


UNIVERSITY OF GOTHENBURG 
Department of Earth Sciences 
Geovetarcentrum/Earth Science Centre 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISSN 1400-3821                                                                                                                                  B1258 

Master of Science (120 credits) thesis 
Göteborg 2023 

 
Mailing address Address Telephone  Geovetarcentrum 
Geovetarcentrum Geovetarcentrum 031-786 19 56  Göteborg University 
S 405 30 Göteborg Guldhedsgatan 5A   S-405 30 Göteborg 
    SWEDEN 

The Impact of Global Warming 
on Wind Power Potential 

in the Greater Horn of Africa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bromwel Rhoda Apondi  
 
 



Abstract

The wind speed variability and wind power potential in the Greater Horn of Africa is ana-

lyzed in this study to fill a knowledge gap regarding if wind power can be used more as a

source of energy for the region. This is investigated based on reanalysis data from ERA5,

observed wind speeds, CORDEX-Africa regional climate models (RCMs) for future pro-

jections and a literature review. The study reveals a small but continuous increase in ERA5

wind speed with a significant correlation to the Indian Ocean Dipole (IOD) but this de-

velopment is not well supported by the RCMs. The wind power potential was generally

low upto the year 2100 but significant higher potential was seen in northern Kenya and

Somalia, most likely due to the Turkana jet and the Somali jet. Despite the quantitative

results, recommendations for further research regarding observation data and land cover

changes in the region as well as uncertainties regarding the future warming of the Indian

Ocean and its impact on the IOD are addressed as ways to improve the study as a strive

for more robust results.

Keywords: Near-surface wind speed, the Greater Horn of Africa, ERA5, Wind power

density, CORDEX-Africa
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1 Introduction

1.1 Motivation

As the global mean temperatures keep on rising and climate keeps on changing, different

regions are directly or indirectly impacted in various ways. In effort to decarbonize to

mitigate climate change, generation of renewable energy to reduce emissions is a a well-

known strategy currently implimented. An example of renewable energy is using wind

to generate wind power. For investments in wind power to be beneficial, understanding

the possible outcomes of wind speed variability of a region is crucial.

P =
ρs f
2

w3 (1)

The relationship between wind power(P)and wind speed(w) is according to Eq. (1) where

ρ is the density, s is area covered by the turbine and f is an efficiency factor (Lu and

McElroy (2017)).

Figure 1: The Greater Horn of Africa

marked in green (Baudoin and Wolde-

Georgis (2015)).

For this study, the Greater Horn of Africa

was chosen for further understanding of

wind speed variability and implications of

wind power. This is a region in the east-

ern side of the African continent as Fig. 1

shows. It consists of the countries Sudan,

South Sudan, Eritrea, Ethiopia, Djibouti,

Somalia, Kenya, Uganda Rwanda, Bur-

undi and Tanzania. The region also bor-

ders the Indian Ocean to the east and we

can therefore say that it is confined within

the coordinates 21°E and 52°E, 24.5°N and

12.5°S. Additionally, the region is undergo-

ing rapid development in terms of population and the economical growth but has been

assessed to be lagging in terms of sustainable energy (IEA (2022)). Therefore wind power

could potentially be used as a supplementary source of renewable energy for the region.
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1.2 Background

(a) An illustration of the Hadley cell (Fiehn

(2017))

(b) Idealized global circulation for the three-cell

circulation model on a rotating Earth (Lutgens

(2018))

Figure 2

Since the study region is located in the tropics, it is predominantly warm as the region

around the equator generally receives more solar energy than the rest of the globe. As a

result, the relatively warm air rises and cools in the upper atmosphere, then heads pole-

wards. Due to a rotation Earth, the air does not successfully reach the poles, but is instead

deflected to the right in the Northern Hemisphere and to the left in the Southern Hemi-

sphere with respect to the wind direction, due to the Coriolis force. At around 30°N and

30°S, the air descends and eventually heads back towards the equator. This circulation

is well known as the Hadley cell (see Fig. 2(a)) and its lower parts result in the north-

easterly (southeasterly) trade winds in the northern (southern) half of the tropics (see Fig.

2(b)). The trade winds converge around the equator in a zone known as the Intertropical

Convergence Zone (ICTZ).

The ITCZ is mostly around the equator, but tends to follow the sun. Therefore it does

shift northerly (southerly) during boreal summer (winter). Additionally, the shift is more

prominent over land than over the ocean due to it having a greater heat capacity than

land. Due to its convergence characteristics, ITCZ recognizable as a band of clouds with
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enhanced convective precipitation. This is important in Greater Horn of Africa as the rain

seasons depend on passage of ITCZ over the region.

Figure 3: An illustration of the ITCZ during in June and Janu-

ary (Robinson and Henderson-Sellers (2014)).

In terms of the trade

winds, the ITCZ also has

the ability to shift wind

directions depending on

its positioning. This

means that the south-

easterly winds turn to

be southwesterly when

crossing the equator when

the ITCZ is located to

the north of the equator

(Holton and Hakim (2013)).

Wind = PGF + CF + Fr (2)

Eq. (2) is a simplified way of showing of the forces that are relevant for the resulting

winds the study region. It shows that wind is a result of the balance between the pressure

gradient force (PGF) due to pressure differences and the Coriolis force (CF) and friction

(Fr) that is due to the surface roughness. The pressure gradient and surface roughness

are the forces that directly impact the wind speed and the wind direction to some extent

while the Coriolis force impacts the wind direction. The Coriolis force is proportional

to the pressure gradient and its effect is therefore dependent on the wind speed. When

further away from the surface of the Earth, the impact of the surface roughness on the

wind decreases.

In the northern hemisphere, there has been a decrease in the mean near-surface wind

speeds until 2010, a phenomenon referred to as stilling. Thereafter a reversal of the mean

near-surface wind speeds in the northern hemisphere is detected. This stilling and re-

versal is shown to regionally be highly correlated to inter-decadal ocean-atmosphere os-
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cillations such as the NAO for Europe, the PDO for Asia and the TNA for North America

(Zeng et al. (2019)). Zeng et al. (2019) also argue that the surface roughness (land cover

changes) did not suddenly shift at 2010, leaving the development in observed near-surface

wind speeds to be mainly dependent on ocean-atmosphere oscillations. The Indian Ocean

is another water-body that could potentially have an impact on the terrestrial winds of

the regions around its basin, which includes the Greater Horn of Africa. Saji et al. (1999)

showed that there is an ocean-atmosphere interaction over the Indian Ocean, which is

referred to as the Indian Ocean Dipole (IOD) in this study, that does not depend on the

El Niño–Southern Oscillation (ENSO). The intensity of the IOD is determined by the sea

surface temperature SST) gradient across the Indian Ocean basin (between the western

equatorial Indian Ocean (50E-70E and 10S-10N) and the south eastern equatorial Indian

Ocean (90E-110E and 10S-0N)). This temperature difference is then translated to the Di-

pole Mode Index (DMI) and the greater the temperature gradient, the more intense the

IOD event is.

(a) Positive IOD (b) Negative IOD

Figure 4: The positive and negative phases of the Indian Ocean Dipole and their respective

precipitation patterns (NOAA (2020a), NOAA (2020b)).

Depending on where along the equatorial Indian Ocean the sea surface is warmer or

cooler than average, the DMI can be negative or positive. When DMI is positive (neg-

ative) then the phenomenon is referred to as a positive (negative) IOD event. In a positive

IOD event, the SST is higher than average over the western Indian ocean while it is lower

than average in the east/southeast as Fig. 4(a) shows. This creates a temperature (pres-

sure) gradient, creating a flow westwards and convergence around the East African coast,

leading to enhanced rainfall in the region. On the eastern end of the ocean, a cooler than
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average sea and descending air results in drier conditions over Southeast Asia and Aus-

tralia. Fig. 4(b) shows a negative IOD event, which results in drier conditions in the

western and wetter conditions in the eastern parts of the Indian ocean. This dipole has

therefore shown an impact on precipitation patterns over the regions around the Indian

Ocean basin as well as the surface winds over the ocean, mainly its zonal component (Saji

et al. (1999)).

Figure 5: The Dipole Mode Index showing years with positive and negative Indian Ocean

Dipole events during the time period 1959-2021.

Previous studies such as Black et al. (2003), Saji and Yamagata (2003b) and Behera et

al. (2003) have mainly focused the impact of IOD on rainfall anomalies over East Africa.

From looking at Fig. 5, There have been various positive and negative IOD events in

the past decades. An example is the year 1997 when there was a strong positive IOD

event that Webster et al. (1999) showed resulted in heavy rainfall in East Africa. There

have also been studies of regional climate models satisfactorily simulating rainfall in East

Africa when using their ensemble mean (Endris et al. (2013)). In terms of winds, there are

significantly less studies and the studies that are available focus mostly on the wind zonal

variability over the ocean as Saji and Yamagata (2003a) and Webster et al. (1999) showed.

In terms of wind power potential, there are a few studies that have been conducted

based on the CORDEX Africa Regional Climate Models. Based on the CORDEX-CORE

ensemble, Sawadogo et al. (2021) showed that the Horn of Africa was one of the regions

that showed a high wind power potential under global warming and therefore advantage-

9



ous in terms of wind power investments in the present (2021-2040) climate and in the mid

century (2041-2060). Not too far from this thesis’s study area, Libanda (2022) conducted

an assessment of how well 12 CORDEX regional climate models (RCMs) simulate wind

speeds over Zambia while using the reanalysis data ERA5 as the reference data set but no

observational data for verification. The study showed that the RCMs were able to repro-

duce the wind speeds’ annual cycle and geographical patterns. with varying magnitude.

Of all the RCMs, the study suggests that an ensemble mean of the three best performing

models (RCA4-GFDL-ESM2M, RCA4-HadGEM2, and RCA4-CM5A-MR) would give the

best estimate for the future wind power potential in Zambia.

There are clearly not many studies regarding terrestrial wind speed variability and

spatial patterns in the Greater Horn of Africa but this is crucial information as it is a para-

meter that significantly determines the wind power potential of the area. Finding poten-

tial correlations to other ocean-atmosphere oscillations could also be key in the prediction

of future wind speeds. Therefore this study fills a knowledge gap regarding wind speed

variability historically, currently and in the future and its direct impact on wind power

potential in the Greater Horn of Africa.

1.3 Objective

To understand the wind power potential over the Greater Horn of Africa, the study ana-

lyzes the past and future wind speed changes in this region under global warming. This

would also contribute to the lack of studies regarding winds in this region. Three research

questions are addressed to conduct this study:

• How has the wind speed changed during the past decades over the Greater Horn of

Africa?

• How are the wind speeds expected to change in this region under global warming?

• What does the estimated wind speeds indicate in regard to the wind power potential

in this region?
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This thesis is divided into several sections to provide the reader with necessary under-

standings about wind speed variability and analysis of wind speed data. As seen in Sec-

tion 1.1, the atmospheric conditions and some previous studies are presented to get a

deeper understanding of what factors are affecting wind variations in the Greater Horn of

Africa. The methodology of the study is briefly explained in Section 2, since the datasets

used and the steps taken were crucial implements of this research and laid the foundation

for the analysis. The results from the analysis are presented in Section 3 and the study

ends in a discussion in Section 4 and a conclusion in section 5, where also possible future

research is brought to attention.

2 Methodology

2.1 Datasets

For the research questions to be answered, different data sets from different sources were

analyzed. Firstly, observation dataset with an hourly time resolution were attained from

HadISD by the Met Office Hadley Center (Dunn et al. (2012), Dunn et al. (2016), Dunn

(2019)). For the daily mean to be calculated, a criteria was set that each day had to have at

least two valid value rates. Thereafter, the monthly mean was calculated with the criteria

that each month had to have at least 50% of the valid value rates. This led to 21 stations

with 10m wind speed observations from 1980 to 2021 being found within the defined re-

gion, which consequently included stations in the Middle East and Northern Africa (out-

side the Greater Horn of Africa) that were excluded moving forward. Due to the varying

lack of data from the remaining stations, the following criteria were implemented as an at-

tempt to filter out the data that could have a significant impact on the results. Firstly, only

stations that had over 90% of the total data were used as the majority of the stations (10

out of 17) did pass this criteria. Since the observational data was to be quantitatively com-

pared with a reanalysis dataset (ERA5), this step was an attempt to make these different

datasets as comparable as possibly. Qualitatively, this step does not guarantee that obser-

vation stations with over 90% of the total wind speed data that could have been observed
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are better than those with lower than 90% as other factors such as how the measurements

are conducted, topography and infrastructure around the measurement stations cannot

be easily excluded/filtered out. Therefore, there is a risk in such filtering as it does not

guarantee better quality of the remaining data even though in this study, it is assumed to

be beneficial for quantitative analysis. Secondly, coastal stations were excluded since local

phenomena such as sea-breeze have an impact on the wind speeds (and direction).

Figure 6: A map of Kenya with the location of the stations (red dots) providing the data

used in this study.

This procedure led to observational data from 8 stations only were used in this study

and all of them were located in Kenya (see Fig. 6). The annual mean of the wind speed
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from the chosen stations was calculated and compared to the annual mean of the wind

speed of ERA5 grid point closest to the location of each respective observation station.

Due to the lack of enough coverage of wind observation in the study region, ERA5, a

global reanalysis dataset was used to understand the historical development. ERA5 is a

state-of-the-art reanalysis dataset developed by the European Centre for Medium-Range

Weather Forecasts (ECMWF). It provides comprehensive information about the Earth’s

atmosphere, land surface, and ocean variables with global coverage and high spatiotem-

poral resolution. The dataset assimilates a wide range of observational data in combina-

tion with a numerical weather prediction model to generate a more consistent approxima-

tion of the past weather conditions. The ERA5 dataset shows an improvement in terms of

temperature, wind, and humidity in the troposphere (but not in the stratosphere) in com-

parison to its predecessor ERA-Interim. This gives reanalysis datasets an advantage in the

study region due to better resolution and better coverage in comparison to the available

observational data. However, 10 m wind observations over land is a type of in-situ data

that is not assimilated in ERA5. The exclusion of 10 m wind observations over land could

be due to the non-guaranteed quality and homogeneity of surface wind measurements.

As mentioned earlier, 10 m winds can also be impacted by other factors such as topo-

graphy and infrastructure, which contributes with biases and inconsistencies in terms of

the estimated wind fields. To address this, reanalysis datasets like ERA5 rely on paramet-

rization to reasonably estimate 10 m winds over land by using a combination of surface

and atmospheric characteristics and other related parameters based on the availability

(Hersbach et al. (2020), Dee et al. (2011)). The 100 m winds from ERA5 reanalysis were

also used in this study. There are several other reanalysis datasets that could be used but

in this case ERA5 was chosen highly due to a previous study that showed that it was

in best agreement with observed wind speeds and variability out of five state-of-the-art

global reanalyses (Ramon et al. (2019)).

As mentioned earlier, changes ocean-atmosphere oscillations have shown to most likely

be a determining factor in near surface wind changes (Zeng et al. (2019)). Taking this

into consideration as well as the geographical positioning of the study region, the Indian

Ocean potentially having an impact on the terrestrial winds was taken into account. As
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shown by Saji et al. (1999), the Indian Ocean Dipole that is determined by the sea surface

temperature gradient between the western and eastern tropical Indian Ocean does have

an impact in the climate variability in the surrounding regions, including East Africa. A

dataset containing the monthly Indian Ocean Dipole Index was attained from the National

Oceanic and Atmospheric Administration for analysis (NOAA (n.d.)).

For a better understanding of the performance of climate models as well as the impact

of global warming on the wind speeds in the study area, datasets provided by CORDEX

(Coordinated Regional Climate Downscaling Experiment) were attained via the database

https://esgf-data.dkrz.de/search/cordex-dkrz/. Since CORDEX focuses on regional cli-

mate downscaling, CORDEX-Africa was used as it had several regional climate models

(RCMs) covering the study region that provide the parameter wind speed. Furthermore,

the regional models that currently have the highest resolution of 0.22°x0.22° in the African

domain were used (also known as AFR-22). This was better fitting for this study to better

capture finer details within the study region such as the impact of topography. For the

10m wind speed, three RCMs in AFR-22 were used; CLMcom-KIT-CCLM5-0-15, GERICS-

REMO2015 and ICTP-RegCM4-7. These RCMs are driven by three historical Coupled

Model Intercomparison Project Phase 5 (CMIP5) global climate models (GCMs) respect-

ively; MOHC-HadGEM2-ES, MPI-M-MPI-ESM-LR and NCC-NorESM1-M. This means

that the GCMs driving the RCMs have been run backward in time to acquire their histor-

ical climate circumstances that could be compared with other datasets such as reanalysis

data as well as forward in time under two RCP scenarios; RCP 2.6 and RCP 8.5. Datasets

consisting of the u and v components of 100 m winds were also used, which is currently

solely in the regional model ICTP-RegCM4-7 (CORDEX (2022)). For all datasets acquired

from CORDEX-Africa, there were divided into two parts; the first part is the historical

simulation which is from 1950 or 1970 to 2005 and the second part was the simulation of

RCP 2.6 and RCP 8.5 which are up to 2100.

2.2 Procedure of analysis

For the analysis and illustration of the data, the programming language Python was used.

Additionally, the software program Climate Data Operator (CDO) was used as it facilitates

14



the processing of climate data (Schulzweida (2017)). For all datasets, the region of study

was defined within the coordinates 21°E and 52°E, 24.5°N and 12.5°S. Thereafter, the data

points over the ocean were masked out as the study’s point of interest was winds over

land. This was particularly important as part of the Indian Ocean that is included in the

define region was assumed to have a significant impact on the results. Thereafter, yearly

mean was derived for all the data sets and a moving average with a window size of 10

years was applied. The calculation of the yearly mean was used to reduce noise in the

dataset since the monthly data has larger variability which made the detection of trends

in a longer time scale more complex. Having a moving average with a window size set

to a decade was also a way to detect potential interannual variability that was clearly

shown in other regions of the northern hemisphere by Zeng et al. (2019). Furthermore,

the seasonal mean of some of the datasets were also calculated to see if the variability

of the wind speed was impacted by the time of the year. The seasons were defined as

December to February, March to May, June to August and September to November. After

the seasonal grouping was attained, the 10-year moving average was applied in the same

manner as it was for the yearly mean.

To detect and visualize the changes in the wind speed, a simple linear regression as

Eq. (3) shows was used.

y = ax + b (3)

In this study, y was the wind speed that depends on the time which in this equation can be

considered as x. The slope a was the trend of wind speeds during the defined time period,

which at times varied per dataset, and was formulated in the units m/s per decade. Lastly,

b is a constant in Eq. (3).

When comparing the development in data sets, the correlation coefficient was used to

determine if there was a correlation between the 10 year moving averages of the wind

speed and the IOD. Due to the datasets being For this study, the Pearson correlation coef-

ficient(r) was calculated based on Eq. (4) where xi is values of the x-variable in a sample,

x̄ is the mean of the values of the x-variable, yi is values of the y-variable in a sample and

ȳ is the mean of the values of the y-variable.
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r = ∑n
i=1(xi − x̄)(yi − ȳ)√

∑n
i=1(xi − x̄)2

√
∑n

i=1(yi − ȳ)2
(4)

The Pearson correlation coefficient can also be used to conduct a significance test with

a resulting p-value. The level of significance within the hypothesis test was set to 0.05.

Therefore, if the p-value was less than 0.05 then the acquired results were considered

statistically significant, thus the null hypothesis could be rejected.

WPD =
ρw3

2
(5)

To determine the wind power potential, the wind power density (WPD) was calculated

using Eq. (5) where ρ is the air density and w is the wind speed. For simplicity, ρ was

assumed to be 1 kg/m3.

16



3 Results

3.1 Observed wind speeds

Figure 7: The mean annual 10m mean wind speed from 8 observation stations in Kenya

(red dashed line) its 10-year moving average (red line) as well as the respective ERA5 10

m mean annual wind speed (blue dashed line) and its 10-year moving average (blue line).

As mentioned earlier, there is a lack of wind observations in the Greater Horn of Africa.

The observational data that was found was analyzed for additional verification to the

reanalysis dataset ERA5. Fig. 7 shows the annual mean and the 10-year moving average

of the observed wind speed in Kenya from 8 different stations. Additionally, ERA5 was

used for comparison which shows that in the 80s and most of the 90s, ERA5 underestim-

ates the wind speeds somewhat, despite similar development as seen in the observations

throughout 1980 to 2021. Approximately from the year 2000 and onward, the difference

between the ERA5 wind speeds and the observed wind speeds is smaller. Further details

such as the topography within a relevant diameter from the stations or the standard of

the observation stations were not investigated further which could also play roll in the

development seen in the observations in Fig. 7.
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3.2 An increase in ERA5 winds speeds and a correlation to the Indian

Ocean Dipole Index

(a) 10m wind speed (b) 100m wind speed

Figure 8: The trend of the ERA5 annual a)10 m and b) 100 m mean wind speed for 1959-

2021. The black arrows indicate the regions where a decrease in wind speed is detected.

Looking into the ERA5 datasets, Fig. 8 shows where the greatest changes in 10 m and

100 m wind speeds have occurred in the study region during the time period 1959-2021.

Most of the region tend so show an increase in the wind speeds but some slight decrease

in wind speed is detected in northern and north-eastern Sudan, northern Ethiopia, Eritrea

and Djibouti, pointed by the black arrows in Fig. 8.

Fig. 9 show a continuous increase in wind speeds over the Greater Horn of Africa dur-

ing the time period 1959-2021. For the 10 m and 100 m wind speeds, the mean increase

is 0.028 m/s and 0.043 m/s per decade respectively but as Fig. 8 shows, this varies spa-

tially. When the IOD index’s 10-year moving average was incorporated, it showed that

it has a significant positive correlation to both the 10m and 100m wind speeds with the

correlation coefficient 0.85 and 0.77 respectively. The performance of a significance test of

the concluded correlation between the wind speeds and the IOD index returned a p-value

below the significance level of 0.05.
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(a) 10 m wind speed (b) 100 m wind speed

Figure 9: The ERA5 annual a)10 m and b)100 m mean wind speed (blue dashed line) and

its 10-year moving average (black line) as well as the 10-year moving average of the Indian

Ocean Dipole (green line) for the time period 1959-2021.

(a) Correlation 10 m wind speed (b) Correlation 100 m wind speed

Figure 10: The correlation coefficient between the 10-year moving average of the Indian

Ocean Dipole and the ERA5 a) 10m wind speed and b)100 m wind speed for the time

period 1959-2021.The blue arrow shows the region in Kenya with mostly no correlation

and the yellow arrow shows the study region’s border to the Democratic Republic of

Congo with a negative correlation.

To further determine the significance of the correlation of wind speeds over the Greater

Horn of Africa and the Indian Ocean Dipole, the spatial variability of the correlation coef-
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ficient is shown in Fig.10. The figures how that the decennial average 10m and 100 m

wind speed have a significant positive correlation to the IOD for most of the study region.

Fig.10 also shows that there is less correlation in smaller parts of Kenya (marked by the

blue arrow) and in the area where the study region borders the Democratic Republic of the

Congo (marked by the yellow arrow). For the 100m wind speeds, there is less correlation

to the IOD in parts of northern Sudan as well (marked by the black arrow in Fig.10(b).

(a) March-May (b) June-August

(c) September-November (d) December-February

Figure 11: The ERA5 seasonal 10 m mean wind speed (blue dashed line) and its 10-year

moving average (black line) as well as the 10-year moving average of the Indian Ocean

Dipole(green line) for the time period 1959-2021.

A similar analysis was performed for the seasonal 10 m wind speeds as well since

the Indian Ocean Dipole cycle does vary during the year. It is known to start some time

during boreal spring and diminish approximately towards the end of boreal autumn (Saji

et al. (1999)). Based on Fig. 11, the wind speeds and the IOD has the weakest correlation

during boreal winter with a correlation coefficient of 0.35. The correlation to the IOD
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index is significantly higher during boreal spring and summer with both seasons having

a correlation coefficient of 0.76.

3.3 CORDEX-Africa historical wind speeds

3.3.1 Historical 10 m wind speeds of regional climate models

Figure 12: The 10 m wind speed 10-year moving averages of the 10 m wind speed in ERA5

and the RCMs covering the Greater Horn of Africa for the time period 1950-2005.

Looking at the historical 10 m wind speeds in three regional climate models downscaled

from three global climate models, Fig.12 shows the differences between the 10-year mov-

ing average in the models and the ERA5 data set. It is clear that all the RCMs overestimate

the wind speeds in comparison to ERA5. Despite this, there is no significant increase or

decrease in the 10-year moving average of the wind speeds in the RCMs but a slight in-

creasing trend is seen in ERA5. The significance of the changes in wind speeds is also

seen Fig.13 that shows the different RCMs for the time period 1950-2005. The changes in

wind speed are small for all RCMs and they do not tend to agree on where the the greatest

increase or decrease has occurred during the time period.
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Figure 13: The trend of the annul mean wind speed in RCMs for the time period 1970-

2005.

3.3.2 Historical 100 m wind speeds of regional climate models

In a similar manner, the historical 100 m wind speeds in three RCMs based on a downscal-

ing of one global climate model were analyzed. Fig. 14 also shows that the RCMs overes-

timate the wind speeds in comparison to ERA5 and the overall changes in the decennial

wind speed are rather small. ERA5 is also the only one that seems to be showing a dis-

tinctive increase in wind speeds. Similarly to the 10 m wind speeds, the changes in the

100 m wind speeds are small as Fig.15 shows. Fig.15 also supports an overall increase in

wind speeds in the study region in ERA5 than the RCMs.
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Figure 14: The 100 m wind speed 10-year moving averages in ERA5 and the RCMs cover-

ing the Greater Horn of Africa.

Figure 15: The trend of mean 100 m wind speed for the time period 1970-2005 in the

respective RCMs and ERA5.
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3.3.3 Future wind speed projection

(a) RCP 2.6 (b) RCP 8.5

Figure 16: The 100 m mean wind speed for the time period 2024-2100 in the respective

RCMs for a) RCP 2.6 and b) RCP 8.5.

Figure 17: The trend of 100 m wind speed for the time period 2024-2100 in the respective

RCMs for RCP 2.6 and RCP 8.5.
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In order to estimate the wind power potential for the Greater Horn of Africa, a future

projection of the 100 m wind speed was analyzed. Under global warming, the RCMs

show that the mean 100 m wind speeds in the study region do not change significantly for

both RCP 2.6 and RCP 8.5 as Fig. 16 illustrates. Looking further into the spatial variability,

Fig.17 illustrates that there are tendencies of increasing wind speeds in a warmer global

climate, which is seen in RCP 8.5 than in RCP 2.6. Despite the differences, the projected

mean wind speed changes in the study area are rather small.

3.4 Wind power potential

Figure 18: The wind power potential for the time period 2024-2100 in the respective RCMs

for RCP 2.6 and RCP 8.5. The regions with the highest wind power potential are in north-

ern Kenya (red oval) and parts of Somalia (green oval).
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Based on the 100 m projected wind speeds under global warming, a mean of the wind

speeds over time was used to determine the wind power potential (WPD). Similarly to

the minor changes of the wind speeds in the study region under global warning, the WPD

is not expected to change much. Fig. 18 shows that the WPD is quite low for most parts

of the study area. It also shows that in parts of Somalia and northern Kenya are the areas

within the study region where the highest WPD is detected.

4 Discussion

This study shows that there is in general no high 10m or 100 m mean wind speeds and

the differences in the past and coming decades are rather small. Despite these results, dis-

cussion points regarding the wind speed observations in the region, potential land cover

changes, areas with higher wind power potential and uncertainties regarding the Indian

Ocean warming are addressed below as they play a roll in the wind speed development

in the Greater Horn of Africa.

4.1 A need for more observation data for verification

Looking at the winds in the past decades (1959-2021) based on ERA5 reanalysis data, there

is a continuous increase of wind speeds in the Greater Horn of Africa. The lack of wide-

spread wind observations in the region for verification makes the increase of wind speed

detected in this study less reliable. However, Fig. 7 does in some way verify that the wind

speeds in ERA5 could act as a good estimate to compensate for the lack of observations.

It is important to note that this verification is rather limited and could be more robust if

there were more stations measuring wind spread out in the study region. Additionally,

the filtering process that was described in Section 2.1 could also have an impact on the

results in terms of quality, as well as the location of the stations with respect to the terrain,

which Fig. 6 partly shows. Apart from ERA5, there are other reanalysis data sets could

and should be analyzed for further understanding of the wind speed variability as a strive

for robustness in wind speed changes in different datasets.

As we know from Section 1.1, there wind speed does highly depend on the pressure
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gradient. An alternative of understanding the wind speed variance over time could be

to use barometric pressure observations. From this, the pressure gradient force could be

derived and as Eq. (2) showed, the resulting wind speed is highly dependent on it. For

wind power potential, the exact wind speed values are not of as much importance as the

magnitude of change observed, which gives room for other relevant parameters to be able

to give this information where wind observation data is lacking.

Using remote sensing tools is also a way of further understanding the wind speed

development in this region. An example of such a tool is the the satellite Aeolus by the

European Space Agency that was developed and launched in 2018 for the purpose of

measuring the global wind profiles from near surface levels up to a 30 km altitude using

the Doppler effect. This gives better coverage in terms of wind speed observation over the

globe, including remote regions, and the information acquired has improved the quality

of global weather forecasts as it gives better starting conditions in regions where meas-

urements are missing (Žagar et al. (2021)). Using such tools to trace wind speed changes

provides additional information that is beneficial to not only understand the changes in

wind speed and wind power potential for a certain region but to climate change as well.

4.2 Further studies regarding land cover changes

As seen in Eq. 2 in Section 1.1, wind speed is impacted by the pressure gradient force and

surface roughness. In this study, the impact of land cover change is not analyzed but this

could possibly explain the minor increase in wind speeds since 1959 in ERA5 (see Fig. 9).

As Zeng et al., 2019 argues, the stilling and reversal of the mean wind speeds observed in

the northern hemisphere were less likely to be due to land-use changes, as the reversal of

near-surface wind speed was drastic and land-use changes was not a sudden occurrence

for these regions at that particular time. But when looking at ERA5 within the Greater

Horn of Africa, the decennial mean wind speed increase could be considered increasing

non-drastically. Additionally, parts of the Greater Horn of Africa is developing fast (IEA

(2022)), which could mean drastic land cover changes during the recent decades. For these

reasons, land cover changes as a possible reason for the increasing wind speed (according

to ERA5) in the Greater Horn of Africa cannot be dismissed without further analysis.
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4.3 Highest wind power potential in northern Kenya and Somalia

Despite the rather low wind power potential in most of the study region, some minor areas

of higher potential were detected in the current climate state and under global warming.

The areas that remain with the highest WPD, even under global warming, were around

northern Kenya and Somalia (see Fig.18). The potential reasons to why there is a higher

WPD these regions are explained in section 4.3.1 and 4.3.2 by a cross equatorial flow that

develops to become the so-called Somali low-level jet and the Turkana low-level jet, which

could be a branch of the Somali jet due to the topography in the study region.

4.3.1 The Somali Jet

Shown by Findlater (1969) a low-level jet stream exists in the regions close to western In-

dian Ocean particularly during boreal summer. This jet is seen to cross the equator from

the south/southeast through eastern Kenya, then head towards India from the south-

west passing through most of Somalia, reaching the ITCZ in the northern hemisphere.

The so-called Somali jet is important for the Indian monsoon (T. N. Krishnamurti and

Bhalme (1976)). Shi et al. (2016) showed that that the Somali jet intensity during boreal

spring and summer is correlated to the variability of the Antarctic Oscillation during the

previous boreal winter through the SST in the southern high and middle latitudes. The

existence and intensity of this jet could therefore explain the higher wind power poten-

tial over Somalia. The Somali jet could also explain the high correlation of wind speeds

and the IOD as Fig. 11 showed for boreal spring and summer as May-July is when the

core of the jet is over the Horn of Africa as the studies by T. Krishnamurti and Findlater

(1978) and T. N. Krishnamurti and Bhalme (1976) showed. In order to understand how the

wind power potential could change over Somalia, further research regarding the Somali

jet under global warming is beneficial. It is also important to add that since Somalia is a

coastal country, local phenomena such as sea-breeze could also impact the winds but such

phenomenon are not researched in this report.
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4.3.2 The Turkana Jet

(a) Northeasterly flow during boreal winter (b) Southeasterly flow during boreal summer

Figure 19: A simple illustration of a branch of a flow (black arrows) entering between the

Ethiopian highlands and East African highlands at Marsabit, the entrance of the Turkana

channel(marked as A) during a) boreal winter and b) boreal summer (J. Kinuthia and

Asnani (1982)).

In northern Kenya, a channel is located around the Lake Turkana region with its entrance

marked as A in Fig. 19. This channel is a result of the valley between the Ethiopian

Highlands where the Simien Mountains are found and the East African highlands where

the highest mountains in Africa such as Mount Kenya and Mount Kilimanjaro are found.

In this channel, J. Kinuthia and Asnani (1982) and J. H. Kinuthia (1992) showed that there

exists a strong low-level jet throughout the year. This could be seen during boreal summer

(winter) as south-easterlies (north-easterlies) diverge at the entrance of the channel due to

orographic forcing of the Ethiopian and East African highlands. This forces a branch of
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the winds to enter the narrow Turkana channel as seen in Fig. 19 and intensify in speed

while sustaining the same southeasterly wind direction then slows down once it exists

the channel. This phenomenon can be explained by the Venturi effect which is based

on the Bernoulli principle. The Turkana low-level jet is most likely the explanation to

why the wind power potential is higher in this region. Its occurrence is highly due to the

topography, which could also explain why the correlation of the wind speeds and the IOD

is close to none in this region as the blue arrow in Fig. 10 showed.

4.4 The Indian Ocean Dipole under global warming

Due to the rather high correlation between the Indian Ocean Dipole and the wind speed

over the greater Horn of Africa, understanding how the Indian Ocean could change due

to global warming is beneficial knowledge to the future projection of wind speed and the

wind power potential. The RCMs in CORDEX-Africa do not tend to completely cover

the Indian Ocean and since they are a downscale of GCMs, understanding how the sea

surface temperature development is in the GCMs is crucial.

Conway et al. (2007) studied of the behavior of the IOD based on six Global Climate

Models show different responses of IOD events under future global warming. 3 of 6 mod-

els showed an increasing positive IOD event, 2 showed decreasing positive IOD events

and one didn’t show a significant change. Zheng et al. (2013) also showed the variability

of sea surface temperature among 17 CMIP5 GCMs (including the GCMs mentioned in

this study) due to global warming. As seen in Section 3, there is a trend of the IOD going

towards the more positive side since 1960s. This is in line with the study by Cai et al.

(2009) that showed that there has been less negative IOD events and more positive IOD

events which can be explained by the uneven warming rate of the Indian Ocean (slower

in the eastern part of the basin than the western part). Cai et al. (2013) also showed that

the mean climate conditions under global warming have similar characteristics to the In-

dian Ocean being in a positive IOD event. The study also showed that the frequency of

the IOD events is not projected to change. Furthermore, Cai et al. (2021) also conducted a

study simulating moderate and strong positive IOD events under global warming. This

resulted in a decrease in moderate positive IOD events and an increase in extreme posit-
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ive IOD events. As the wind increase seen in ERA5 is aligned with positive IOD events,

a possible increase in the mean wind speed in the future in the Greater Horn of Africa

cannot be ruled out. Depending on the magnitude of the increase in wind speeds, the

future projections presented in Section 3.3.3 and 3.4 should be investigated further based

on the Indian Ocean warming in the GCMs that the RCMs are downscaled from as there

could be contradicting outcomes. Further studies regrading the Indian Ocean warming

variability is key in determining the future wind power potential for the region.

5 Conclusion

This study shows that there is a small but continuous increase in both 10 m and 100 m

wind speeds from ERA5 over the Greater Horn of Africa since 1959 with a significant

correlation to the Indian Ocean Dipole. The CORDEX-Africa RCMs do not tend to agree

regarding the historical increase in wind speed as they show a more or less constant wind

speed development. For the wind power potential in the region, the mean 100 m projec-

ted wind speed continued to show a rather constant development for this century on a

decennial timescale. While most of the Greater Horn showed a low wind power poten-

tial, northern Kenya and Somalia showed distinctive higher wind power potential until

the year 2100. This could be explained by the occurance of the low-level Somali jet and

Turkana jet.

Despite the non-significant projected changes in the wind speed, there are concerns

regarding the historical and initial conditions due to the lack of wind speed observations.

Recommendations such as using other parameters like barometric air pressure and remote

sensing tools such as satellite are given as away to fill the current (and future) knowledge

gap regarding the wind speed in this region. The land cover changes could also be a

reason for the small increase, which is recommended to be investigated further as this re-

gion is currently rapidly developing. Furthermore, the uncertainties regarding the warm-

ing of the Indian Ocean in the future needs more in depth study as the ocean-atmosphere

oscillation IOD can be considered to have an impact on the wind speed and the wind

power potential in the Greater Horn of Africa.
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