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Abstract 

Solar energy remains one of the few bright spots in renewable energies in the 21 st century. Solar 

farms can provide clean renewable energy to homes, businesses, and the agricultural sector. 

An investigation was done on the impact of climate change on the solar energy potential in two 

locations in the Sahelian part of Mali (Bamako and Mopti) together with an assessment of the 

suitability of these regions for siting solar energy panels for both present day and future climate. 

The study was done using the output of the 12-km spatial resolution weather research and 

forecasting (WRF) model. The results showed that the increase in Shortwave-Surface-Downward-

Diffuse-Irradiance (swddif) is more significant in the near and far future in Bamako than Mopti. 

For the near future an increase of +2.2W/m2 for Bamako and +1W/m2 for Mopti were observed in 

May. For the far future, an increase of +3.5W/m2 for Bamako and +1.75W/m2 for Mopti were 

observed in May. However, increase in Shortwave-Surface-Downward-Direct-Irradiance (swddir) 

is almost the same for Bamako and Mopti for the near future an increase of +2W/m2 observed in 

the month of July for both Bamako and Mopti and for the far future an increase of +6W/m2 

observed in the month of July for both Bamako and Mopti. There is an increase of temperature 

over both localities and it’s more significant in Mopti than Bamako. A continuous increase in 

surface temperature(ts) is clearly observed for the near and far future over both Bamako and Mopti. 

The peaks over both localities are observed in May, September, October, and November. A high 

augmentation is observed during the month of February for both near and far future. Thus, based 

on the three parameters used in this study, the locality of Mopti will be more suitable for solar 

energy panels   to satisfy the energy needs in Mali.  

Key Words: Solar energy, Climate change, WRF, swddir, swddif, ts. 
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Chapter 1 

INTRODUCTION 

 

1.1. Background  
The effects of climate change can be seen everywhere across the world (e.g. increase in droughts, 

floods, intense storms, among others, arguably can be attributed to climate change). Extreme 

weather patterns have a huge impact on the environment, economy and human well-being. The 

emissions of greenhouse gases (GHGs) is mainly due to increase in anthropogenic greenhouse gas 

(GHG) concentrations (IPCC, 2007). The consumption of fossil fuels is the main source of 

emissions of global anthropogenic GHG emissions mainly from electricity production (IPCC, 

2011). 

 

Energy from the sun is the fundamental source of energy driving our climate system. Changes in 

the total amount of energy received at the earth surface, can lead to climate change at global, 

regional, and local scales (POWER et al., 2005). Energy is the driver of the development in 

countries all over the world. It contributes to the sustainable development of nations. Access to 

electricity is low in many countries in the world and populations are relying on wood, charcoal or 

biomass materials to satisfy their energy needs. The growth in population leads to an increase in 

the energy demand which in turn leads to changes in the climate. In order not to compromise 

future energy generation, there is a need to use renewable energy (RE) such as (solar energy, wind 

energy, and biomass). This REs have high potential in many countries in the world. Solar energy 

is the cleanest source of energy (IREN21, 2011). According to Martin et al. (2016), there has been 

considerable effort to make use of solar energy efficiently since the industrial revolution. This 

effort has been made in anticipation that fossil fuels would run out in the future. However, very 

few resources have been directed towards forecasting incoming energy at ground level. It is 

necessary for the integration of solar energy (thermal power and photovoltaic) into electric grid 

within different sources of electric power generation, to have energy forecasting models.  These 
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models will become more complex as they gain recognition as an energetic resource in the near 

future. Photovoltaic and solar thermoelectric power are main sources of solar energy for electricity 

generation. There is a   need for necessary information on solar radiation to predict the amount of 

energy which will be produced. 

 

Studies have indicated that, knowing and understanding the trends and variability of past climate 

is fundamental to understanding the climate system and can help mitigate the damages from 

climate change (e.g. Moore et al., 2001; Luhunga et al., 2016). Nowadays, Global Climate Models 

(GCMs) are available for simulating the response of the global climate system to increased 

greenhouse gas concentrations in the atmosphere (e.g. Villegas and Jarvis 2010; Daniels et 

al.,2012; Hassan et al., 2013; Xiaoduo et al., 2012). However, the spatial resolution of the GCMs 

are too coarse for impact studies as impact and adaptation studies require simulation data with 

high spatial resolution.  Thus, there is the need to downscale the GCMs for this purpose. The use 

of Regional Climate Models (RCMs) to downscale GCMs, is the widely applied method to obtain 

high resolution climate information (Denis et al., 2002; Min et al., 2013). RCMs have been used 

over large domains to provide climate simulation with high resolution. Some studies indicate the 

sensitivity of RCM simulations to surface forcing as well as the size of the integration domain 

(e.g. Xiaoduo et al., 2012, Roux 2009, Wilby and Fowler 2011). The model performance is not 

homogenous across regions. For instance, Endris et al., 2013, demonstrated that RCMs simulated 

rainfall better in one region but more poorly in another region over the same time period. In 

another study, the Rossby Centre Atmospheric model version 3 (RCA3) RCM simulated annual 

mean precipitation and the mean seasonal cycle of precipitation much better when driven by 

ECHAM5 than ECHAM4. ECHAM4 and ECHAM5 driven simulations overestimated both the 

mean sea level pressure and sea level pressure gradient, while HadCM3 driven simulations 

underestimated both of these features (Min et al., 2013; Meier et al.,2011). 

 

With regards to radiation, many radiation related studies in the Northern Hemisphere have been 

based on the evaluation of the trends and variability in global radiation and a few studies have 

analyzed the variability in the diffuse and direct components of solar radiation (Power et al., 2005).  
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1.2. Problem statement  
The main source of electricity production in Mali are, hydropower and fossil fuel. The heavy 

dependence on imported petroleum is putting the country’s foreign reserves under pressure and 

highlighting the need for the development of the energy sector. Mali has a huge potential of 

renewable energy (wind, Biomass, Solar) that could be harnessed to satisfy the country’s energy 

needs. Given the current trend of changes in climate, it is important to understand the impact of 

climate variability and change on renewable energy resources. With regards to hydropower 

generation, it is common knowledge that river flow in the country has changed dramatically and 

this change is hypothesized to be due to climate change.  As stated earlier concerning radiation 

related studies in the Northern Hemisphere, few studies have analyzed the variability in the diffuse 

and direct components of solar radiation but understanding the variability of these parameters is 

critical for the integration of solar energy into the national electric grid. Thus, there is a need for 

high resolution climate simulations if meaningful studies on the impact of climate variability and 

change are to be carried out at the national level. So far, no study has been carried out on the 

assessment of the impact of climate change on solar energy potential in the country. However, 

(Badger et al., 2012) only estimated wind and solar resources in the country by using Satellite 

data. 

1.2.1. Objectives of the thesis   
The aim of this study - is to investigate the impact of climate change on the solar energy potential 

in two locations in Sahelian part of Mali: Bamako and Mopti.  

The specific objectives are: 

- To evaluate the output of the 12-km spatial resolution Weather Research and Forecasting Model 

(WRF12km) for present day climate. 

-  To analyze trend and variability of temperature and solar radiation over Bamako and Mopti. 

- To examine the future evolution of temperature and solar radiation over Bamako and Mopti using 

the RCP 4.5 scenario simulation from the 12-km spatial resolution Weather Research and 

Forecasting (WRF12 km) model. 

- To assess the suitability of Bamako and Mopti for siting solar energy panels for both present day 

and future climate. 
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1.2.2. Research questions: 
In order to appropriately investigate the impact of climate change on the potential of solar energy, 

the following questions were raised: 

• Which are the best forcing GCMs for predicting direct (beam) and diffuse components of solar 

radiation and surface temperature over West Africa? 

• What is the trend in surface temperature, direct (beam) and diffuse components of solar 

radiation over Bamako and Mopti? 

• How will climate change affect solar energy potential in Bamako and Mopti? 

 

1.2.3. Significance of Study   
The use of high resolution climate simulations will greatly contribute towards understanding the 

variability of surface temperature, shortwave surface downward diffuse irradiance and shortwave 

surface downward direct irradiance and aid the assessment of solar energy potential. This 

information is useful in exploring the possible integration of solar energy into the national grid. 

1.2.4. Scope of the study 
This study will use the 12 km spatial resolution WRF output to simulate the impact of climate 

change on the solar energy potential over Bamako and Mopti. The physical parameters: only 

shortwave surface downward diffuse irradiance, shortwave surface downward direct irradiance, 

surface temperature were used to achieve this work. Additional parameters (including non-

climatic ones) need to be taken into consideration for a holistic investigation. 

 1.2.5. Roadmap  
The introduction has been presented in the first chapter. The second chapter is the literature review 

which comprise of renewable energy and solar energy development throughout the world in 

general and West-Africa in particular. The methodology of the study is presented in the third 

chapter.  Results and discussions constitute the fourth chapter, while a summary of the study, 

conclusions and recommendations on integrating solar energy into the national grid of Mali, can 

be found in the last chapter. 
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Chapter 2 

LITERATURE REVIEW 

Introduction: 
This chapter gives an overview of renewable energy situation in the Economic Community of 

West African States (ECOWAS) region, and a review of relevant literature on the subject matter. 

 2-1 ECOWAS RENEWABLE ENERGY:   
The household sector consumes more energy of all final energy consumption for the states of Niger 

and Gambia. For example, the household sector in Niger account for 90 % of all final energy. 

In 2012, Ghana’s final energy consumption was 38.8%, transportation sector was 38.9% and 

industrial sector was 20%. In the other states of the ECOWAS region, the energy consumption is 

distributed between economic sectors and household sector in a much broader manner.  

 

In the lead-up to developing the ECOWAS Renewable Energy Policy, the ECOWAS Centre for 

Renewable Energy and Energy Efficiency (ECREEE) identified several major interrelated energy 

challenges facing the region. The challenges included energy access, energy security on human 

health and the environment, and climate change. Each of these play a major role in shaping the 

regional energy situation and policy framework and thus, must be taken into account in any 

investment initiative. Sub-Saharan Africa was the only region in the world where the rate of 

progress in expanding access to electricity and non-solid fuels fell behind population growth 

between 1990 and 2010. The ECOWAS region’s total final energy consumption (TFEC) reached 

approximately 5,687 petajoules in 2010, accounting for about 35% of the sub-Saharan total. Across 

the region, traditional biomass resources such as wood and charcoal play a central role in fulfilling 

basic energy needs. In 2010, traditional biomass accounted for more than half of TFEC in nine 

Member States (see Figure1). Households in particular depend heavily on these resources. In the 

Gambia, for example, the International Renewable Energy Agency (IRENA) estimates that 

traditional biomass accounts for 90% of household energy consumption (rising to 97% in some 

rural areas). In Cote d’Ivoire, wood and charcoal account for about 70% of household energy 

consumption (IRENA, 2014).   
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Figure 1: Share of Traditional Biomass in Total Final Energy Consumption in 2010. 

Source: United Nations’ Sustainable Energy for All (SE4ALL).   

2.2 ENERGY SITUATION IN MALI: 
The primary energy supply in Mali is biomass (figure 2) and it supplies all the energy consumed 

in the household sector.  Electricity access rates are low but improving, electricity demand is 

growing extremely fast, driven by domestic consumers and the industrial and mining sectors. The 

national grid has a large but declining share of hydroelectricity, but both isolated centers and large 

capacitive generators rely exclusively on fossil fuels to satisfy their energy needs (REA, 2015). 

 

Figure 2:Total Primary Energy Supply in 2000 and 2008 (source: IRENA; 2012). 
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Energy Mali (EDM-SA), the organization that generates, transmits and distributes electricity in 

Mali, has now been privatized in an effort to improve efficiency. The electricity demand grew 

significantly from 785 GWh in 2008 to 1000 GWh in 2012 and the growth rate was 6.6% per year. 

The number of clients increased from 202000 to 290000 during the same period. The electricity 

demand is unexpressed and unsatisfied for both household and industrial sectors, particularly in 

the mining sector.  

The capacity gap needed to meet demand was 111MW in 2013 which represented 45% of needs 

and the estimated capacity gap was 32MW in 2014 (see figure3), which represented 13.2% of 

needs (EDM-SA, 2013). 

 

 

Figure 3:Energy Demand & Production Projections (MW) – On grid EDM-SA (Source: API, 

2011). 
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2.2.1 Electricity supply: 
Malian electricity sector is divided into four sub-sectors: the interconnected system, isolated 

centers, capacitive generation by large consumers and rural sector.  EDM is the manager and the 

owner of the interconnected system mainly dominated by hydroelectricity generated from the 

Manantali (of which Mali owns 104 MW out of the total 220 MW) and Selingue (46 MW) dams. 

The share of hydroelectricity in the interconnected system decreased to 44% in 2014 (see Table1). 

This caused the Manantali Dam to encounter problems in production and important hydro plans 

(of Selingue and Sotuba dams), that led to delays in their 10-year maintenance schedules. To 

satisfy the electricity demand, EDM invested in two medium-sized thermal generation projects in 

2016 for a total of 90 MW. 

There are already transmission lines between Mali and its neighbors: Mauritania, Senegal and Cote 

d’Ivoire. To lower the cost of power in the medium term and to allow Mali to purchase more power 

from its neighbors, Mali planned to reinforce the connection. The mining and industrial sector use 

thermal generation for their energy needs (200 MW). Rural electrification uses a mix of diesel and 

PV (EDM-SA,2013). 

Table 1:A summary of percentage contribution of different energy types to the total annual energy 

used (i.e. real), planned and forecasted in Mali. 

 

 2012 2013 2014 2015 2016 2017 2018 2019 2020 

 Real Real  Plan Forecast Forecast Forecast Forecast Forecast Forecast 

Thermal 39.8% 47.0% 55.7% 59.9% 60.6% 61.9% 50.7% 51.2% 55.2% 

Hydro 60% 53.0% 44.2% 39.9% 36.3% 35.3% 46.9% 44.5% 40.9% 

Solar 0% 0% 0.1% 0.2% 3.1% 2.8% 2.4% 4.3% 3.9% 
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GWH 1275 1402 1629 1789 1966 2197 2516 2741 2985 

  

2.2.2 Mali Renewable Energy 
A few strengths, weaknesses, opportunities and threats about Mali’s renewable energy have been 

presented below: 

(a) Strengths 

• Hydro, solar and biomass have a great potential/resource 

• Experience in hydro, biomass and some Photovoltaic (PV) systems 

• RE available for rural access in remote areas 

(b) Weaknesses 

• Hydro maintenance needed. 

• Unsustainable collection and use of biomass not fully addressed  

• Little experience in wind power 

(c) Opportunities 

• Growth opportunities for all technologies  

• Great interest from private sector in solar PV 

• Biofuels with widespread local plants promising 

(d) Threats 

 Climate change and extreme weather events could undermine RE potential, especially hydro and 

biomass. 

2.3 Solar Energy Overview: 
Not all solar radiation getting into the Earth’s atmosphere reaches the ground. About 30% of solar 

radiation is reflected into space while about 20% is absorbed by clouds and molecules in the air. 

About three quarters of the Earth’s surface is water. However, even if only 10% of total solar 

radiation is utilizable, 0.1% of it can power the entire world (Julian, 2011). It is interesting to 

compare the annual solar energy that reaches Earth with the estimated total reserve of various 

fossil fuels.  The numbers show that the total proved reserves of fossil fuel are approximately 1.4% 
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of the solar energy that reaches the Earth’s surface each year. Fossil fuels are solar energy stored 

as concentrated biomass over many millions of years. In 1983 the consumption of fossil fuel energy 

was approximately 300 EJ and has been increasing since then. The increase will continue until the 

end of 2030 (Julian, 2011). The projection from the US Department of Energy is shown in figure 

4. 

 

 

 

Figure 4:World marketed energy consumption from fossil fuel. Source: EIA, 

www.eia.doe.gov/iea.  

2.3.1 Solar Energy Potential: 
Technologies to convert solar energy into electricity generally fall into one of two categories: 

photovoltaic (PV) modules that convert light directly into electricity, and concentrating solar 

thermal power (CSP) systems that convert sunlight into heat energy that is later used to drive an 

engine. Although solar power can be generated at any scale, PV technology is modular and can be 

scaled for anything from household use to a large network of PV farms, whereas CSP is typically 

considered viable only as a utility-scale plant. Direct Normal Irradiance (DNI) values, used to 

measure potential for CSP, are high across the region. However, due to the scarcity of transmission 
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and distribution infrastructure, ECREEE estimates that CSP is currently technically feasible only 

within a certain geographic band in the Sahel. As of mid-2017, no Member State had developed 

CSP technology. The resource potential for solar PV is generally good and relatively homogenous 

throughout all of West Africa, except in Mali and northern Niger, where the resource is particularly 

strong (IRENA, 2014). 

2.3.2 Installed Capacity: 
Recently, several Member States have demonstrated a growing interest in grid-connected and 

large-scale solar projects (See Figure 5). Cabo Verde has an installed grid-connected solar PV 

capacity of 6.4 MW. This includes two solar farms on the islands of Santiago and Sal (4.3 MW 

and 2.1 MW, respectively), both developed by Portugal’s Martifer Solar and commissioned in 

2010. As of June 2014, Cabo Verde was planning to launch an auction for small-scale grid-

connected PV projects on several islands.  Ghana’s Navrongo PV plant, which came on line in 

2013 with an installed capacity of 1.92 MW, is the largest grid-connected solar PV installation in 

West Africa outside of Cabo Verde. The Volta River Authority ultimately plans to expand the 

plant to 2.5 MW. Several additional PV plants are scheduled to come on line in Ghana in 2017. 

Norwegian company Scatec Solar has an agreement in place with Ghana’s Energy Commission 

and the country’s Public Utilities Regulatory Commission (PURC) to construct a 50 MW PV plant 

with local partner Scatec Solar Ghana.  Plans for the 155 MW Nzema solar PV park have been 

finalized, with construction scheduled to have begun in September 2014 with power generation 

expected by mid-2015. The plant is expected to have an annual generation of 240,000 megawatt-

hours (MWh) (IRENA, 2014). In 2017, Burkina Faso also implemented a solar farm of 33 MW 

capacity (ECREEE, 2017).  
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Figure 5:Installed Grid-Connected Solar PV Capacity in ECOWAS Member States, 2014 

(Source IRENA,2014). 

 

Table 2: shows the locations of the largest and smallest clean energies mini-grid (CEMG) plants 

in West Africa. 

Table 2:Location & size of largest and smallest CEMG plants in West Africa (Eseoghene et al., 

2016). 

CEMG plant Category Country Village Capacity 

PV-diesel  Smallest Mali Kandia 6.9kWp/8 

kVA 

Largest Mali Bankass & 

Koro 

384kWp/675 

kVA each 

PV only Smallest Nigeria Uniarho 2.4 kWp 

Largest Benin Kabo 45 kWp 

PV-Wind 

diesel hybrid 

Smallest Senegal Sine Moussa  

Abdou  
 

5 kWp/5 

kW/10 kVA 

Largest Ghana Pediatorkope 39.5 kWp/11 

kW/30 kVA 

Biodiesel Smallest Mali Sido 9.2 kVA 

Largest Mali Garalo 375 kVA 
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Small Hydro Smallest Liberia Yandohun 60 kW 

Largest Liberia Firestone 

Plantation 

4800 kW 

 

Estimates of total installed solar PV capacity are unreliable, as few Member States collect data on 

self-generation or off-grid projects. However, data on distributed PV capacity in the Gambia, 

Guinea- Bissau, Niger, Nigeria, and Sierra Leone indicate widespread use of the technology (See 

Figure 6). 

 

Figure 6:Estimated Installed Capacity of Distributed Solar PV in Selected ECOWAS Member 

States, 2012 (Sources, Gambian Ministry of Energy & Petroleum; National Focal Institution for 

Guinea-Bissau; IRENA; National Focal Institution for Nigeria; UNDP; ECREEE). 

2.4 Climate change impacts on solar energy: 
The Intergovernmental Panel on Climate Change indicates that future climate will begin to behave 

less like past climates in the coming decades. Modeled projections of changes in the long-term 

future state are attractive for national energy investments that are considering large penetration of 

renewable energy generation in their portfolios. Among Sub-Sahara Africa, West –Africa has been 

identified as one of the world most vulnerable regions to the effect of climate change (Tchotchou 

and Kamga, 2010). Climate change can cause the variability in weather patterns (wind speed, solar 

radiation, precipitation, temperature) that are the sources of RE (Lital et al., 2012). Some studies 
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have shown that climate change might affect the availability of RE resources in West-Africa in the 

future. Therefore, changes in resource potentials resulting from the impact or consequences of 

climate change may affect power generation from RE sources and can affect future electricity 

output. There is also the tendency of a change in magnitude of several weather parameters (global 

solar radiation, relative humidity, precipitation, and wind speeds) that contribute to building 

comfort in the advent of a changing climate (Ohumakin et al., 2013). 

Climate conditions relevant to the productivity of solar power plants may change over the coming 

decades subject to anthropogenic climate change. While changes in air temperature are a widely 

acknowledged aspect of climate change, potential changes in surface solar radiation have been 

discussed to a much lesser degree. For simplicity or lack of better knowledge, surface solar 

radiation is often assumed to remain constant over time. However, there is growing evidence that 

surface solar radiation undergoes substantial multi-decadal variations, which should be considered 

in solar resource assessments. Coherent periods and regions with prevailing declines (known as 

“global dimming “) and inclines (known as “brightening “) in surface solar radiation have been 

detected in the worldwide observational networks, often in accordance with anthropogenic air 

pollution patterns. This suggests that anthropogenic air pollution and associated accumulation of 

aerosols in the atmosphere may have substantially contributed to the decadal variations in surface 

solar radiation. Specifically, the decline in surface solar radiation at widespread observation sites 

from the 1950s to the 1980s is in line with the strongly increasing air pollution during this period, 

whereas the subsequent partial recovery of surface solar resources since the 1980s fits well with 

the successive implementation of effective air pollution regulations, leading to decline in aerosol 

burdens and more transparent atmospheres particularly in industrialized countries since the 1980s 

(Martin et al.,2017). Solar radiation has direct impact on solar energy generation, agriculture and 

water resources, among others. Solar energy resources can be affected by climate change caused 

by enhanced CO2 concentration in the atmosphere. The impact of climate change at seasonal time 

scales can impact the socio-economic sectors. Thus, changes in solar radiation in future climate is 

important and of considerable interest (Pan et al., 2004). Clouds cover about 60% of the earth’s 

surface (Rossow and Schiffer,1999; Vardavas and Taylor,2011) and can strongly affect the 

radiation budget of the earth atmosphere system. The earth’s climate is sensitive to cloud 

distributions and cloud radiative properties associated with anthropogenic forcing arising from 

changes in greenhouse gases and aerosols. They are highly variable and small changes in the 



15 
 

properties can significantly affect climate (Pyrina et al.,2013). Global diffuse and direct irradiance 

are correlated with cloud cover and sunshine duration. (e.g. Löf et al., 1966). Changes in the 

amount of cloud cover can cause trends in solar radiation (Stanhill and Cohen, 2001).  

 

To estimate potential future changes in surface solar radiation and related meteorological 

quantities relevant for solar power production, however, we can obviously no longer use past 

observations alone, but have to rely on projections from comprehensive climate models. These 

models have become the primary tools for the development of climate change scenarios for the 

21st century, such as those for the latest IPCC assessment five report (AR5), with the latest model 

generation known as the Coupled Model Inter-comparison Project Phase 5 CMIP5 models (Wild 

et al., 2015). 

 

In order to predict the future solar irradiance fields needed for long range planning of solar energy 

use; there is need for the quantification of the potential changes of solar radiation in the enhanced 

CO2 atmosphere (Ohumakin et al.,2015). The quantification requires the use of climate models. 

This is because climate model output constitutes consistent datasets of atmospheric variables 

coupled with the few in situ observation stations and most times, poor quality of available data. 

Climate models (global and regional circulation models) can help to understand processes that 

govern the climate systems (Pal et al.,2007). Several number of simulations have been carried out 

using Global circulation models (GCMs). However, (GCMs) have difficulties to reproduce various 

atmospheric variables of interest at a reasonable spatial resolution and thus cannot generate 

realistic outputs (Olayinka et al.,2015). 

 

 Seldom et al, (2011) linked 10 GCM-scenario pairs to an RCM to estimate climate change effects 

on the Norwegian energy sector. Changes in wind, solar irradiation, and heating and cooling 

demand, among others, were estimated by interpolating the RCM results to twenty (20) geographic 

locations: Seven (7) for solar, and thirteen (13) for wind. The study found that while Global 

Horizontal Irradiance (GHI) and hydropower changes were significant in some of the GCM-

scenario projections, changes in wind were minor, with the maximum change for all locations and 

months around 4.8% by 2050. Pan et al, (2004) used a refined regional climate model to estimate 



16 
 

seasonal changes in GHI simply by raising greenhouse gas concentrations in the regional model. 

A decreasing trend was found in the seasonal-mean of GHI of about 0–20% over the entire United 

States. This trend was most noticeable in the western U.S. during fall, winter, and spring. There 

have been few studies that have looked at future changes in solar resource, likely due to the 

uncertainties in GCM cloud cover estimations. (Charles et al., 2015). 

 

Ioanna et al, (2014) examined the effect of projected changes in irradiance and temperature on the 

performance of photovoltaic systems in Greece. Climate projections were obtained from 5 regional 

climate models (RCMs) under the A1B emissions scenario, for two future periods. The RCM data 

presented systematic errors against observed values, resulting in the need for bias adjustment. The 

projected change in photovoltaic energy output was then estimated, considering changes in 

temperature and insolation. The spatiotemporal analysis indicated significant increase in mean 

annual temperature (up to 3.5∘C) and mean total radiation (up to 5W/m2) by 2100. The 

performance of photovoltaic systems exhibits a negative linear dependence on the projected 

temperature increase which is outweighed by the expected increase of total radiation resulting in 

an up to 4% increase in energy output; Martín, et al., (2016) evaluated WRF model for forecasting 

solar radiation in the Iberian Peninsula. They did an evaluation of ERA-40 reanalysis data from 

European Center for Medium Range Weather Forecasting ECMWF and WRF mesoscale model 

over 40 stations from Spanish National Radio Metrical Network which belongs to the Spanish 

National Weather Service (AEM). The evaluation was done at hourly and daily temporal resolution 

for the WRF and ERA-40 data respectively. The results from WRF model were compared with 

predictions from ECMWF. WRF model had been validated for a whole year over Spain; Ruiz-

Arias, et al., (2012) assessed the Improvement of the WRF model for solar resource assessments 

and forecasts under clear sky. Their aim was to improve the shortwave downward solar radiation 

assessment and forecasting by equipping the model with a mechanism to ingest both high temporal 

and high spatial resolution aerosol data. This resulted in a reduction of the bias caused by any 

misrepresentation of the aerosol optical properties and their spatio-temporal variability. The main 

impact of this improvement is on the direct and diffuse components of solar radiation. They   

presented a preliminary study over the Continental United States using the Goddard Space Flight 

Center shortwave scheme, MODIS Level 3 aerosol optical depth data, and three ground stations 

of NOAA’s SURFRAD radiation network. Results under cloudless conditions showed a relative 
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improvement in the mean bias error of about 80% in the direct normal irradiance and up to about 

70% in the diffuse irradiance; Zempila, et al., (2016) evaluated WRF shortwave radiation 

parameterizations in the prediction of Global Horizontal Irradiance in Greece. They assessed the 

differences induced in the Global Horizontal Irradiance (GHI) predictions by the mesoscale 

atmospheric Weather Research and Forecasting (WRF) model while using different shortwave 

radiation. Model predictions were compared with GHI measurements at 12 stations of the Hellenic 

Network of Solar Energy (HNSE) for January, April, July and October 2013. The shortwave 

radiation schemes that were evaluated are: The Dudhia, the updated Rapid Radiative Transfer 

Model (RRTMG), the updated Goddard and the Goddard Fluid Dynamics Laboratory (GFDL) 

schemes. All schemes performed well under cloudless conditions this was due to limited ability of 

the WRF model to simulate cloudy conditions. The Dudhia scheme performed best with mean 

relative difference of 2.2 ± 15% for clear skies, while the differences for the other schemes range 

between 5 and 12% with similar standard deviations. For all- cloudy skies), the model-derived 

hourly GHI is overestimated for all schemes (40-70%).  
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Chapter 3 

METHODOLOGY 

3.1 Study Area: 

 

Figure 7:Map of MALI (http://www.nationsonline.org/oneworld/map/mali_map.htm). 

 

Mali is a landlocked country in the Sahel region of West Africa. It covers an area of 1,241,248 

km2, 51% of which is desert. Its population is estimated at 14.5 million and its average annual 

growth rate is 3.4%. Mali’s economy is mainly based on agriculture and fishing. Mali’s climate is 

characterized by a long dry season and a rainy season that lasts on average one to five months per 
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year, depending on the region. On the basis of rainfall amount, the country is divided into four 

main areas corresponding to four ecological zones (zone Saharienne, zone Sahelian, zone 

Soudanienne and zone Soudano-Guineenne) with diverse agricultural potential.  

The energy sector of the country comprises four main sub-sectors, the four sub-sectors are Fossil 

fuel, traditional energy, renewable energy and Electricity. 

• Fossil fuel: The oil and gas sub-sector is characterized by total dependence on petroleum 

imports. 

• Traditional energy:  

Fuel wood is the primary traditional energy source for households. Mali’s forestry potential is 

estimated at roughly 33,000,000 hectares (ha), including a standing volume of about 520,000,000 

m3. The wood fuel (firewood and charcoal) is vulnerable to climatic variability. 

• Renewable energy: The national renewable energy inventory reveals substantial potential 

depending on the source of energy. 

 Although these sources have never been factored into the energy mix, they may be about 3% of 

conventional electricity generation or 12 megawatts (MW). 

• Electricity:  

The national electricity access rate was 27.1% in 2010. The demand for electricity is growing by 

10% annually. The electricity access rate is around 55% in urban areas, but only 14% in rural areas. 

It is worth noting that hydroelectricity is vulnerable to climatic variability. 

3.2 Solar Energy: 

According to well-established measurements, the average power density of solar radiation just 

outside the atmosphere of the Earth is 1366 W/m2, widely known as the solar constant. The 

definition of the meter is one over 10,000,000 of Earth’s meridian, from the North Pole to the 

equator, see Fig. 8. This definition is still pretty accurate according to modern measurements. 

 Therefore, the radius of the Earth is (2/π) × 107 m. The total power of solar radiation reaching 

Earth is then: 
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                                      Solar power = 1366×
4

𝜋
×1014 ≅ 1.73×1017W                                     (3.1) 

Each day has 86,400 s, and on average, each year has 365.2422 days. The total energy of solar 

radiation reaching Earth per year is: 

          Annual solar energy = 1.731017×86400×365.2422≅ 5.461024J                                    (3.2) 

Or 5,460,000 EJ/year. To have an idea of how much energy that is, let us compare it with annual 

global energy consumption. In the years 2005–2010, the annual energy consumption of the entire 

world was about 500 EJ. A mere 0.01% of the annual solar energy reaching Earth can satisfy the 

energy need of the entire world the average solar power on the Earth is 1366 W/m2 (see figure 8). 

The length of the meridian of Earth, according to the definition of the meter, is 10,000,000 m. The 

total solar energy that arrives at the surface of Earth per year is 5,460,000 EJ (Julian, 2011). 

 

 

Figure 8:Annual solar energy arriving at surface of Earth. 

3.3 Data and Model Description: 

3.3.1 ECMWF Reanalysis Data (ERA-Interim) 
ERA 40 is a second-generation reanalysis. It is the first reanalysis to directly assimilate satellite 

radiance data (TOVS, SSM/I, ERS and ATOVS). Cloud Motion Winds were also used. The result 

is better circulation over the tropics and southern hemisphere. However, unless comparing  to 

previous ERA-40 based results, it is recommended that the 3rd generation reanalysis, ERA-Interim 

or MERRA, be used for new research. In this study, the MERRA data was used. 

https://climatedataguide.ucar.edu/climate-data/era-interim
https://climatedataguide.ucar.edu/climate-data/nasa-merra
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3.3.2 Global Climate Models: 

 

Table 3:Global Climate Models Used (Bazyomo et al., 2016). 

Modelling Centre Institution Model 

NOAA GFDL Geophysical Fluid Dynamics 

Laboratory  

GFDL-ESM2M  

 

MOHC 

(additional Realizations 

by INPE) 

Met Office Hadley Centre 

(additional HadGEM2-ES 

realizations contributed 

By Instituto Nacional de 

Pesquisas Espaciais) 

HadGEM2-ES 

 

MPI-M Max Planck Institute for 

Meteorology (MPI-M) 

MPI-ESM MR 

 

3.3.3 Regional Climate Model-WRF: 
The version 3 of the Advanced Research WRF (ARW) modeling system has been available since 

April 2008. The ARW is designed to be a flexible, state-of-the-art atmospheric simulation system 

that is portable and efficient on available parallel computing platforms. The ARW is suitable for 

use in a broad range of applications across scales ranging from meters to thousands of kilometers, 

including: Idealized simulations (e.g. LES, convection, baroclinic waves), Parameterization 

research, Data assimilation research, forecast research, Real-time NWP, Hurricane research, 

Regional climate research, Coupled-model applications, Teaching 

The Mesoscale and Microscale Meteorology Division of NCAR is currently maintaining 

and supporting a subset of the overall WRF code (Version 3) that includes: WRF Software 

Framework (WSF); Advanced Research WRF (ARW) dynamic solver, including one-way, two-

way nesting and moving nest; The WRF Preprocessing System (WPS); WRF Data Assimilation 

(WRF-DA) system which currently supports 3DVAR, 4DVAR, and hybrid data assimilation 

capabilities; Numerous physics packages contributed by WRF partners and the research 

Community; Several graphics programs and conversion programs for other graphics tools. 
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The WRF modeling system software is in the public domain and is freely available for 

community use. 

The following figure 9 below shows the flowchart for the WRF Modeling System Version 3. 

 

Figure 9:The flowchart for the WRF Modeling System Version 3. 

3.4 Experiments: 

3.4.1 Ensemble experiment design: 
The WASCAL ensemble presented here consists of a combination of three GCMs (MPI, GFDL, 

HAD-GEM) with one RCM (WRF). The climate change scenario RCP4.5 (Representative 

Concentration Pathway 4.5; van Vuuren et al., 2011) was used. The choice of RCP4.5 was made 

because of limited computational resources and is based on the fact that: 

 - the differences between RCP4.5 and RCP8.5 become apparent only after 2040, and  
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- that the RCP4.5 scenarios – in light of the COP21 agreement made in Paris in December 2015 – 

is a reasonable scenario.  

The selected GCMs, on the other hand, cover the extremes in temperature and precipitation of the 

GCM ensemble used in CORDEX and span a larger range of conditions until about 2060 than the 

two scenarios (i.e. RCP 4.5 and RCP 8.5) and are able to reproduce the dominant, large-scale 

atmospheric features over West Africa (Nikulin et al., 2013; Elguindi et al., 2014). Furthermore, a 

control run using re-analysis data is included for model verification and future bias correction. 

 The control run using re-analysis forcing data is conducted for the period 1979-2014. The 

historical runs are generated for the period 1979-2005 and extended by the RCP4.5 runs until 2010. 

This approach allowed to derive statistics for the climatological reference period 1980–2010 (, as 

defined by the World Meteorological Organization (2011). Future projections are calculated for 

the periods 2019–2050 and 2069–2100 to provide similar 30-year windows for the mid and end of 

the 21st century. It should be noted that the three selected GCMs are based on different calendars, 

which makes model verification and comparison difficult on timescales shorter than one month: 

While the MPI-ESM MR model (as well as ERA-Interim) employs a Gregorian calendar, the 

GFDL-ESM2M and HadGEM2-ES models are based on a 365-day (no-leap year) and a 360-day 

(12×30 days) calendar, respectively. 

 The generation of an ensemble of climate projections at a resolution of 12 km and for at least 90 

years in total is a process over several years and requires the use of different high-performance 

computing (HPC) centers. To ensure consistency within each model run, the entire integration for 

a particular combination of GCM and RCM is conducted on the same system (Heinzeller et al., 

2017). 

3.4.2 WRF model configuration: 
 In limited area modelling, the size of the computational domain can have a significant influence 

on the quality of the results (Leduc and Laprise, 2008). In a recent study, Browne and Sylla (2012) 

demonstrated that the ability of a RCM to spin up the regional- and large-scale patterns associated 

with the West African Monsoon flow depend on a suitably large extent of the RCM domain. Figure 

10 displays the nested domain configuration for the ensemble experiment, using an outer domain 

at 60 km resolution to downscale the coarse global forcing data sets and to provide boundary and 

initial conditions for the inner domain at 12 km horizontal resolution. The figure also highlights 
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the three dominant agro-climatological regions in West Africa, following a north-south gradient 

in annual precipitation. In addition to the domain configuration, a common standard for the model 

output was defined for all model runs to facilitate the use of the results. All data is provided in a 

netCDF CF-1.6 compliant format on a regular latitude-longitude grid for a pre-defined, extensive 

set of variables and pressure levels. 

An inherent problem of limited area modelling is that supplying lateral boundary conditions to 

nested models can cause severe problems, up to the point where the RCM solution becomes 

inconsistent with the forcing data. This is problematic for long-term transient simulations 

associated with a large computational domain (Davies, 1983; Warner et al., 1997; Harris and 

Durran, 2010; Park et al., 2014). The different approaches to address this issue that are discussed 

in the literature, range from daily to weekly re-initialisation, sometimes even including soil 

conditions (Otte, 2008), to transient runs covering the entire period of interest (Giorgi et al., 2009; 

Dieng et al., 2017). In general, more frequent re-initialisation is suitable for studying individual 

weather events, whereas a longer re-initialisation is useful in climate applications. Here, we adopt 

an intermediate solution by conducting 11-year time slice experiments, which allows for one year 

spin up of the soil conditions each time. 

For instance, the ERA-Interim-driven control run, providing data for the period 1980–2014, 

consists of the four-time slice experiments 1979–1990 (S1), 1989–2000 (S2), 1999-2010 (S3), 

2009–2014 (S4). In this work we averaged the 1990 from S1 and the 1990 from S2. Together with 

a spectral nudging approach on the outer domain (Miguez-Macho et al., 2004; von Storch et al., 

2000; Otte et al., 2012), this approach allows the WRF model to spin up and evolve the necessary 

fine-scale structures, embedded in the large-scale features of the forcing global model, without 

departing too far from the global conditions. An optimal configuration of the WRF model is 

paramount to address key questions regarding the impact of climate change. 

For the West African region, one of the important things is an accurate representation of the West 

African Monsoon (WAM) features in the model. In several studies it was shown that the choice of 

physical parameterizations available in WRF can greatly influence the model’s skills, mostly 

measured in near-surface temperature and precipitation accuracy (Noble et al., 2014; Klein et al., 

2015). This setup is based on the Klein et al. (2015) WRF parameter study of 27 combinations of 

microphysics, planetary boundary layer and cumulus schemes for two extreme years (dry and wet), 
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forced by ERA-Interim re-analysis data. To account for the different characteristics and resolutions 

of re-analysis data and GCM data, we extended their study and tested their most promising 

configurations using MPI-ESM MR (close to the CMIP5 multi model mean; Nikulin et al., 2013) 

as forcing data. The resulting optimal setup of WRF used in the WASCAL high-resolution 

ensemble experiment is thus a compromise to obtain good performance for both ERA-Interim and 

MPI-ESM MR forcing, and also accounts for the higher resolution (12 km versus 24 km in Klein 

et al., 2015). 

WRFV3.5.1 supports Gregorian and 365-day calendar types, but not the 360-day calendar type 

employed by the HadGEM2- ES model. It was therefore necessary to add an implementation of 

the 360-day calendar to WRFV3.5.1. The 360-day calendar caused further complication to the pre-

processing of the GCM data, since the grib standard does not support this calendar type. 

The forcing model data was obtained from different sources and in different formats. ERA-Interim 

re-analysis data was downloaded from the European Centre for Medium-Range Weather Forecast 

ECMWF MARS archive2, while MPI-ESM MR data was obtained from DKRZ’s CERA archive3, 

both in grib format. GFDL-ESM2M and HadGEM2-ES data were downloaded from the Earth 

System Grid Foundation (ESGF) 4 in netCDF format. This implied slightly different pre-

processing steps for using the data as boundary conditions in WRF. For ERA-Interim and MPI-

ESM MR, the standard pre-processing chain of WRF could be used, which consists of converting 

forcing model grib data to an intermediate format (“un-grib”) used by the WRF preprocessing 

system WPS, which in turn is interpolated horizontally and vertically. For GFDL-ESM2M and 

HadGEM2-ES data, a separate tool was implemented to convert the netCDF data directly into the 

WPS intermediate format (“un-netcdf”), thereby avoiding the problem of an unsupported 360-day 

calendar in the grib standard. 

To generate model output in a standard format, latest developments in the WRF model were 

employed and extended further: 

WRFV3.5.1 provides the capability to interpolate model-level data to pressure levels during the 

integration. This capability was extended to include additional variables (in particular 

hydrometeors). Further, climate diagnostics such as minimum and maximum daily temperatures 

are calculated using the climate diagnostics features of the model. While these interpolations 

require additional calculations during the integration that slow down the model integration, it was 
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found that writing smaller amounts of data to disk (25 pressure levels instead of 40 model levels) 

overcompensated this increase and led to a faster model integration. The WRF model output was 

further post-processed by a suite of parallelised Python utilities to calculate additional variables, 

add CMIP5/CORDEX variable attributes and provide the desired netCDF-CF compliance 

(Heinzeller et al.,2017).  

Table 4: List of output variables of the WASCAL WRF climate simulations. The variable types 

are “acc” (accumulated values), “coord” (coordinate variables), “const” (constant values), “min” 

(minimum over last output interval), “max” (maximum over last output interval) (Heinzeller et 

al.,2017). 
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3.4.3 Description of nesting strategy and time-slices: 
. The high-resolution, D2 runs (12 km) were carried out as a nested simulation, using the output 

of the coarser resolution, D1(60 km) model runs as forcing data set. The coarser resolution model 

runs are forced by the different re-analysis and GCM data sets described above. An offline-nesting 

approach is adopted, which implies no feedback from the 12 km experiments to the 60 km 
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experiments. Thus, the 60 km experiments can be considered as standalone experiments at a 

relatively coarse resolution. 

The experiments are conducted as time-sliced runs of 11-year duration each, where the first year 

is considered as spin up period and should not be used in the analysis. The historical run 1999-

2006 is carried over into the projection run 2006– 2010 to be able to provide model data for the 

WMO reference period 1980–2010 by combining the three-decadal time-slice experiments 1979–

1990, 1989–2000, 1999–2010 the average from the 1979-1990 to 1989-2000 were used in this 

work and neglecting the spin up year for each of them (Heinzeller et al.,2017). 

Table 5: Description of streams into which the WASCAL WRF output variables are classified 

 (Heinzeller et al.,2017). 

 

Table 6: Description of time-slices generated in the WASCAL WRF ensemble experiment, 

including spinup period (HeinzEller et al.,2017). 

 

Table 7: Re-analyses and global circulation models (earth system models) used as forcing data for 

the long-term regional climate simulations, and regional climate model used to conduct the 
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ensemble experiment. The characteristics of the forcing models for Africa and their climate change 

signal (CCS) are taken from Elguindi et al. (2014); OBS denotes observations, MMM the CMIP5 

multi-model ensemble mean ( Heinzeller et al,2017). 

 

 

Table 8: Computational resources used for the WASCAL high-resolution regional climate 

ensemble experiment. Control runs are conducted for the period 1979–2014, historical runs for the 

period 1979–2010 (for details, see section 3), and RCP4.5 projection runs for the period 1979–

2010 (for details, see section 3), and RCP4.5 projection runs for the periods 2019–2050 and 2069–

2100.  

 

DKRZ: German Climate Computing Centre, http://www.dkrz.de; JSC: Jülich Supercomputing 

Centre of the Research Centre Jülich, http://www.fz-juelich.de/ias/jsc; SCC: Steinbruch Centre for 

Computing of the Karlsruhe Institute of Technology, http://scc.kit.edu. 

http://scc.kit.edu/
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Table 9: WRF model configuration for the two domains at 60 km and 12 km resolution ( Heinzeller 

et al, 2017). 
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Figure 10: Nested domain configuration with 60 km and, 12 km. Also shown are three distinct 

agro-climatic regions used in the analysis make the agro-climatic regions a separate diagram 

(Heinzeller et al.,2017).  

3-5 Method:  

Three-hourly data of shortwave surface downward diffuse radiation (swddif), shortwave surface 

downward direct radiation (swddir) and surface Temperature (ts) were obtained from the 12km 

horizontal resolution Weather Research and Forecasting (WRF) Model simulations from 

https://cera-www.dkrz.de/WDCC/ui/Project.jsp?acronym=WASCAL.WRF was forced by the 

coupled Model Inter-Comparison Project Phase 5 (CMIP5) and ERA-INT as control experiment. 

Data from 1979-2006 for historical and control were used in this study. Then for selected climate 

change scenarios (RCP 4.5), over the period 2019-2050 and 2069-2100 were used. The changes in 

the parameters were tested for statistical significance. 

3-6 Analysis Procedure: 
From the three-hourly data obtained, the monthly mean of temperature, shortwave surface 

downward diffuse, and shortwave surface direct radiation were computed.  Monthly and yearly 

mean for solar radiation and temperature were used to conduct this study. 

The historical experiment was conducted by: simulations of WRF12KM-GFDLESM, WRF12KM-

HADGEM2, WRF12KM-MPI and the control experiment was conducted by WRF12KM-ERA-

INT.  

First of all, monthly mean data (swddir, swddif, ts) obtained from the three Global climate model 

historical simulations (WRF12KM-GFDLESM, WRF12KM-HADGEM2, WRF12KM-MPI) for 

the period 1979-2006 were compared to the control simulation (WRF12KM-ERA-INT) for the 

same period. The objective was to identify which of those three model simulations best correlated 

with the control simulation. Taylor Diagrams were plotted for all the variables over the three 

regions of West Africa (Sahel, Savanna, Guinea-Cost) with the R software. 

Taylor diagrams (Taylor, 2001) provide a way of graphically summarizing how closely a pattern 

(or a set of patterns) matches observations. The similarity between two patterns is quantified in 

terms of their correlation, their centered root-mean-square difference and the amplitude of their 

variations (represented by their standard deviations). These diagrams are especially useful in 
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evaluating multiple aspects of complex models or in gauging the relative skill of many different 

models (e.g., IPCC, 2001). 

The next step was   to analyze the trend and variability of swddir, swddif, and ts over Bamako and 

Mopti and to show the future evolution of swddir, swddif, ts using rcp4.5 scenarios for the period 

of 2019-2050 and 2079-2100. Then compare the two areas and find which will be suitable for PV 

technologies. The NCL software was used to conduct this part. 

3.6.1 Statistics:  
Given a "test" field (f) and a reference field (r), the formulas for calculating the correlation 

coefficient (R), the centered RMS difference (E'), and the standard deviations of the "test" field 

(σf) and the reference field (σr) are given below: 

                                  (3.3) 

                                                   (3.4) 

                                                                     (3.5) 

                                                                          (3.6) 

where the overall mean of a field is indicated by an overbar. In the case of a time-independent 

field, the sum is computed over all grid cells. For the typical spatial grid, the grid cell area is not 

uniform, so each grid cell must be weighted by the fraction of the total area represented by that 
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grid cell. In the case of a time varying field, the sum is a double-sum computed over all grid cells 

and all-time samples. 

-Linear regression the trend analysis for significance test: 

Regression analysis is a process of predicting the values of one response or dependent variable 

from known values of a predictor or independent variable. The strength of the relationship between 

the dependent and independent variables is often clear when a scatter plot is drawn. A least squares 

line can be fitted to describe the relationship. The strength of the relationship between the 

dependent and independent variables is determined by the coefficient of determination, R-square, 

which measures the reproducibility of the response variable from the predictor values. The R-

square values range from 0 (for no relationship) to 1 (for very strong relationship). The relationship 

between the response variable, and the predictor variable x is summarized by a linear equation y 

= bx + a, where b and a are respectively the slope of the least squares regression line and its 

intercept on the y axis. Normal distribution is a requirement for optimal regression analysis. Where 

the data is other than normal, a transformation scheme is applied to rectify it. A log transformation 

is frequently used to correct data that is not normally distributed. 

 

                                                                                (3.7)                                                                                             

Where Epsilon describes the random component of the linear relationship between x and y. 

The probability value (p-value) is the most important concept of statistical significance and 

therefore an applicability of the results of a (trend) test. 

The p-value represents the probability of an error when considering the real value of estimated 

parameter differs from the computed (or static) one, e.g., that the zero hypothesis holds although 

we considered the alternative one. Usually, if the p-value is under 5%, we accept the alternative 

hypothesis, because the risk of its invalidity is relatively low.
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Chapter 4 

Results and Discussion: 
In order to identify which of the GCMs is most suitable for driving the WRF12km model, the 

WRF-GCM driven (i.e. GFDL, MPI, HADGEM) simulations were compared to the WRF-ERA-

Interim driven simulation over the Guinea-Coast, Sahel and Savanna of West Africa. The GCM 

that drives WRF to best simulate shortwave-surface-downward-diffuse-irradiance, shortwave-

surface-downward-direct-irradiance and surface temperature over these regions was identified by 

using the correlation, root mean square error, and standard deviation statistics. Each GCM used to 

drive WRF at 12km horizontal resolution was compared with the ERA-Interim driven simulation. 

The projection, trend and variability of surface temperature, shortwave-surface-downward-

diffuse-irradiance and shortwave-surface-downward-direct-irradiance obtained from WRF 12 KM 

simulation using the best forced GCM over the Sahel was examined. The projection is from 

RCP4.5 scenario and cover   the middle of the twenty first century (2019-2050) and the end of 

twenty first century (2069-2100) for Bamako and Mopti. 

4.1 Evaluation of WRF12km output: 

The correlation R, standard deviation (𝜎), and root mean square difference RMSE (E’) calculated 

in the equations (3.3,3.4,3.5,3.6) are used to assess how well the forced GCMs can simulate long 

term (1980–2005) shortwave-surface-downward-diffuse-irradiance (swddif), shortwave-surface-

downward-direct-irradiance (swddir) and long term (1979-2006) surface temperature(ts). Only 

GCMs with high correlation and low RMSE were selected in this work. 

From the table 10 (a) and figure 11-a (i.e Guines_Coast), WRF simulations forced by all of the 

three GCMs overestimated shortwave surface downward diffuse irradiance over the Guinea coast 

regions, but among the three models WRF12 km run by MPI is found to have the highest 

correlation and lowest RMSE followed by GFDL so MPI was selected. 

  From the table 10 (b) and figure11-b (i.e Sahel), all the forced GCMs estimated well swddif over 

the Sahel regions but of the three models MPI has the highest correlation and lowest RMSE.  
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From the table 10 (c) and figure-11-c (Savanna), MPI and HADGEM were found to estimate 

swddif over the Savanna regions reasonably well, while GFDL overestimated the swddif. Of the 

three forcing GCMs, MPI was selected. 

 

 

Figure 11: The Taylor’s Diagram for the shortwave surface downward diffuse irradiance over the 

three regions with ERA-interim as reference (Guineas-Coast a), Sahel b), Savanna c)). 

Table 10: The values of R, 𝜎 and RMSE for shortwave surface downward diffuse irradiance over 

the (a) Guinea Coast; (b) Sahel and (c) Savanna regions. 

(a) Guinea Coast 

Shortwave-surface –Downward- diffuse-irradiance 

 𝜎 R RMSE 

WRF12GFDLESM_hist 11 0.25 11.2 

WRF12HADGEM_hist. 8 0.15 9.9 

WRF12-MPIESM_hist. 

 

8 0.38 8.1 

ERA-Interim 6 1 0 

. 
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(b) Sahel 

WRF12GFDLESM_hist 14.7 0.65 11.8 

WRF12HADGEM_hist. 14.6 0.75 10 

WRF12-MPIESM_hist. 

 

14 0.78 9.7 

ERA-Interim 14 1 0 

 

 

© Savanna 

WRF12GFDLESM_hist 13 0.83 7.2 

WRF12HADGEM2_hist. 11 0.75 7.5 

WRF12-MPIESM_hist 10.2 0.82 6.2 

ERA-Interim 9.9 1 0 

 

From table 11(a) (i.e. Guineas_coast) and figure12-a only WRF12 run by MPI gave a better 

estimate of swddir over the Guinea-coast but with a correlation inferior to HADGEM. GFDL 

overestimated swddir in Guinea-coast. MPI and HADGEM had the highest correlation and lowest 

RMSE and were thus selected.  

 

Table11(b) and figure12-b (i.e Sahel) show that: all the forced GCMs underestimated swddir over 

the Sahel regions but of the three models MPI has the highest correlation and lowest RMSE. 

From table11 © and figure 12-c (i.e Savanna) WRF12 km run by MPI and GFDL underestimated 

swddir in this region while HADGEM overestimated. However, MPI has been selected with the 

highest correlation of 0.77 and lowest root mean square difference of 15W/m2 and Standard 

Deviation of 20.  
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Figure 12:The Taylor’s Diagram for the shortwave surface downward direct irradiance over the 

three regions with ERA-interim as reference (Guinea-Coast a), Sahel b), Savanna c)). 

Table 11: The values of R, 𝜎 and RMSE for shortwave surface downward direct irradiance over 

the (a) Guinea Coast; (b) Sahel and (c) Savanna regions. 

(a) Guinea Coast 

 

Shortwave-surface –Downward- direct-irradiance 

 𝜎 R RMSE 

WRF12GFDLESM_hist 21 0.63 17.5 

WRF12HADGEM_hist. 22 0.75 15 

WRF12-MPIESM_hist. 

 

18 0.65 15 

ERA-Interim 17 1 0 
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(b) Sahel 

 𝜎 R RMSE 

WRF12GFDLESM_hist 13 0.59 21 

WRF12HADGEM_hist. 21 0.7 19 

WRF12-MPIESM_hist. 

 

19 0.75 17 

ERA-Interim 26 1 0 

 

(c) SAVANNA 

 𝜎 R RMSE 

WRF12GFDLESM_hist 22 0.75 17 

WRF12HADGEM_hist. 28 0.8 17 

WRF12-MPIESM_hist. 

 

20 0.77 15 

ERA-Interim 24 1 0 

 

 

From the table 12(a) and figure13-a (i.e Guinea _Coast), WRF12km run by GFDL gave a good 

estimate of ts while that run by MPI and HADGEM underestimated. MPI was selected with the 

highest correlation of 0.75 and lowest root mean square difference equal to 0.73°C and Standard 

Deviation of 0.7.  

From the table 12 (b) and figure13-b (i.e Sahel) all the GCMs estimated ts well. MPI and 

HADGEM were selected over this region. 

 

From the table 12 © and figure13-c (i.e Savanna), HADGEM and GFDL overestimated ts while 

MPI estimated it reasonably well. MPI was selected with the highest correlation and lowest root 

mean square difference over this region. 
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Figure 13: The Taylor’s Diagram for the surface temperature over the three regions with ERA-

interim as reference (Guinea-Coast a), Sahel b), Savanna c)). 

Table 12: The values of R, 𝜎 and RMSE for surface temperature over the (a) Guinea Coast; (b) 

Sahel and (c) Savanna regions. 

(a) Guinea Coast 

Surface Temperature 

 𝜎 R RMSE 

WRF12GFDLESM_hist 1.15 0.45 1.18 

WRF12HADGEM_hist. 1.0 0.7 0.8 

WRF12-MPIESM_hist. 

 

0.7 0.75 0.73 

ERA-Interim 1.16 1 0 

 

(b) Sahel 
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 𝜎 R RMSE 

WRF12GFDLESM_hist 5 0.95 1.5 

WRF12HADGEM_hist. 4.5 0.96 1.25 

WRF12-MPIESM_hist. 

 

4.8 0.96 1.26 

ERA-Interim 4.3 1 0 

 

© Savanna 

 𝜎 R RMSE 

WRF12GFDLESM_hist 2.0 0.5 1.8 

WRF12HADGEM_hist. 1.8 0.7 1.3 

WRF12-MPIESM_hist. 

 

1.6 0.7 1.2 

ERA-Interim 1.5 1 0 

 

4.2 Variability and trend of projected solar radiation over Bamako and Mopti:  

4.2.1 Variability and trend of projected shortwave-surface-downward-diffuse-

irradiance over Bamako and Mopti: 
 

Figure 14, shows the intra-annual plots of shortwave-surface-downward-diffuse-irradiance over 

Bamako and Mopti from, the reference period (1979-2005) to near future (2019-2050) and the far 

future (2069-2100) under RCP4.5 scenario.  

 For the period of (2019-2050), compared to the reference years (1979-2005) there was a decrease 

in swddif for the months (February, March, April, June, July, October and December) for Bamako 

and (March, April, June, July,  August, October and December)  for Mopti  and an increase during 

the months of (May, August, September and November) for Bamako and during the months of ( 

February ,May, and November) for Mopti (figure14, e, f) The increase in diffuse irradiance during 

the month of May for both Bamako and Mopti, may be due to the fact that, during certain years, 

the rainy season starts in May in the Sahel region. The increase in October, November, February 
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could be due to increased dust in the environment caused by the harmattan winds during those 

months. The August and September increase could be due to increased cloud cover because this 

period in Mali is rainy season. Two peaks are clearly observed for both Bamako and Mopti. In 

Bamako the peaks are observed during the months of February and July, while in Mopti the peaks 

are observed during the months of March and July. The peak for Bamako is almost the same 

compared to the reference years and for Mopti it decreases a little than the reference years 

(figure14, a, b). However, increase in diffuse irradiation is higher in Bamako than Mopti. It is up 

to +2.5W/m2 for Bamako and +1W/m2 for Mopti. Both maximum values are observed in the 

month of May (figure14, e, f). The minimum values are observed in the months of October and 

November for Bamako and October for Mopti (figure14, a, b).   

During the period 2019-2050, a large decrease in diffuse irradiance, -3W/m2, is observed during 

the month of June for Bamako    and during the month of September (-3.5W/m2) for Mopti. These 

may be due to less cloud cover n in those months (figure14, e, f).  

At the end of the 21st century, there was a general decrease (compared to the reference years) in 

swddif over both cities, except for May and November for Bamako and May, October and 

November for Mopti where there were increases. This increase in diffuse irradiance during the 

month of May, may be due to the fact that in some years the rainy season start in May in the Sahel 

regions. The increases in October and November could be due to increased dust in the environment 

caused by the harmattan winds (figure14, g, h). Two peaks were clearly observed over both cities. 

These were in February and July for Bamako, and March and July for Mopti. The peaks decreased 

over both cities with respect to the reference years (1979-2005) (figure14, c, d). However, the 

magnitude of the increase in diffuse irradiation was higher in Bamako than Mopti, although it was 

observed in the month of May over both cities. The values were up to +3.5W/m2 for Bamako and 

+1.75W/m2 for Mopti (figure14, g, h). The minima were observed in the months of October and 

November for Bamako and for Mopti in the month of October (figure14, c, d). Large negative 

anomalies in diffuse irradiance were observed during the month of July over both cities. A value 

of -2.75W/m2 for Bamako -4W/m2 for Mopti. This may be due to less cloud cover in those months 

(figure14, g, h).  

Thus, it’s has been observed for both of the periods, (i.e. (2019-2050) and (2069-2100)), that the 

increase in diffuse irradiance is higher in Bamako than Mopti. This is due to the fact that Bamako 
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is the capital and has more industries. Thus, air pollution is higher there than the desert parts of the 

country. Polluted air quality contributes to regional aerosol effects (IPPCC Fourth assessment 

report ,2007).  

 

 

 

Figure 14:Time series of shortwave downward diffuse irradiance for the reference period to the 

near future and far future (a) rcp4.52019-2050 and historical 1979-2005 for Bamako, (b) 

rcp4.52019-2050 and historical 1979-2005 for Mopti, (c) rcp4.5 2069-2100 and historical 1979-



45 
 

2005 for Bamako, (d ) rcp4.52069-2100 and historical 1979-2005 for Mopti, (e) rcp4.5 2019-2050 

minus historical1979-2005 for Bamako, (f) rcp4.5 2019-2050 minus historical1979-2005 for 

Mopti, (g) rcp4.5 2069-2050 minus historical1979-2005 for Bamako, (h) rcp4.5 2019-2050 minus 

historical1979-2005 for Mopti. 

  

From figure15 and table13 it was oberved a decreasing trend in swddif during the references period 

(1979-2005) and an increasing trend during the near future and far future for both Bamako and 

Mopti. These increasing trends may be due to the enhanced greenhouse gases in the atmosphere. 

Greenhouse gases absorb some of solar radiation in the atmosphere and the remains are reflected 

in the earth surface as diffuse radiation. For Bamako, analysis shows a negative trend for the 

reference period. This negative trend is not statistically significant at the 68% confidence level. A 

positive trend is observed for both near and far future, this positive trend is statistically significant 

and   at the 98% confidence level for the near future and it is not statistically significant at the 90% 

confidence level for the far future. For Mopti, analysis shows a negative trend for the reference 

period. This negative trend is not statistically significant at the 75% confidence level. A positive 

trend is observed for both near and far future, this positive trend is statistically significant at the 

99% confidence level for the near future and at the 99% confidence level for the far future. 
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Figure 15: Time series of the inter-annual evolution of shortwave downward diffuse irradiance for 

the reference period to the near future and far future over left Bamako and right Mopti under 

RCP4.5 Scenario. 

  

Table 13: The values of regression coefficient and probability values for swddif 

 Period Reg-coefficient  P-Value 

Bamako Historical (1979-2005) -0.07138795 0.325856 

RCP4.5(2019-2050) 0.1057256 0.01721655 

RCP4.5(2069-2100) 0.1068037 0.09556841 

Mopti Historical (1979-2005) 0.100213 0.259085 

RCP4.5(2019-2050) 0.1837915 0.00007983064 

RCP4.5(2069-2100) 0.1837915 0.00007983064 

 

4.2.2 Variability and trend of projected shortwave-surface-downward-direct-

irradiance over Bamako and Mopti: 
 

Figure 16, shows the intra-annual plots of shortwave-surface-downward-direct-irradiance over 

Bamako and Mopti from, the reference period (1979-2005) to near future (2019-2050) and the far 

future (2069-2100) for RCP4.5 scenario. 

For the period of (2019-2050), compared to the reference years (1979-2005) a decrease in swddir 

was observed for almost the months of the year for both Bamako and Mopti and an increase during 

the months of (April, July, September, October) for both Bamako and Mopti, this increase in July 

and September could be due to more cloud cover (figure16 e, f). Two peaks were clearly observed 

in May and October over both localities. The peak of May is lower compared to the reference years 

while in October it’s almost the same (figure16, a, b). However, increase in direct irradiation is 

almost the same in Bamako and Mopti. The value is up to +2W/m2 observed in the month of July 

for both Bamako and Mopti compared to the reference years (figure16, e, f).  The minimum is 
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observed in the months of August for both Bamako and Mopti (figure16, a, b). A large decrease is 

observed in the month of May for both localities and is up to -10W/m2. This could be due to 

increased cloud cover (figure16, e, f). 

For the end of 21st century, a decrease in swddir was observed for ten out of the twelve months of 

year for both Bamako and Mopti. There were increases during the months of July and June for 

both Bamako and Mopti (figure16, g, h). Two peaks are clearly observed during the month of May 

and October for both localities. The peak in May is almost the same compared to the reference 

years but in October it is less (figure16, c, d). However, increase in direct irradiation is the same 

for Bamako and Mopti. The magnitude is up to +6W/m2 observed in the month of July for both 

Bamako and Mopti (figure16, g, h). The minimum was observed in the month of August for both 

Bamako and Mopti (figure16, c, d). A large decrease is observed in the month of May for both 

localities.  The value is -13.5W/m2. This could be due to increased cloud cover (figure16, g, h). 

Thus, it was observed that the increase in direct irradiance is almost the same in Bamako and 

Mopti. For both periods (i.e. (2019-2050) and (2069-2100)).  
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Figure 16:  Time series of the inter-annual evolution of shortwave downward direct irradiance for 

the reference period to the near future and far future over Bamako and Mopti under RCP4.5 

Scenario future (a) rcp4.52019-2050 and historical 1979-2005 for Bamako, (b) rcp4.52019-2050 

and historical 1979-2005 for Mopti, (c) rcp4.5 2069-2100 and historical 1979-2005 for Bamako, 

(d ) rcp4.52069-2100 and historical 1979-2005 for Mopti, (e) rcp4.5 2019-2050 minus 

historical1979-2005 for Bamako, (f) rcp4.5 2019-2050 minus historical1979-2005 for Mopti, (g) 

rcp4.5 2069-2050 minus historical1979-2005 for Bamako, (h) rcp4.5 2019-2050 minus 

historical1979-2005 for Mopti. 

 

 Figure 17 and table 14 show an increase of swddir during the reference period (1979-2005), near 

future and far future for Bamako. For Mopti, there was an increase of swddir during the reference 

period (1979-2005), decrease during the near future and an increase for the far future. The analysis 

for Bamako shows a positive trend for the reference period. This positive trend is not statistically 

significant at the 22% confidence level. A positive trend is observed for both near and far future, 

this positive trend is not statistically significant at the 88% confidence level for the near future and 
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at the 69% confidence level for the far future. For Mopti, analysis shows a positive trend for the 

reference period, this positive trend is not statistically significant. 

A negative trend is observed for near future. This negative trend is not statistically significant at 

the 87% confidence level. A positive trend is observed for the far future. This positive trend is not 

statistically significant at the 1% confidence level.  

 

 

Figure 17: Time series of the inter-annual evolution of shortwave downward direct irradiance for 

the reference period to the near future and far future over left Bamako and right Mopti under 

RCP4.5 Scenario. 

Table 14: The values of regression coefficient and probability values for swddir. 

 Period Reg-coefficient  P-Value 

Bamako Historical (1979-2005) 0.03996868 0.775968 

RCP4.5(2019-2050) 01409122 01206618 

RCP4.5(2069-2100) 0.1352804 0.3100502 
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Mopti Historical (1979-2005) 0.02113148 0.897008 

RCP4.5(2019-2050) -0.125141 0.1368464 

RCP4.5(2069-2100) 0.0002045847 0.9985036 

 

4.3 Variability and trend of projected surface Temperature over Bamako and 

Mopti: 
Figure 18 shows the intra-annual plots of surface Temperature over Bamako and Mopti from, the 

reference period (1979-2005) to near future (2019-2050) and the far future (2069-2100) for 

RCP4.5 scenario. 

A continuous increase in surface temperature is clearly observed for the near and far future over 

both Bamako and Mopti (figure 18, a, b, c, d, e, f, g, h). The peaks over both localities are observed 

in May, September, October, and November. A high augmentation is observed during the month 

of February for both near and far future (figure 18, a, c, d, e, f, g, h). 

 

 

Figure 18: Time series of the inter-annual evolution of surface Temperature for the reference 

period to the near future and far future over Bamako and Mopti under RCP4.5 Scenario future (a) 

rcp4.52019-2050 and historical 1979-2005 for Bamako, (b) rcp4.52019-2050 and historical 1979-
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2005 for Mopti, (c) rcp4.5 2069-2100 and historical 1979-2005 for Bamako, (d ) rcp4.52069-2100 

and historical 1979-2005 for Mopti, (e) rcp4.5 2019-2050 minus historical1979-2005 for Bamako, 

(f) rcp4.5 2019-2050 minus historical1979-2005 for Mopti, (g) rcp4.5 2069-2050 minus 

historical1979-2005 for Bamako, (h) rcp4.5 2019-2050 minus historical1979-2005 for Mopti. 

 

The time series of the inter-annual evolution of surface Temperature for the reference period to the 

near future and far future over Bamako and Mopti under RCP4.5 Scenario is shown in figure 19. 

From figure 19 and table 15 an increase of ts during the reference period (1979-2005), near and 

far future for both Bamako and Mopti. The Bamako analysis shows a positive trend for the 

reference period. This positive trend is statistically significant and at the 99% confidence level. A 

positive trend is observed for both near and far future. This positive trend is statistically significant 

at the 99% confidence level for the near future and is not statistically significant at the 45% 

confidence level for the far future. For Mopti, the analysis shows a positive trend for the reference 

period, this positive trend is not statistically significant at the78% confidence level. A positive is 

observed for both near and far future, this positive trend is statistically significant at the 98% level 

for the near future and not statistically significant at the 39% confidence level for the far future. 

 

  

  

Figure 19: Time series of the inter-annual evolution of surface temperature for the reference period 

to the near future and far future over left Bamako and (b) right Mopti under RCP4.5 Scenario. 
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Table 15: The values of regression coefficient and probability values for surface temperature. 

  R P value 

Bamako Historical (1979-2005) 0.04098377 0.002392889 

RCP4.5(2019-2050) 0.03746178 0.00004 

RCP4.5(2069-2100) 0.00662368 0.55506905 

Mopti Historical (1979-2005) 0.04204715 0.02295242 

RCP4.5(2019-2050) 0.0255559 0.02443316 

RCP4.5(2069-2100) 0.0079293 0.6146144 
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Chapter 5 

Conclusions and Future Work 

5.1 General Conclusions: 
It is well admitted that climate variability and change will have direct impact on energy 

infrastructure and technology as well as on energy supply and demand. Changes in mean climate 

parameters such as surface temperature and solar radiation will have impacts on some renewable 

technologies including PV modules. 

In this study, the impact of climate change on solar energy potential over West-Africa was 

investigated with a focus on MALI.  

The WRF-12km output was evaluated and Taylor diagrams were plotted Over Guinea-coast, 

Sahel, Savanna regions of West-Africa for the parameters, shortwave downward diffuse radiation 

(swddif), shortwave downward direct radiation (swddir) and surface temperature (ts). The aim was 

to identify the best forcing GCM for WRF over these regions with regards to the three parameters 

mentioned earlier. Thus, the best forcing GCM over the Sahel region was used to analyze the trend 

and variability of the parameters over Bamako and Mopti. Analysis showed that all the three 

forcing GCMs (GFDL, HADGEM, MPI) overestimated swddif over the Guinea coast, but MPI 

was found to have the highest correlation of 0.38 and the lowest root-mean-square- difference of 

8.1Wm2 compared to the reference (ERA-Interim). Over the Sahel region all the three forcing 

GCMs estimated swddif reasonably well, but MPI was found to have the highest correlation of 

0.78 and lowest root-mean-square-error of 9.7W/m2 compared to the reference. Over Savanna 

region MPI and HAD-GEM were found to estimate the swddif reasonably well, while GFDL 

overestimated. MPI had the highest correlation 0.82 and lowest root-mean-square-error of 

6.2W/m2 compared to the reference. 

For swddir, analysis showed that only MPI estimated it reasonably well in the Guinea coast region, 

while HAD-GEM and GFDL overestimated it. MPI and HAD-GEM were found to have the 

highest correlation of 0.65 and 0.75 respectively. The lowest root-mean-square-error of 15W/m2 

was obtained for both compared to the reference. Over the Sahel region, all the forcing GCMs 

underestimated swddir, but of the three models, MPI was found to have the highest correlation of 
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0.75 and the lowest root-mean-square-error 17W/m2. Over Savanna, MPI and GFDL 

underestimated swddir while HAD-GEM overestimated compared to the reference was find to 

have the highest correlation 0.77 and the lowest root-mean-square-error 15W/m2. 

The analysis for ts showed that GFDL estimated reasonably well while HAD-GEM and MPI 

underestimated over Guinea coast. MPI was found to have the highest correlation of 0.75 and the 

lowest root-mean-square-error 0.73 °C for Guinea Coast. Over the Sahel region, all the three 

forcing GCMs estimated ts well.  MPI and HADGEM were found to have the highest correlation 

of 0.96. and the lowest root-mean-square-error of 1.25°C for HADGEM and 1.26°C for MPI 

compared to the reference. Over the Savanna region, HADGEM and GFDL overestimated ts while 

MPI estimated it well. MPI was found to have the highest correlation of 0.7 and the lowest root-

mean-square-error of 1.2 °C compared to the reference. 

Analysis showed that in all the three regions of West Africa, WRF12km driven by MPI has the 

highest correlation and the lowest root-mean-square-error followed by HADGEM compared to the 

reference. 

In terms of trend and variability of swddif, swddir and ts, the analysis showed that the increase in 

swddif is more significant in the near and far future in Bamako than Mopti. For the near future, a 

value of +2.2W/m2 for Bamako and and +1W/m2 for Mopti were both observed in May. For the 

far future, a value of +3.5W/m2 for Bamako and +1.75W/m2 for Mopti were observed in May. 

However, increase in swddir is almost the same for Bamako and Mopti, there is an increase of 

temperature over both localities and it’s more significant in Mopti than Bamako. 

Thus, based on the three parameters used in this study, the locality of Mopti will be more suitable 

for implementation of solar energy panels to satisfy the energy needs in Mali.  

Regarding the siting of the solar panels (or solar farms), there are additional factors that have to 

be considered before a decision is made. For instance, land cover, the current and projected cost 

of land, the layout of the national grid lines, the intended plans of the government regarding 

expansion of the national grid. Even with climatic factors, grass minimum or soil temperature, 

wind and the maximum radiation also need to be considered.
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5.2Future Work: 
This study was limited to simulating the impact of climate change on solar energy potential over 

Mali by analyzing surface temperature and solar radiation. Climate change impacts on photovoltaic 

systems could be further investigated looking at other climate parameters that have notable impact 

on PV energy output, for instance wind. The forced convection due to wind removes heat from the 

module and consequently decreases its temperature, extreme events, and the topography. 
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APPENDIX 

Appendix A: Daily shortwave surface downward direct irradiance. 

 

 

Figure 20:Daily shortwave surface downward direct irradiance 

. 
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Appendix B: Daily shortwave surface downward diffuse irradiance. 

 

Figure 21:Daily shortwave surface downward diffuse irradiance. 

 

 



65 
 

Appendix C: Daily surface temperature. 

 

Figure 22:Daily surface temperature. 


