-ESM2M
performed better than all other models. These biases
translate into ~0.6 m-s~', thus suggesting that the
models perform very well compared to other places such
as West Africa where RCMs were found to have biases
of 2.2 m-s™! (Ogunjobi et al., 2022). Further, with corre-
lation coefficients ranging between 0.4 and 0.7 during
the reference period (1981-2000), these models were
found to have the strongest positive relationship with
ERAS5 (Figure 5).
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figure can be viewed at wileyonlinelibrary.com]

Concerning the long-term changes over the 1981-
2000 period, it is notable that 58.3% of the models have
an inverse relationship with ERAS5 (Figure 5). This con-
trary relationship suggests that when wind speed
increases (decreases) across Zambia, the following models
simulate a reduction (increase): RegCM4_HadGEM2-ES
(R = —0.3), RCA4_NorESM1-M (R = —0.2), RegCM4_MPI-
ESM-MR (R = -0.4), RCA4_MPI-ESM-LR (R = -0.2),
RCA4_CNRM-CM5 (R = -0.2), and RCA4_MIROC5
(R = —0.6). In general, models that mimic past climate well
are preferred because they inherently simulate future cli-
mate features well (Lovino et al., 2018).

Considering the relatively good performance of RCA4 -
HadGEM2-ES, RCA4_IPSL-CM5A-MR, and RCA4 GFDL-
ESM2M, we created an ensemble of these models and exam-
ined its performance. We noticed that with a correlation
coefficient of 0.68, the ensemble improved significantly
(Figure 5). The improvement in the performance of the
ensemble was not surprising as their use is widely recom-
mended because they tend to have better predictive perfor-
mance (Sillmann et al, 2013). In a nutshell, individual
models tend to have biases inherent in their initialization
and parameterization schemes and ensembles help to reduce
these biases (Reyers et al., 2016; Ogunjobi et al., 2022). We,
therefore, used the ensemble for further analyses.

3.3 | Wind speed extrapolation and
future variations

When we converted ERAS5 wind speed from 10 m to the
hub height of 100 m, wind speeds increased considerably

(Figure 6). Specifically, we observed a ~ 38% increase in
mean wind speed from 2.5 m-s™' at 10 m to 3.4 m-s™" at
100 m. We also noted that the range increased from
1.6-3.5m-s"" at 10 m to 2.2-4.5 m-s" at 100 m.

High wind speeds at high levels are attributed to
larger distances from frictional effects at the surface
(Turk and Emeis, 2010; Liu et al., 2019). Altogether, sur-
face roughness is an important determinant of wind
speed with implications on the aerodynamic performance
of wind turbines. Further, air at the ground level is
denser and decreases upwards. As such, any external
force on the air will cause the wind to be faster at high
altitudes than near the ground (Emeksiz and
Cetin, 2019).

Both model and observed wind speed data show an
increase in wind speed across Zambia (Figure 7). Results
further indicate that wind speed increments were more pro-
nounced from 1979 to 2021 (Slope = 0.002) than they are
expected to be from 2022 to 2100 (RCP4.5 Slope = 1.64896e-4
and RCP8.5 slope = —9.9109e-5). This observation suggests
that wind power potential has been increasing across the
country. This upward tendency will continue until the end
of the century but will likely be at a slower pace from 2022
to the middle of the century and thereafter very minimal
under RCP4.5 and likely to reduce under RCP8.5. Further
comparative analysis between RCP4.5 and RCP8.5 for the
period 2022-2100 shows very minor differences (Figure 7).
Specifically, both emission scenarios indicate that the trend
of wind speed will be near stationary.

Spatially, the trend of wind speed was again found to
be increasing across the whole country during the period
1979-2021 (Figure 8). The only area that shows slight
reductions is the Kafue region and the Eastern Province
bordering Malawi where slight wind speed decreases of
0.001 m-s™" were experienced every year.

The observation that wind speed is increasing and
is expected to continue rising is consistent with model
projections elsewhere. For instance, since 2010, the
mean global wind speed has increased from ~3.1 to
~3.3 m-s~! thus, potentially increasing wind energy by
~17 £ 2% (Zeng et al., 2019). In Africa, projections
indicate that wind speed increments will potentially
increase wind power density by ~70% (Akinsanola et
al., 2021). While these results are true for the conti-
nent, local differences should be expected. For
instance, the Cape Region of South Africa has been
experiencing an annual wind speed reduction of
—0.002 m-s™' (Wright and Grab, 2017). These differ-
ences underpin the need for localized wind speed stud-
ies and highlight deficiencies inherent in generalized
or global studies; while useful in giving a general over-
view, global studies miss climate variations occurring
at the local scale.
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Spatial analyses of projected wind speed anomalies
until 2050 also reveal increments across much of the
country (Figure 9). Most parts of the country are expected
to experience wind speed increments ranging between
0 and 1 m-s™" although it is notable that parts of northern
Zambia covering Isoka, Kasama, Mbala, and Kaputa are
projected to experience wind speed increments of up to
1.5 m-s~' (Figure 9). The only areas that divert from this
upward trend of wind speeds are the low land terrain of
the Eastern Province bordering Malawi (see Figure 1).
These parts of the country are projected to experience
negative wind speed anomalies of up to 1 m-s™".

Slow wind speeds in parts of the Eastern Province can
be attributed to the Luangwa Valley geometry, an
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FIGURE 7 Trends in wind speed across Zambia for the period

1979-2100 based on ERAS5 (slope = 0.002), ensemble historical raw,
ensemble historical bias-corrected, RCP4.5 future raw ensemble,
RCP4.5 future bias-corrected ensemble (slope = 1.64896e-4),
RCP8.5 future raw ensemble, RCP8.5 future bias-corrected
ensemble (slope = —9.9109e-5). The bias correction was based on
ERAS5 for the period 1981-2000 [Colour figure can be viewed at
wileyonlinelibrary.com]

extension of the Great East African Rift Valley. Valleys
are known to be widely influenced by thermally driven
winds which develop due to differences in heating of
adjacent air masses, inhomogeneous land distribution
generally induces slower winds in down-valley compared
to up-valley areas (Wagner et al., 2014).

Overall, no significant differences in spatial wind
anomalies have been detected between RCP4.5 and
RCP8.5 or between the middle (2031-2050) and end
(2081-2100) of the century thus suggesting that wind
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the 10-m height [Colour figure can be viewed at
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power potential is likely to be consistent until the close of
the century.

3.4 | Future changes in wind power
density across Zambia

Examining projections of wind power density (Figure
10), we found that although wind speed is increasing,
it is still generally too weak to support large-scale wind
power generation. We found the projected annual aver-
age wind power density (WPD) to be about 46.6 W-m™>.
The highest WPDs of ~80 W-m™? are projected in the
northern and central parts of the country while the
lowest are to be expected along the Luangwa valley in
agreement with wind speed simulations (see Figure 9).
Northwestern and Luapula provinces bordering the
Democratic Republic of Congo are also projected to
experience low WPDs ranging from ~40 to ~50 W-m™2.

Even considering the maximum projected WPDs of
~80 W-m™2, wind power resources are found to be gener-
ally weak as per National Renewable Energy Laboratory
(NREL) classification (Table 3). These results suggest that
only small-scale turbines can be supported in the
Zambian setup. Depending on the model, some wind tur-
bines accommodate cut-in wind speeds of 3.8 m-s™'
which can produce ~60,000 to slightly below
180,000 kWh annually (CoC, 2022). While small wind
turbines have less generating capacity compared to com-
mercial ones, this output is enough to power anywhere
between 8 and 23 ordinary houses every year. Given the
limitations of small wind turbines, they are best suited
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FIGURE 9 Wind speed anomalies (m-s™*) at the 100 m hub
height for the mid-century (2031-2050) relative to the 1981-2000
baseline climate, using the RCP4.5 ensemble scenario. The end of
the century (2081-2100) and RCP8.5 wind speed anomalies are
similar to the above, therefore, they are not shown [Colour figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Anomalies of mean wind power density (W-m™2)
at the 100 m hub height for the mid-century (2031-2050) relative to
the 1981-2000 baseline climate, using the RCP4.5 ensemble
scenario. The end of the century (2081-2100) and RCP8.5 wind
speed anomalies are similar to the above, therefore, they are not
shown [Colour figure can be viewed at wileyonlinelibrary.com]

for rural and suburban parts of Zambia where obstruc-
tions are few, thus making them ideal for complementing
the government of the Republic of Zambia's rural electri-
fication efforts (Haanyika, 2008). Commercial wind-
pumps also appear viable and can supplement rainfed
agriculture in dry seasons.

Considering the ~38% increase in wind speed when
extrapolated from 10 to 100 m hub height (Figure 6),
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TABLE 3
density classification (https://www.nrel.gov/; accessed May
10, 2022)

National Renewable Energy Laboratory wind power

Wind
power class

Wind power

density (W-m~?) Resource potential

1 0-200 Not suitable

2 200-300 Probable for
standalone systems

3 300-400 Good

4 400-500 Good

5 500-600 Excellent

6 600-800 Outstanding

7 800-2,000 Superb

== North Zambia
== Central Zambia

1 == Zambia
704 — — Linear Fit of Central Zambia
— — Linear Fit of North Zambia
1 — — Linear Fit of Zambia
&
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FIGURE 11 Time series of mean wind power density (W-m™2)

at the 100 m hub height for the mid-century (2031-2050), using the
RCP4.5 ensemble scenario. Central Zambia covers Lon 27°-29°E
and Lat 17°-14°S while northern Zambia is over Lon 30°-33°E and
Lat 11°-9°S. The blue curve represents the whole country [Colour
figure can be viewed at wileyonlinelibrary.com]

ultra-tall wind turbines fitted with larger rotors would be
necessary for large-scale wind power generation. Large
turbine rotors with longer blades translate into better
aerodynamic efficiency by covering more swept area
which allows the capturing of more wind and thus more
electricity production.

Although the wind energy potential is low along the
Luangwa valley (Figure 10), other renewable energy
sources such as leveraging the Luangwa River's hydro-
power potential remain possible. The Luangwa River is
one of the biggest unaltered rivers in the southern

of Climatology

African region and remains the biggest river with free
flow in Zambia partly due to strong campaigns against its
alteration by conservationists (WWF, 2019).

Considering that Zambia is large with several oro-
graphic variations, we noted that spatial averages at the
country level could potentially obscure maximum WPDs
across some regions. We, therefore, further analysed tem-
poral WPD changes across central (Lon 27°-29°E and Lat
17°-14°S) and northern (Lon 30°-33°E and Lat 11°-9°S)
Zambia, the two parts of the country showing higher
WPDs. Results indicate that while the projected annual
average WPD across the whole country is 46.6 W-m™2,
across central Zambia it is expected to average 63.2 and
56.3 W-m~2 over northern Zambia. Two trends emerge,
on average, Zambia is expected to experience minor
WPD increments of 0.004 W-m™2 per year from 2031 to
2050 while slightly larger increments of 0.09 W-m™2 per
year are to be expected across northern Zambia. On the
other hand, central Zambia, the country's region with the
highest WPD will potentially experience reductions of
~0.04 W-m™? per year (Figure 11).

4 | CONCLUDING REMARKS

Studies investigating wind speed variations are crucial to
the planning of wind energy investments around the
world. While causal factors of wind speed variations are
well understood, little is known about the spatiotemporal
patterns across southern Africa, particularly in Zambia.
Therefore, we examined wind speed and wind power
potential across Zambia. The findings reported here shed
new light on long-term changes (1979-2100) in wind
power potential across the country. The most striking
result from this study is that at an average of 2.8 m-s™%,
wind speed is very slow, it is increasing but remains
unlikely to support large commercial wind farms that
require wind power densities (WPDs) of >200 W-m ™2 At
the observed and projected maximum of ~80 W-m™2,
small-scale wind turbines and farm-level irrigation pro-
jects seem more suitable for the Zambian case.
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