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ABSTRACT 
 

This paper assessed projected changes of wind power potential in near future climate scenarios 
over four sites from two contrasting regions of Burundi. Observed and MERRA-2 data sets were 
considered for the historical period 1981-2010, and a computed Multi-model ensemble for future 
projections data of eight Regional Climate Models under RCP 4.5 and 8.5 over the period 2011-
2040 was used. Regional Climate Models were downscaled at local climate using Empirical 
Statistical Downscaling method. Mann-Kendall’s test was used for trend analysis over the historical 
period, while future changes in wind power density (WPD) quartiles were computed for each climate 
scenario by 2040. The findings revealed an increase in wind power potential all over the area 
studied with higher values during summer time. Indeed, over the period 2011-2040, the lowest WPD 
change is projected at Northern highlands (NHL) under RCP 4.5 with 27.03 W.m

-2
, while the highest 

WPD change of 46.34 W.m
-2

 is forecasted under RCP 8.5 at Southern Imbo plain (SIP). The month 
of August and September are expected to have higher WPD change in RCP 4.5 and RCP 8.5, 
respectively while January is projected to have the lowest WPD. Places near by the Lake 
Tanganyika are the most favorable areas for wind power generation. 
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ABBREVIATIONS 
 
MERRA-2 : Modern Era Reanalysis for 

Research and Applications version 
2 

MK : Mann-Kendall 
NHL : Northern Highlands 
NIP : Northern Imbo Plain 
RCP : Representative Concentration 

Pathways  
RCM : Regional Climate Model 
SHL : Southern Highlands 
SIP : Southern Imbo Plain 
WPD : Wind Power Density 
WS : Wind Speed 

 

1. INTRODUCTION 
 

Climate change effects vary from one region to 
another depending on various socio economic 
and environmental factors [1].  Globally, climate 
change is predicted to cause stronger surface 
wind speed values across the boreal regions of 
the Northern Hemisphere, including much of 
Canada, Siberia and northern Europe, and in 
tropical and subtropical regions in Africa, and 
Central and South America. However, 
Greenland, southern Europe, China, India, 
southern Australia and much of the west coast of 
South America are expected to experience 
decreasing wind speed values [2]. To mitigate 
climate change impacts, renewable sources have 
received considerable attention in power 
generation [3]. Therefore, the increasing demand 
for renewable energy sources in the coming 
decades requires that we have a clear 
understanding of the susceptibility of these 
resources to climate change [4,5]. Burundi is an 
East African country heavily dependent on 
hydropower for his electricity production and 
experiences power shortage during the dry 
seasons [6]. To supplement the shortfall of 
electricity fossil fuels have become an alternative 
solution [7] which contributes to the environment 
destruction. However, Burundi has average wind 
speeds varying between 4 m.s-1 and 6 m.s-1 [8] 
which, if thoroughly investigated, could be used 
to a large extent to reduce the dependence of 
fossil fuels in electricity generation. Therefore, 
this study aims to analyze the wind power 
potential in near future climate. Specifically, we 
determine the wind power potential over the 
current period 1981 - 2010 and analyze the 
projected changes over the period 2011-2040 
under climate scenarios RCP 4.5 and 8.5 by 
considering four sites (Northern Highlands, 

Northern Imbo Plain, Southern Highlands and 
Southern Imbo Plain) from two contrasting 
regions; western lowlands and highlands of 
Burundi. 
 

2. MATERIALS AND METHODS 
 

2.1 Study Area 
 

The Fig. 1 shows the study area location in 
Burundi, an East African country between 
longitudes 28.8° and 30.9° East and latitudes 
2.3° and 4.45° South [9]. Bounded to the north 
by Rwanda, to the East and South by Tanzania 
and to the West by the Democratic Republic of 
Congo (DRC), Burundi covers an area of 27834 
km2 [10]. The study area elevation is between 
1800 and 2650 m altitude in the highlands while 
lowlands are between 774 and 1000 m altitude. 
The studied sites are highlands and western 
lowlands of Burundi. For better analysis, the 
highlands were divided into Northern Highlands 
(NHL) and Southern Highlands (SHL) while the 
western lowlands were split into Northern Imbo 
Plain (NIP) and Southern Imbo Plain (SIP). 
 

2.2 Data Source 
 
Three sets of data are used in this study.                
The first set consists of observed data collected 
from the meteorological stations of Burundi 
located in Fig. 1 belonging to the Geographical 
Institute of Burundi (IGEBU). Wind speed 
observed data were collected over the                
period 1981-2010 at hourly scales. However, 
only the station of Bujumbura (Airport) was                
able to cover the considered period 1981-2010, a 
period which respects the normal of 30 years             
at least, recommended by World Meteorology 
Organization (WMO). To complement            
observed values at hourly scales, the second set 
of data grouping MERRA-2 (Modern Era 
Reanalysis for Research and Applications 
Version 2) data available online at 
[https://gmao.gsfc.nasa.gov/reanalysis/MERRA-
2/] was used. This data set is very useful in view 
of the fact that weather stations are limited in 
number, unevenly distributed, have missing data 
problem and short period of observation [11]. 
Missing observed data have been filled using 
cross validation method following Ioannis [12]. 
 
For future climate, the third data set groups           
wind speeds from eight Regional Climate Models 
downscaled at climate stations using Empirical 
Statistical Downscaling [13]. The Table 1 



 

provides concise information on the used Models 
to run the Multi-Model ensemble. 

 
This data set is available in the context of the 
COordinated Regional Climate Downscaling 
Experiment (CORDEX) over Africa at 0.44° 
resolution for the period 1950 to 2100 
accessed online [https://www.cordex.org]
user registration. RCM historical data have been 
used for bias correction. Furthermore, in this 
study, we considered wind speeds at 12 m 
height, the height at which IGEBU data were 
collected. MERRA-2 and RCM wind speeds data 
were however at 10 m height and the power law 
[15] was used to calculate wind speeds at 12 m 
height. Furthermore, MERRA-2 data were 
compared to available ground data befo
 

Table 1. Climatic models used
 

Global climate model 
name 

Institute ID

CanESM2 CCCma
CNRM-CM5 CNRM
EC-EARTH ICHEC
IPSL-CM5A-MR IPSL
MIROC5 MIROC
MPI-ESM-LR MPI-
NorESM1-M NCC
GFDL-ESM2M NOAA
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Fig. 1. Study area location 
 

provides concise information on the used Models 

This data set is available in the context of the 
COordinated Regional Climate Downscaling 
Experiment (CORDEX) over Africa at 0.44° 
resolution for the period 1950 to 2100 [14] and 

https://www.cordex.org] through 
user registration. RCM historical data have been 
used for bias correction. Furthermore, in this 
study, we considered wind speeds at 12 m 
height, the height at which IGEBU data were 

2 and RCM wind speeds data 
were however at 10 m height and the power law 

was used to calculate wind speeds at 12 m 
2 data were 

compared to available ground data before it was 

used to complement observations and adopted 
as observed data in this study. The same 
procedure has been used by Asfaw et al. 
 

The power of the wind at 12 m height was 
computed following Wilkie et al. 
trend analysis was done using the Mann
Kendall’s (MK) test (1945) [17

threshold 05.0 . Furthermore, the spatial 
distribution of wind power density was mapped 
using Inverse Distance Weighted (IDW) 
interpolation method [19]. Climate Data 
Operators [20] and R program [21
used for data computation, analysis and 
visualization. The procedural steps highlighted in 
Fig. 2 were used in this study. 

Table 1. Climatic models used 

Institute ID Model short 
name 

Model origin 
country 

CCCma CCCma Canada 
CNRM-CERFACS CNRM France 
ICHEC ICHEC Europe 
IPSL IPSL France 
MIROC MIROC Japan 

-M MPI Germany
NCC NCC Norway 
NOAA-GFDL NOAA USA 
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Fig. 2. Used steps in assessing the impacts from near future climate scenarios to wind power 

 
3. RESULTS AND DISCUSSION
 
3.1 Monthly and Annual Wind Potential
 
The Fig. 3 shows the monthly wind potential 
the current period 1981-2010 at NHL, NIP, SHL 
and SIP. The figure highlights that from May (5) 
to September (9), the average wind sp
is greater than 4 m.s-1 all over the four sites. This 
period of high WS coincides with the long dry 
season. Indeed, the SIP site is revealed to have 
the highest WS from January to December. On 
the other hand, the same figure presents the Air 
density over the four sites. The highlands sites 
(NHL and SHL) have lower air density than 
lowlands sites; which is obviously explained by 
the elevation between the two regions (Fig. 1).  
These two parameters are very important for 
wind power computing [16]. 

 
The Fig. 4 compares MERRA-2 (observation) 
and downscaled RCM wind speed at annual 
scale, calibrated over the period 1981
performance was objectively measured based on 
Nash efficiency criterion, R² for each site. In fact, 
R² was found equal to 0.85, 0.96, 0.92 and 0.94 
at NHL, NIP, SHL and SIP, respectively. 
Furthermore, the similarity between MERRA
and downscaled RCM distribution was measured 
based on Kolmogorov-Smirnov test. Indeed, the 
distance between the two distribution function 
was found equal to 0.4 with a p-value of 0.69, 0.2 
with a p-value of 0.96, 0.14 with a p
and 0.33 with a p-value of 0.97 at NHL, NIP, SHL 
and SIP, respectively. Statistically, the two 
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Fig. 2. Used steps in assessing the impacts from near future climate scenarios to wind power 
potential 

SSION 

Annual Wind Potential  

The Fig. 3 shows the monthly wind potential over 
2010 at NHL, NIP, SHL 

and SIP. The figure highlights that from May (5) 
to September (9), the average wind speed (WS) 

all over the four sites. This 
period of high WS coincides with the long dry 

deed, the SIP site is revealed to have 
the highest WS from January to December. On 
the other hand, the same figure presents the Air 
density over the four sites. The highlands sites 
(NHL and SHL) have lower air density than 

y explained by 
the elevation between the two regions (Fig. 1).  
These two parameters are very important for 

2 (observation) 
and downscaled RCM wind speed at annual 
scale, calibrated over the period 1981-2010. The 
performance was objectively measured based on 
Nash efficiency criterion, R² for each site. In fact, 

5, 0.96, 0.92 and 0.94 
at NHL, NIP, SHL and SIP, respectively. 
Furthermore, the similarity between MERRA-2 
and downscaled RCM distribution was measured 

Smirnov test. Indeed, the 
distance between the two distribution function 

value of 0.69, 0.2 
value of 0.96, 0.14 with a p-value of 0.97 

value of 0.97 at NHL, NIP, SHL 
and SIP, respectively. Statistically, the two 

distribution function are the same at significance 
level 05.0 . 
 

3.2 Monthly and Annual Wind Power 
Potential 

 
The Fig. 5 presents the monthly distribution of 
wind power density (WPD) over the reference 
period 1981-2010.  
 

The figure highlights areas in low and high WPD 
for the twelve months of the year. 
from June to September, we have months in high 
WPD with values greater than 60 W.m
from November to March, we have months in low 
WPD with values less than 25 W.m
findings show that the months of April, May and 
October have WPD between 25 and 60 W.m
Furthermore, within the four sites, SIP is 
revealed to have higher WPD than other sites 
over the entire baseline period with values 
greater than 120 W.m

-2
 during the summer time.

Moreover, MK’s test detected an upward trend in 
WPD at significance level equals to 0.05. The 
Kendall’s tau of 0.31, 0.38, 0.36 and 0.49 with 
their respective p-values equal to 0.0098, 
0.0016, 0.0033 and < 0.0001 were revealed at 
NHL, NIP, SHL and SIP, respectively
from the results, the four sites are only promising 
for installing wind turbine for small
generation. In addition, the demand of water for 
irrigation is seasonal and it is found that the 
highest wind power density coincides with the dry 
season which may favor wind powered water 
pumping applications. Otherwise, large
wind power generates at least 200 W.m
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distribution function are the same at significance 

Monthly and Annual Wind Power 

presents the monthly distribution of 
wind power density (WPD) over the reference 

The figure highlights areas in low and high WPD 
for the twelve months of the year. Therefore, 
from June to September, we have months in high 
WPD with values greater than 60 W.m

-2 
while 

from November to March, we have months in low 
WPD with values less than 25 W.m

-2
. The 

findings show that the months of April, May and 
ween 25 and 60 W.m-2. 

Furthermore, within the four sites, SIP is 
revealed to have higher WPD than other sites 
over the entire baseline period with values 

during the summer time. 
Moreover, MK’s test detected an upward trend in 

significance level equals to 0.05. The 
Kendall’s tau of 0.31, 0.38, 0.36 and 0.49 with 

values equal to 0.0098, 
0.0016, 0.0033 and < 0.0001 were revealed at 
NHL, NIP, SHL and SIP, respectively. However, 

e only promising 
for installing wind turbine for small-scale power 

the demand of water for 
irrigation is seasonal and it is found that the 
highest wind power density coincides with the dry 
season which may favor wind powered water 

. Otherwise, large-scale 
wind power generates at least 200 W.m

-2
 which 
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require that mean wind speeds exceed 7 m/s 
[15]. 
 

3.3 Future Wind Power Potential 
 
The Fig. 6 and Fig. 7 present the spatial 
projected monthly WS following RCP 4.5 and 
RCP 8.5, respectively. The analysis of the Fig. 3 
shows that, from October to March, projected 
WPD is below 60 W.m

-2
 all over the study area. 

The months June-September are forecasted to 
have the highest WPD above 120 W.m

-2
. Among 

the four sites, SIP is expected to experience the 
highest WPD. Furthermore, the south of NIP will 

experience higher WPD than other parts of NIP. 
Moreover, the southern parts of SHL are 
projected to be in higher WPD than other parts of 
SHL. Likewise, the analysis of the Fig. 4 reveals 
that, from October to April, the WPD is projected 
to be below 100 W.m

-2
 while the months May-

September are forecasted to experience WPD 
above 120 W.m

-2
. Higher WPD is projected at 

SIP with values greater than 250 W.m
-2 

in 
September. Comparing findings from RCP 4.5 
with RCP 8.5, WPD values are higher in RCP 8.5 
with a slight difference except at SIP in 
September. 

 

 
 

Fig. 3. Monthly wind potential and air density over the period 1981 – 2010 
 

 
 

Fig. 4. MERRA-2 and downscaled RCM wind speed over the period 1981 - 2010 
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3.4 Wind Power Density Projected 
Changes 

 
The Fig. 8 uses violins to explain WPD projected 
changes. The red dot shows the mean of 
projected WPD changes. The thicker part 
indicates that the monthly WPD change value in 
that section of the violin has higher frequency, 
and the thinner part implies lower frequency. The 
bottom of the violin shows the minimum WPD 
change value while the top of the violin means 
the maximum value. For more clarity, only 
months corresponding to the maximum and 
minimum changes have been visualized with the 
violin. Furthermore, the first crossbar of the violin 
marks the 1st quartile, the second crossbar is the 
2

nd
 quartile (median) and the last is the 3

rd
 

quartile. 
 
Therefore, in RCP 4.5, an average WPD change 
of 27.03 W.m

-2
, 29.28 W.m

-2
, 27.14 W.m

-2
 and 

30.08 W.m-2 is projected at NHL, NIP, SHL and 
SIP, respectively by 2040. Although these 
changes are close, the analysis shows that WPD 
changes in lowlands (NIP and SIP) are higher 
than highlands (NHL and SHL). All over the four 
sites, the month of August is projected to 
experience the highest WPD changes while 
January will have the lowest. In August the 

highest WPD change value is expected at SIP 
with 49.7 W.m-2, while in January the lowest 
change will be at NHL with 11.6 W.m

-2
. Likewise, 

following RCP 8.5, the month of September is 
expected to have the highest WPD changes all 
over the study area. Indeed, in the lowlands, 
September shows the higher changes than 
highlands where SIP is expected to experience 
the highest WPD change value equal to 98.6 
W.m-2. Overall, in RCP 8.5, NHL, NIP, SHL and 
SIP are projected to experience WPD changes 
equal to 27.2 W.m-2, 30.21 W.m-2, 27.44 W.m-2 
and 46.34 W.m

-2
, respectively. Both the 

scenarios agree on January as a projected 
month to experience the lowest WPD changes 
across the lowlands and highlands. 
 

3.5 Annual Spatial Distribution of 
Projected WPD Changes 

 
The Fig. 9 presents the spatial distribution of 
annual WPD changes over the period 2011-2040 
(11/40) following RCP 4.5 and RCP 8.5 
according to the reference period 1981-2010. 
The figure shows that changes are expected to 
be higher in RCP 8.5 than RCP 4.5. In fact, 
changes in RCP 4.5 will be less than 30 W.m-2 
while changes in RCP 8.5 will be higher than 25 
W.m-2. 

 

 
 

Fig. 5. Monthly and annual wind power potential over the period 1981 - 2010 
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Fig. 6. Monthly and annual WPD over the period 2011 – 2040 under RCP 4.5 
 

 
 

Fig. 7. Monthly and annual WPD over the period 2011 – 2040 under RCP 8.5 
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Fig. 8. Projected monthly and annual average WPD changes over the period 2011-2040 under 
RCP 4.5 and RCP 8.5 

 

 
 

Fig. 9. Spatial distribution of annual WPD change by 2040 under RCP 4.5 and RCP 8.5 
 

Furthermore, western areas near by the Lake 
Tanganyika are expected to experience higher 
increase in WPD than other areas. Indeed, the 
entire SIP is projected to experience sensitive 
changes in RCP 8.5.  
 
The findings from this study projecting increase 
in WPD are consistent with many studies 
projecting increase in wind speeds from different 
regions of the globe as well as studies from East 
Africa [1,22-25] as the result of the global climate 
change. 

4. CONCLUSION 
 

Future Climate Scenarios showed that wind 
power potential is expected to increase in the 
highlands and western lowlands of Burundi over 
the period 2011 – 2040. 
 
In the future climate, following RCP 4.5, an 
average WPD change of 27.03 W.m

-2
, 29.28 

W.m-2, 27.14 W.m-2 and 30.08 W.m-2 is projected 
at NHL, NIP, SHL and SIP, respectively. All over 
the four sites, the month of August is projected to 
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experience the highest WPD change. On the 
other hand, following RCP 8.5, the month of 
September is expected to have the highest WPD 
change all over the study area. The sites NHL, 
NIP, SHL and SIP are projected to experience 
WPD changes equal to 27.2 W.m

-2
, 30.21 W.m

-2
, 

27.44 W.m-2 and 46.34 W.m-2, respectively in 
RCP 8.5. Both the scenarios agree on January 
as a projected month to experience the lowest 
WPD changes across the western lowlands and 
highlands of Burundi. Furthermore, both climate 
scenarios agree on SIP as the site expected to 
experience the highest WPD by 2040. The 
findings highlighted that areas near by the Lake 
Tanganyika are expected to experience higher 
increase in WPD than other areas. 
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