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Abstract

For a sustainable development the electricity sector needs to be decarbonized. In
2017 only 54% of the West African households had access to the electrical grid. Thus,
renewable sources should play a major role for the development of the power sector
in West Africa. Above all, solar power shows highest potential of renewable energy
sources. However, it is highly variable, depending on the atmospheric conditions.

This study addresses the challenges for a solar based power system in West
Africa by analyzing the atmospheric variability of solar power. For this purpose,
two aspects are investigated. In the first part, the daily power reduction due to
atmospheric aerosols is quantified for different solar power technologies. Meteoro-
logical data at six ground-based stations is used to model photovoltaic and parabolic
trough power during all mostly clear-sky days in 2006. A radiative transfer model
is combined with solar power model. The results show, that the reduction due to
aerosols can be up to 79% for photovoltaic and up to 100% for parabolic trough
power plants during a major dust outbreak. Frequent dust outbreaks occurring in
West Africa would cause frequent blackouts if sufficient storage capacities are not
available. On average, aerosols reduce the daily power yields by 13% to 22% for
photovoltaic and by 22% to 37% for parabolic troughs.

For the second part, long-term atmospheric variability and trends of solar irra-
diance are analyzed and their impact on photovoltaic yields is examined for West
Africa. Based on a 35-year satellite data record (1983 - 2017) the temporal and
spatial variability and general trend are depicted for global and direct horizontal
irradiances. Furthermore, photovoltaic yields are calculated on a daily basis. They
show a strong meridional gradient with highest values of 5 kWh/kWp in the Sahara
and Sahel zone and lowest values in southern West Africa (around 4 kWh/kWp).
Thereby, the temporal variability is highest in southern West Africa (up to around
18%) and lowest in the Sahara (around 4.5%). This implies the need of a North-
South grid development, to feed the increasing demand on the highly populated
coast by solar power from the northern parts of West Africa. Additionally, global
irradiances show a long-term positive trend (up to +5 W/m2/decade) in the Sahara
and a negative trend (up to -5 W/m2/decade) in southern West Africa. If this trend
is continuing, the spatial differences in solar power potential will increase in the
future.

This thesis provides a better understanding of the impact of atmospheric vari-
ability on solar power in a challenging environment like West Africa, characterized
by the strong influence of the African monsoon. Thereby, the importance of aerosols
is pointed out. Furthermore, long-term changes of irradiance are characterized con-
cerning their implications for photovoltaic power.



Zusammenfassung

Um eine nachhaltige Entwicklung umzusetzen muss der Stromsektor dekarbonisiert
werden. Im Jahr 2017 waren 54% der westafrikanischen Haushalte nicht an das
Stromnetz angeschlossen. Deshalb sollte dort für die Entwicklung des Stromnetzes
auf erneuerbare Ressourcen gesetzt werden. Wegen des hohen Potentials wird ins-
besondere Solarenergie eine entscheidende Rolle spielen. Jedoch ist diese stark von
den atmosphärischen Bedingungen abhängig.

In dieser Arbeit werden die Herausforderungen für ein solar betriebenes En-
ergiesystem in Westafrika untersucht. Dabei wird im ersten Teil der Einfluss von
atmosphärischen Aerosolen quantifiziert. Meteorologische Daten aus dem Jahr 2006
von überwiegend klaren Tagen an sechs Messtationen werden genutzt, um den Er-
trag eines potentiellen Photovoltaik- und eines Parabolrinnenkraftwerkes zu model-
lieren. Während eines Sandsturms können Aerosole für eine Ertragsreduktion von
bis zu 79% bei Photovoltaik- und von bis zu 100% bei Parabolrinnenkraftwerken
verantwortlich sein. Im Durchschnitt reduzieren Aerosole den Ertrag von Photo-
voltaikanlagen um 13% bis 22% und von Parabolrinnenkraftwerken um 22% bis
37%.

Im zweiten Teil werden die langfristige atmosphärische Variabilität und
generelle Trend analysiert und deren Einfluss auf Photovoltaikerträge in Westafrika
beleuchtet. Basierend auf Satellitendaten (1983 - 2017) werden sowohl zeitliche
und räumliche Variabilität als auch Trends der Global- und Direktstrahlung bes-
timmt. Außerdem wird der Photovoltaikertrag anhand von Tageswerten berechnet.
Der Ertrag zeigt eine starke meridionale Abhängigkeit mit höheren Erträgen und
niedrigerer Variabilität in der Sahara und Sahel Zone (mehr als 5 kWh/kWp und
etwa ± 4.5%) und niedrigeren Erträgen und höherer Variabilität im südlichen
Westafrika (etwa 4 kWh/kWp ± 18%). Hier wird sichtbar, dass ein Netzausbau in
Nord-Süd Richtung notwendig ist, um die bevölkerungsreiche Küste mit Solarstrom
aus der nördlichen Region zu versorgen. Zusätzlich ist ein positiver Trend (bis zu
+5 W/m2/Dekade) der Globalstrahlung in der Sahara und ein negativer Trend
(bis zu -5 W/m2/Dekade) im südlichen Westafrika zu erkennen. Setzt sich dieser
Trend weiter fort, werden sich die regionalen Unterschiede im Solarenergiepotential
in Zukunft noch verstärken.

Diese Arbeit verbessert das Verständnis der atmosphärischen Einflüsse auf So-
larenergie in einer vielfältigen Region wie Westafrika. Die Bedeutung des Aerosol-
einflusses wird deutlicher, insbesondere in Wüstenregionen. Außerdem werden
langzeitliche Veränderungen der Strahlung charakterisiert und deren Einfluss auf
Photovoltaik aufgezeigt.
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Chapter 1

Introduction

1.1 Motivation and state of the art
One of the biggest challenges for humanity is to sustainably live on the Earth to
keep it livable for future generations. To achieve sustainable development the United
Nations defined 17 goals as a call for action. These Sustainable Development Goals
(SDG) aim to ”end poverty, protect the planet and ensure that all people enjoy peace
and prosperity” (United Nations 2015). All these aims can be highly connected
to climate conditions. The Intergovernmental Panel on Climate Change (IPCC)
predicts an increasing risk for extreme weather events like droughts, floods and heat
waves due to climatic changes (IPCC 2014a). These events might cause a lack in
agricultural production, military conflicts or land degradation and flooding, to name
only the obvious consequences. Especially greenhouse gas (GHG) emissions impact
the Earth climate and force climatic changes. These GHG emissions are mainly
driven by population growth and lifestyle, i.e. higher use of resources.

Globally the electricity sector is responsible for around one quarter of GHG emis-
sions (IPCC 2014b). The seventh goal of the SDGs proposes to ”ensure access to
affordable, reliable, sustainable and modern energy for all”. With the Paris Agree-
ment (UNFCCC 2015) and according to international law the total decarbonization
of the electricity sector is requested. The electricity sector depends on future de-
mand and available technologies as well as on political decisions. Currently, the
most promising solution to decarbonize the electricity sector are renewable energies
(Delucchi and Jacobson 2011).

Especially in poor regions of the world, renewable energies can contribute to a
sustainable and more reliable electricity system. In this study we focus on West
Africa, where grid connected electricity is currently mainly based on gas, oil and
hydro power (Sterl et al. 2020a, IRENA 2018a). The electrification rate lies below
50% (in 2010-2011) in many West African countries (ECOWAS 2014) and only
54% of the households have access to the electric grid (in 2017) (Abdulrahman and
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Paco 2019).1 Therewith, the West African energy sector is confronted with two
major challenges. First, the rising demand and current lack in electricity supply
needs to be served. Second, climatic changes and international agreements (e.g.
Paris Agreement (UNFCCC 2015)) require carbon neutral solutions (e.g. renewable
energies). Many West African countries are moving toward this decarbonization of
the power sector by setting high targets for renewable energy use (ECOWAS 2014).

Globally the highest technical potential of renewable energy sources is given
by direct solar energy2 (SREEN 2012). By being prone to high solar insolation
year around West Africa is suitable for solar based power systems (Solargis 2019).
However, the yield of solar power systems is highly variable and depends on the fre-
quently changing atmospheric composition (Sengupta et al. 2017). The dependency
of power supply on atmospheric conditions increases with a rising share of solar
power in the electricity system. Therefore, the integration of solar power into the
electricity system raises challenges for the dimensioning of power plants and storage
as well as for network stability and grid development (Lorenz et al. 2011). Only
with the knowledge of temporally and spatially high-resolved solar power resources,
profits can be estimated and thus stimulate large scale private investments in the so-
lar power sector. Furthermore, they are necessary for the integration of solar power
plants into the electricity system and to secure network stability.

Shortwave global irradiance at ground is the major modulator of solar power (e.g.
Sengupta et al. 2017). Its variability highly depends on atmospheric properties, such
as clouds, aerosols and water vapor as well as on the daily and seasonal cycle, due to
the Earth’s orbit around the sun (Perez et al. 2016). The latter one is well known and
can be calculated from astronomical formulas. The atmospheric variability depends
on local conditions, which are variable in space and time. A high temporal resolution
(less than one hour) of atmospheric data is required to estimate the power variability
over the course of the day (Gueymard and Wilcox 2011). Therefore, the impact of
clouds, aerosols and water vapor on solar irradiance needs to be investigated to
enable the calculation of potential solar power. However, these quantities (clouds,
aerosols and water vapor) show the largest uncertainties in weather and climate
models (e.g. Rieger et al. 2017, Sengupta et al. 2017, Boucher et al. 2013).

Only a few studies investigated solar power in West Africa, focusing on different
aspects, e.g. site assessment (Yushchenko et al. 2018, Ramdé et al. 2013), grid
development (Adeoye and Spataru 2018) and future potential (Bazyomo et al. 2016,
Köberle et al. 2015). For such studies information on solar irradiance is needed which
is taken from either global climate models or long-term yearly averages. However,

1Numbers are given for the Economic Community of West African States (ECOWAS), including
Benin, Burkina Faso, Cabo Verde, Cote d’Ivory, The Gambia, Ghana, Guinea, Guinea Bissau,
Liberia, Mali, Niger, Nigeria, Senegal, Sierra Leone and Togo.

2Direct solar energy is defined here as the direct use of solar irradiance to produce electricity,
including photovoltaic and concentrating solar power. Note that the term ’direct’ connects to the
direct use of solar irradiance for power generation, by using diffuse and direct irradiance.
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no temporally highly resolved solar irradiance data is used to determine the power
yield of solar based systems.

There are three major types of surface solar irradiance data: measurements
(including ground-based or satellite data), models (including numerical models for
weather and climate prediction) and reanalyses (combining observations and mod-
els). While ground-based measurements provide the most accurate information on
irradiance at a certain location, such measurements are not available over larger
domains. Satellite data aim to fill this gap. However, satellite retrievals are based
on reflectance measurements in the visible and near-infrared spectral range. The
derivation of surface radiation, requires assumptions on aerosol distribution, which
is typically taken from climatologies (Mueller et al. 2015, Boucher et al. 2013). Ra-
diative transfer models are well suited to investigate the impact of single atmospheric
parameters (e.g. gases, clouds, aerosols). However, they depend on the accuracy
and availability of the atmospheric input data and need high computational times.
Reanalyses provide high temporal and spatial resolved best estimates from historical
atmospheric information combined with advanced modeling and data assimilation
systems. However, the accuracy of the data highly depends on the correct descrip-
tion of atmospheric phenomena and needs to be validated for each new product.

West Africa is a region with very few routine meteorological measurements.
Prominent international projects concerning the characterization of the climate were
recently undertaken in West Africa, the African Monsoon Multidisciplinary Analysis
(AMMA) since 2002 (Redelsperger et al. 2006) and the Dynamics-aerosol-chemistry-
cloud interactions in West Africa (DACCIWA) project since 2013 (Knippertz et al.
2015). The main goal of AMMA was to investigate the West African climate and
to achieve a better understanding of the West African Monsoon (WAM). The DAC-
CIWA project aims to quantify the natural and anthropogenic emissions over south-
ern West Africa and their impact on the atmospheric composition. During both
projects many additional meteorological instruments have been deployed for con-
tinuous and temporal measurements. The DACCIWA campaign included aircraft
and ground-based measurements in June-July 2016 covering the pre and post-onset
phase of the WAM. Furthermore, three supersites were established for longer term
measurements. The data of these campaigns were analyzed concerning changes of
atmospheric parameters (e.g. aerosols (e.g. Deetz et al. 2018, Cavalieri et al. 2011,
Matsuki et al. 2010), clouds (e.g. Babić et al. 2019, Kniffka et al. 2019, Penide
et al. 2010) and their interaction (e.g. Taylor et al. 2019, Crumeyrolle et al. 2008)).
Furthermore, the measurements were used for the evaluation of numerical weather
prediction and climate models (e.g. Hannak et al. 2017, Hourdin et al. 2010). How-
ever, up to now the campaign data have not been used to assess the potential of
solar power in the region of West Africa which is the topic of the thesis at hand.
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1.2 Thesis overview
Solar energy will play a key role in the future global sustainable electricity-mix.
Here this technology is analyzed concerning the impact of atmospheric variability
on power yields. West Africa is used as study region for several reasons. First, it is a
region with high solar insolation year around with an average annual sum of global
irradiance up to 2400 kWh/m2 (Solargis 2017). Second, the region is suffering from
a lack of electricity as well as energy infrastructure and the energy system needs to
be expanded to serve current and future demand.

West Africa is a particular challenging region due to the WAM, which leads to
a typical annual cycle of clouds and precipitation in south and central West Africa.
This implicates regular dry and wet seasons and related variable solar irradiance.
During the dry season, with only few clouds, frequent dust outbreaks and therewith
extreme aerosol loads occur. A detailed analysis of extreme aerosol loads, resulting
in high reductions of solar power, can be undertaken for this region.

The central research question of this thesis ”What is the impact of atmospheric
variability on solar based power systems in West Africa?” is divided into two sub-
questions, each representing the focus of one result chapter.

1. What is the impact of atmospheric aerosols on concentrating and photovoltaic
solar power plants (Chapter 4)?

2. How do long-term atmospheric variability and trends affect photovoltaic yields
in West Africa (Chapter 5)?

In this thesis different types of solar irradiance data are used. Ground-based
measurements are utilized to validate newly developed models (the ”Solar Power
modeling including atmospheric Radiative Transfer” (SolPaRT) model and a lin-
ear photovoltaic yield model) and satellite retrievals. A radiative transfer model,
calculating surface irradiances for a given atmospheric state, is applied to analyze
the aerosol impact at several locations where ground-based measurements of aerosol
optical properties are available. Novel satellite retrievals covering the full region of
West Africa are exploited to investigate the long-term trends and variability of solar
irradiance and its implications on photovoltaic power. How these different data sets
and tools are used to answer the two main questions is detailed in the following.

1. Impact of atmospheric aerosols on solar power
Solar based power system are impacted by the atmospheric variability of the in-
coming solar irradiance. This variability is mainly driven by the absorption and
scattering of solar radiation by aerosol and cloud particles as well as trace gases
(e.g. Wendisch and Yang 2012, Wallace and Hobbs 2006). Even if clouds are a more
efficient modulator of solar radiation, this part of the thesis focuses on the impact of
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aerosols on solar power for three reasons. First, especially in a desert environment
like in the Sahel and the Sahara aerosols can become the decisive factor, limiting
the availability of solar irradiance, during the dry season (Kothe et al. 2017). Sec-
ond, frequent dust outbreaks might cause severe power reductions, which need to
be regarded by planing a storage and grid system for the power sector (Rieger et al.
2017). Third, aerosols are often only included as climatology in global climate mod-
els and satellite retrievals (e.g. Pu and Ginoux 2018, Mueller et al. 2015, Boucher
et al. 2013) and therefore their temporal variability is neglected.

Depending on their physical and chemical composition aerosols reduce global hor-
izontal irradiance (GHI) (e.g. Boucher 2015, Kaufman et al. 2002, Hess et al. 1998).
Direct normal irradiance (DNI) is strongly lowered while diffuse horizontal irradi-
ance (DHI) is changed concerning its direction and increased to some maximum.
Different solar irradiance components are used by different solar power technologies.
While concentrating solar power (CSP) plants only exploit DNI, non-concentrating
technologies, such as photovoltaic, use GHI.

The central question of this part of the thesis can be refined into:

1. What is the magnitude of the impact of aerosols on solar power?

2. How sensitive are photovoltaic and concentrating solar technologies to aerosol
conditions?

3. Which challenges need to be considered during a desert dust outbreak?

To answer these questions first a model framework (”Solar Power modeling in-
cluding atmospheric Radiative Transfer” - SolPaRT) to separate the aerosol effect
from other atmospheric quantities is developed. This model combines a radiative
transfer model with solar power calculations and explicitly considers the impact of
aerosols on solar irradiance. The impact of clouds is ruled out by considering clear
sky situations only. For the quantification of the aerosol impact on solar power the
aerosol-free and aerosol-loaded atmosphere are compared. The model is validated by
using measurements in Sankt Augustin, Germany. Furthermore, a location (Niamey,
Niger) with detailed observational data and high solar insolation is used to give an-
swer to the first sub-question (see Section 4.1). The second and third sub-questions
then are addressed by analyzing historical data at six well distributed locations in
West Africa (see Section 4.2).

2. Variability of solar irradiance and its implications for pho-
tovoltaic power
A detailed analysis of the variability as well as long-term trends of solar irradiance
is necessary to identify suitable sites for photovoltaic power plants. To determine
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economically promising sites for photovoltaic power plants a regional analysis of the
resource over total West Africa is needed.

Ground-based measurements have a limited availability. Satellite based data in-
stead are available over larger regions and long time periods (Gueymard and Wilcox
2011). In particular, geostationary satellites can provide data having a temporal res-
olution of one hour or less to analyze the intraday variability. The Meteosat satellites
are geostationary and operated by the European Organisation for the Exploitation
of Meteorological Satellites (EUMETSAT). The Satellite Application Facility on Cli-
mate Monitoring (CM SAF) provides the Surface Solar Radiation Data Set-Heliosat,
Edition 2 (SARAH-2.1) by using Meteosat satellite data. SARAH-2.1 is a 35-year
long climate record for solar irradiance at ground with an half hourly resolution,
covering the whole of Europe and Africa (Pfeifroth et al. 2019).

In this part, the central question is split into two sub-questions:

1. How variable is solar irradiance and therewith photovoltaic power potential
between 1983 and 2017 in West Africa?

2. What are the trends of solar irradiance during these 35 years and how do they
impact photovoltaic potential?

To answer these questions the global and direct horizontal irradiance of the
SARAH-2.1 data record is analyzed for West Africa (3◦N to 20◦N; 20◦W to 16◦E,
see Chapter 5). The objectives of the analysis are fourfold. First, the satellite data
record is validated with ground-based measurements at three sites to determine their
suitability. Second, the variability and trends of solar irradiances are estimated
annually as well as for the dry and wet season separately with a spatial resolution
of 0.05◦x0.05◦. Third, the temporal variability is analyzed by monthly anomalies
along a meridional gradient which exhibits the strongest variations. Finally, a simple
approach is derived which allows to derive photovoltaic yields for the full region of
West Africa and subsequently addresses their variations.

Structure of the thesis
In the following, this thesis first provides background information on the West
African climate, solar power, solar irradiance and atmospheric aerosols (Chapter 2).
Chapter 3 summarizes the used data sources and models as well as the newly devel-
oped model chain SolPaRT. The impact of aerosols on solar power is presented in
Chapter 4. Chapter 5 points out the potential of photovoltaic power in West Africa.
Finally, Chapter 6 gives an overall conclusion and outlook.



Chapter 2

Background

This chapter gives an overview on the background of this thesis. First, West Africa
with its current climatological conditions is described, including solar power, the
climate and aerosols. Second, different solar energy technologies are characterized.
Third, solar irradiance and its interaction within the atmosphere is presented by giv-
ing a short introduction to the radiative transfer theory. Finally, aerosol properties
and their interconnection to land use conditions are summarized, as the atmospheric
composition of aerosols depend among other factors on local land use properties.

2.1 West Africa
West Africa is located at the westernmost edge of Africa, including Benin, Burk-
ina Faso, Cape Verde, The Gambia, Ghana, Guinea, Guinea-Bissau, Ivory Coast,
Liberia, Mali, Niger, Nigeria, Senegal, Sierra Leone and Togo, also known as the
Economic Community of West African States (ECOWAS). In the west and south
the region is limited by the Atlantic Ocean. The northern boundary is the central
Sahara and in the east an imaginary north-south boundary at 10◦E delimits the
region. West Africa is the habitat of around 350 million people and covers more
than 5 million square kilometers of land. Vegetation in West Africa is diverse and
can be classified into five east-west vegetation belts, the Saharan, Sahel, Sudanian,
Guinean and Guinean-Congolian regions (from north to south, see Figure 2.1). The

Figure 2.1: Landscapes of West Africa (CLISS 2016).
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Saharan region is dominated by arid and sandy landscapes. The Sahel is a home
for grass and bush lands as well as for the Sahel-acacia-Savanna. In the Sudanian
region vegetation ranges from open tree savannas to wooded savannas and open
woodlands. The landscape in the Guinean region manly consists of forests, with a
tree height of around 18 to 20 m. The wettest region is the Guinean-Congolian,
with dense forests and trees reaching up to 60 m height and the highest population
density. (CLISS 2016)

2.1.1 Solar energy
Currently solar power plays hardly any role in West Africa with far less than 1%
of final energy consumption and 454.5 MW installed capacity (in 2018) (IRENA
2018b). Thereby up to today only photovoltaic (PV) power is used, there are no
CSP plants running or planed for West Africa. The usage of PV power in West Africa
is twofold. On the one hand, small solar home systems and mini-grids connect rural
areas to electricity (especially in Sierra Leone, Senegal, Mali, Niger, Nigeria, Benin
and Togo). On the other hand, a few larger PV power stations exist in Burkina
Faso, Ghana, Niger, Senegal and Cabo Verde (ECOWAS 2019). The largest grid
connected PV power plant is Zagouli in Burkina Faso with 33.7 MW (Sterl et al.
2020b).

The future energy plan for the West African region is projected from different
organizations, including all renewable sources, with hydro power having the largest
share. The ECOWAS projects around 7.6 GW installed capacity of renewable en-
ergies (48% of total installed capacity) by 2030 (ECREE 2017). The West African
Power Pool (WAPP) Master Plan, and the ECOWAS Renewable Energy Policy
(EREP) propose to increase the share of renewable energy production to 23% by
2020 and 31% by 2030. The International Renewable Energy Agency (IRENA)
estimates that more than 25% of West Africa’s power will come from renewable
sources in 2030 (with an installed capacity of 65% of renewable energies) (IRENA
2018b). Furthermore, IRENA estimates an overall PV power potential of more than
100.000 TWh/year and an overall CSP potential of around 22.000 TWh/year (Her-
mann et al. 2014). With around 7 GW of currently planned PV power plants over
the region, solar energy use is already accelerating (Sterl et al. 2020b).

Many West African countries have their own policy targets for renewable ener-
gies. Cabo Verde has the highest target, with 50% grid connected renewable energies
in 2020. In other West African countries the targets of renewable energies range from
10% (in Ghana and Niger) to 35% (in The Gambia) for 2020. (ECOWAS 2014)

2.1.2 Regional climate and aerosols
The West African climate is highly variable due to its location between the humid
equatorial region and the dry subtropical desert regions. The northern region in the
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Sahara is mainly influenced by the high pressure belt due to the so-called Hadley cir-
culation causing the dry trade winds (also called Harmattan). Thus, in the northern
regions arid, desert conditions prevail. The southern coast is humid all-year round
and there is a transition zone to the north which has distinct dry and wet seasons,
influenced by the WAM. These sharp contrasts between the two regions are caused
by the global circulation system. The Hadley circulation characterizes an upward
motion of the air in the equatorial region and identifies the Intertropical convergence
zone (ITCZ) (Kraus 2004). In contrast, the northern desert region is influenced by
the subsiding air branch of the Hadley cell.

According to the Köppen-Geiger climate classification (Peel et al. 2007), climatic
conditions range from tropical climates (equatorial, monsoon and tropical savanna
climate) near the coast in the south over a narrow belt of warm semi-arid climate
in the central latitude of West Africa to a warm desert climate in the Sahara (see
Figure 2.2). Tropical climates show average temperatures of 18◦C or higher for
the coldest month and typical precipitation pattern. A warm semi-arid climate
represents a savanna climate and a warm desert climate an arid desert climate, both
are defined due to their low precipitation, whereby the desert climate shows lower
precipitation than the semi-arid climate. (Peel et al. 2007)

Figure 2.2: Map of West Africa with Köppen-Geiger climate classification (derived
from Peel et al. (2007)).

The averaged annual sum of GHI between 1994 and 2016 varied in West Africa
between about 1600 kWh/m2 and 2400 kWh/m2 (see Figure 2.3, (Solargis 2019)).
Compared to other regions in the world incoming solar irradiance is high in West
Africa, especially in the Saharan region. Between 1983 and 2015 the Sahara was one
of the most sunny regions on Earth (see Figure 2.4 from the CM SAF). Sunshine
hours go up to 4000 hours/year. For the whole West African region, sunshine hours
vary between around 2400 hours/year (6.6 hours/day) near the Guinean coast to
up to 4000 hours/year (more than 10 hours/day) in the desert region (Kothe et al.
2017).

In West Africa, radiative transfer is mainly conditioned by the WAM circulation
in the southern parts, causing the formation of clouds and their variability. The
relevance of dust from the Sahara and biomass burning on solar irradiance increases
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Figure 2.3: Averaged sum of global horizontal irradiance (modeled by Solargis) in
West Africa (adapted from Solargis (2019)).

Figure 2.4: Mean annual sum of average sunshine hours in West Africa between
1983 and 2015 (derived from Kothe et al. (2017), who used the SARAH-2.1 data

record).

towards the north (Miller et al. 2012). In the Sahel zone precipitation is connected
to the dry and wet season (Lélé and Lamb 2010, Yoshioka et al. 2007). During
the dry season (October-April) hardly any rainfall is observed in this region, while
during the wet season precipitation fluxes reach up to 5 mm/day (Miller et al. 2012).
Over the total region the mean annual rainfall ranges from less than 100 mm to over
1.800 mm (see Figure 2.5) (Niang et al. 2014). Months with more than 50 mm
rainfall range from 0 in the Sahara to 10 at the Guinean coast. The effective cloud
albedo between 1983 and 2017 (see Figure 1 c in Chapter 5) is low in the north of
West Africa and increases towards the south. Near to the coast it reaches up to 0.3.

The aerosol composition in West Africa consists of a complex mixture of com-
bustion aerosols and dust particles from the Sahara (Marticorena et al. 2011, Li-
ousse et al. 2010, Haywood et al. 2008). Major emitters for combustion aerosols are
biomass burning (mainly in the savanna during the dry season), fossil fuels (from
traffic and industry, mainly in urban areas, year around) and fires for domestic use
(cooking with fuelwood and charcoal, distributed over rural areas, year around).
Mineral dust is ubiquitous in West Africa, it is present all year around especially in
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Figure 2.5: Mean annual rainfall in West Africa (Derived from data from the IPCC
5th Assessment Report (Niang et al. 2014) for West Africa).

the northern part. However, there exist a typical dust cycle over the course of the
year. Dust concentrations peak during the dry season, with frequent dust emissions
(Cowie et al. 2014). Also in the beginning of the wet season high dust concentrations
of more than 4000 µg/m3 are present (Marticorena et al. 2011). Especially in the
dry season, the Harmattan winds transport the dusty air from the Sahara towards
the south, while the air loaded by biomass burning aerosols mainly remains south.
Especially near the ITCZ the dusty air is mixed with air loaded by biomass burn-
ing aerosols. Some secondary organic aerosols formed from vegetation (Capes et al.
2009), nitrates from soil (Delon et al. 2010) and maritime aerosols (Marticorena
et al. 2011) (especially near the coast) can be found as well. Satellite retrievals,
remote sensing and ground measurements show annual mean aerosol optical depth
(AOD) of up to 0.6 in the Sahara (see Figure 2.6, (Kinne et al. 2013)). In the global
view, West Africa is one of the regions with highest annual AOD. In many regions
of the world, the AOD lies under 0.2 (see Figure 2.6). When looking at ground mea-
surements, AOD can go beyond 4 in the West African region and is highly variable
in time (Slingo et al. 2006).
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Figure 2.6: Global distribution of AOD at 550nm from four different data sources.
A a combination of different satellite retrievals, including MODIS, MISR, and
AVHRR (top left), the Tanre climatology (Tanre et al. 1984) (bottom left),

AErosol RObotic NETwork ground data (top right), and a global model median
(bottom right, the used 14 models are given at AeroCom (2020) for phase I).

Values below the labels indicate global averages. (Kinne et al. 2013)

2.2 Solar power
There exist several technologies to generate solar power. Due to the physical power
generating process two main groups can be distinguished from each other - PV
and thermal. PV power systems directly transform solar irradiance to electrical
power using the photoelectric effect. Solar thermal power systems instead utilize
the heat from the sun to run an electric generator with a steam or gas turbine.
Solar thermal power plants include CSP like parabolic trough (PT) power plants
and solar tower power plants. This sections describes PV and PT power, the latter
representing a concentrating technology, with their advantages and disadvantages,
as these technologies are used for the analysis in this thesis.

2.2.1 Photovoltaic systems
Photovoltaic cells (from Greek "photos" - light and "volt" - the unit of electric volt-
age) can directly convert solar irradiance into electrical power. The first PV cell was
built in 1954 in the American Bell-Laboratories with an efficiency of 5% (Quaschn-
ing 2011). Nowadays, crystalline PV cells reach efficiencies far over 20% in the
laboratories (RECP 2019). Costs are still falling from year to year and annual new
installations increase. In 2018, the worldwide PV power generation was 585 TWh,
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which covers over 2% of global electricity need (IEA 2019), with an installed total
capacity of over 500 GW (RECP 2019) (with only 0.1% being installed in West
Africa). PV systems have one important advantage. They are based on a modular
technology which allows to build up large power plants as well as small systems for
single households or even off-grid applications. A grid-connected PV installation
consists of PV modules (arranged in parallel or in row and build up from several
PV cells) and an inverter to convert the direct current (DC) to alternating current
(AC).

The photovoltaic effect is the physical basis of PV systems and creates voltage
and electric current while the cell is exposed to light. Photovoltaic cells are made of
semiconductors. The mainly used semiconductor for PV cells is silicon (the global
market share was 90% in 2014 (Armaroli and Balzani 2016)). Silicon has four
valence electrons. These electrons can be elevated to the conduction band under
the exposure to light. The remaining empty space in the valence band is called
hole. To generate electricity several layers of doped semiconductor material need
to be arranged. For the doping of silicon, one atom is replaced by an atom from
the III (p-doping, often with Bor) or the V main group of the periodic table (n-
doping, often with Phosphor). Due to the additional (n-doping) or missing electron
(p-doping) in the material local positive or negative charge preponderance occurs.
By connecting the two differently doped layers to a p-n-junction a depletion region
is built up in the middle. In this region charge carriers are separated due to the
different local charge preponderance. Electrons drift towards the n-layer and holes
towards the p-layer. This evokes a current subtended to the forward direction of the
p-n junction which can be diverted by the connection of a consumer (see Figure 2.7).
(Quaschning 2011)
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Figure 2.7: Electric bands for intrinsic and doped silicon as well as for the
p-n-junction.

Beside the p-n-junction, the PV cell has additional layers. To divert the cur-
rent a front and a back layer, including the electrical contact need to be installed.
Furthermore, an antireflection layer is applied on the front of the PV cell to reduce
optical losses of incoming solar irradiance.
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Modeling PV power implies to accurately simulate the current (I) - voltage (U)
curve during each modeling step. Therefore at least three points are necessary to
accurately represent the I-U curve, the maximum power point (MPP), the open-
circuit voltage (UOC) and the short-circuit current (ISC) (see Figure 2.8).
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Figure 2.8: Typical curse of the I-U and Power-U curve of a PV cell, with MPP,
UOC and ISC .

The optically generated charge carriers are exposed to the recombination and
diffusion processes. For the ideal PV cell these processes can each be represented
by a diode. However, losses must be taken into account for real PV cells. The
two diode model represents the optimal characterization of a crystalline PV cell (for
detailed description see Section 3.3.2). Thereby losses can be summed up in one
series- and one parallel resistance term. The series resistance represents the losses
of the semiconductor material and contacts and the parallel resistance the defects
in the p-n-junction and the leakage currents over the surface (Fischbach 1982).

2.2.2 Parabolic trough power plant
The utilization of CSP dates back to the seventh century B.C.. In these times, it was
used to light fire using glass or mirrors to concentrate the direct radiation. Nowa-
days, CSP is developed as a modern technology to produce power, e.g. as PT power
plants. The technology is attractive due to its combination with traditional thermal
gas or steam turbines coupled to a generator and used in the fossil fuel based energy
system. Therefore, a combination with fossil fuels is possible. Parabolic trough
power plants (PTPP) are one of the most established CSP technologies. For PTPP
heat levels of around 250◦C to 400◦C are needed. To achieve such temperatures
the concentration of the solar irradiance is necessary. The concentration of solar
irradiacne is only possible for the direct component of irradiance, which makes CSP
attractive for regions with a low share of clouds and aerosols. To analyze the impact
of aerosols on solar power a PTPP is used as an exemplary CSP plant in this thesis.
(Quaschning 2011)

The PT technology consists of single line concentrators in the shape of a parable.
Parallel rays are collected by reflection on the reflector and focused to one receiver
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tube (see Figure 2.9). The reflectors are usually built of glass mirrors because of
their long life time. The receiver tube is filled with a working fluid (e.g. thermal
oil), able to capture high temperatures. The parabolic trough tracks the sun with
a single-axis in East-West direction to capture the solar irradiance perpendicular
to the aperture. The heated working fluid evaporates and overheats water, which

Figure 2.9: Parabolic trough collector (Cabrera et al. 2013: Fig. 2).

then drives a steam turbine with a generator producing electrical power. A PTPP is
generally constructed by several parabolic collectors in series, named assembly, and
multiple assemblies are connected in parallel. The Andasol I (see Figure 2.10) power
plant in Spain is used for theoretical calculations in this thesis. For this power plant
12 typical collectors (the line-focusing Eurotrough, (Luepfert et al. 2003)) are used
in one assembly and 624 assemblies are connected in parallel. The heat collector
elements are PTR70 by Schott (SCHOTT Solar 2013) and for the power block, a
Steam Rankine process is used. The SST-700 turbine was developed by Siemens.
The solar field efficiency of Andasol I lies around 50% and the efficiency of the entire
plant, including the steam turbine process, at around 15% (Solar Millenium 2008).

Figure 2.10: Diagram of the Andasol I power plant without storage (A: possible
secondary combustion, B: Steam turbine with generator, C: Cooling tower).
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2.3 Solar irradiance
Solar (or shortwave) radiation is emitted by the sun’s photosphere and incident
on the top of the Earth’s atmosphere. The sun emits mainly in the wavelength
λ range between 100 and 4000 nm (Petty 2006: p.68). Thereby the shape of the
extraterrestrial spectrum follows a Planck curve of the sun’s surface temperature
of approximately 5777 K (Petty 2006), with a maximum at about 500 nm (see
Figure 2.11). The mean irradiance arriving at the top of the atmosphere is specified

Figure 2.11: The extraterrestrial solar spectrum with a corresponding Planck curve
at 5777 K (temperature of the sun) and the AM1.5 spectrum (American Society

for Testing and Materials 2003).

as the total solar irradiance, having a value of 1361.1 W/m2 (Gueymard 2018). The
solar constant is influenced by the Earth elliptical orbit around the sun and the sun’s
11-year solar cycle. Due to the elliptical orbit of the Earth around the sun, the top
of the atmosphere solar radiation varies from 1330 W/m2 in summer to 1420 W/m2

in winter (Petty 2006: p. 50). The 11-year solar cycle has an amplitude of about
0.12%, so it plays only a secondary role (Kopp and Lean 2011). On its way to the
Earth’s surface, solar irradiance interacts with the Earth’s atmosphere.

Solar irradiance at the Earth surface (global horizontal irradiance - GHI) consists
of two components: direct horizontal (DIR) and diffuse horizontal irradiance (DHI).
GHI can be calculated as: GHI = DIR + DHI. The direct component is the
part of the extraterrestrial light which passes the atmosphere without interaction
with particles and molecules, it comes from the direction of the sun. The diffuse
component arrives at the ground from several directions after being scattered by
trace gases, aerosols or clouds (see Figure 2.12). They absorb, reflect and scatter the
incoming light and therewith affect the intensity as well as the spectral composition
of the irradiance. About 30% of the incoming solar irradiance is reflected by the
Earth’s atmosphere while about 20% is absorbed there (Stocker et al. 2014).

A very simple consideration of the atmosphere can be undertaken by using the
air mass (AM) factor. This factor defines the direct optical path length through the
atmosphere compared to the vertical path length. In the solar energy community the
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Figure 2.12: Way of the irradiance through the atmosphere to the plane of a PV
module.

AM1.5 spectrum, which is defined at 25◦C (see Figure 2.11), is used as a standard
spectrum for terrestrial power generation (cloud free atmosphere with a rural aerosol
loading). In this thesis, however, detailed radiative transfer calculations will be used
to determine irradiance on the Earth surface. Therefore the propagation of solar
radiation, through the atmosphere will be discussed in more detail in the following.

2.3.1 Absorption and scattering
In the atmosphere solar radiation is scattered and absorbed by gases, aerosol and
cloud particles. The reduction of solar radiation by scattering and absorption in the
atmosphere is called extinction. The fraction of radiation passing the atmosphere
to the Earth surface is called transmittance.

Depending on the size extent and composition, molecules and particles absorb
the solar radiation at typical wavelengths and transform the radiance into thermal or
electronic energy. Thereby they induce rotational, vibrational and electronic transi-
tions. Transmittance lines and bands for the major atmospheric gases are shown in
Figure 2.13 in a wavelength range between 200 nm and 70 µm. By comparing the
absorption bands of the single trace gases with the spectral range of the incoming
solar radiation, one can clearly see that absorption and scattering by water vapor
has the major influence on the solar spectrum (under 4000 µm). The effect of ab-
sorption and scattering by nitrous oxide (N2O), oxygen (O2), ozone (O3), carbon
dioxide (CO2) and methane (CH4) has only a slight influence on the incoming solar
spectrum.

Scattering processes change the direction of the incoming radiation. Depending
on the size of the particles and the wavelength, various scattering behaviors are
differentiated (see Figure 2.14). The size parameter x is defined as

x = 2πr
λ
, (2.3.1)

with r being the radius for a spherical particle. For larger particles and smaller
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Figure 2.13: Spectral absorption bands of major atmospheric trace gases
(Worldpress 2012).

Figure 2.14: Relationship between particle size, wavelength and scattering
behavior for atmospheric particles. The dashed lines represent rough boundaries

between the different scattering regimes (Petty 2006: p. 346).

wavelengths (x ≥ 2000) the scattering process follows geometric optics. For the
incoming solar radiation (in a wavelength range between 100 to 4000 nm) particles
with radii larger than about 100 nm follow Mie scattering (0.2 ≤ x ≤ 2000). Smaller
particles are either Mie or Rayleigh scattered depending on the certain wavelength.
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For the mathematical description of the extinction of radiation on particles some
basic parameters and equations are introduced here. The effective surface which
interacts with the radiation perpendicular to its direction of propagation is called
the absorption σabs and accordingly the scattering cross section σsca is defined, both
in [m2]. Therewith the absorption Qabs and scattering efficiency Qsca can be defined
as

Qabs = σabs
π r2 and Qsca = σsca

π r2 (2.3.2)

Generally it is assumed that clouds and aerosols are spherical particles. The ex-
tinction efficiency Qext is then defined as the sum of the absorption and scattering
efficiency to Qext = Qabs +Qsca.

The absorption βabs and scattering coefficient βsca, both in [m−1], characterize
the absorption and scattering process depending on the wavelength and the particle
nature. They are defined as the cross section times the particle number concentration
NC [m−3]

βabs = σabs ·NC and βsca = σsca ·NC . (2.3.3)

The extinction coefficient βext is again defined as the sum of the absorption and
scattering coefficient to βext = βabs + βsca. The single scattering albedo (SSA)
specifies the share of scattering of the whole extinction

SSA = Qsca

Qext

= βsca
βext

= σsca
σext

. (2.3.4)

If SSA = 0 the particle is solely absorbing and if SSA = 1 the particle is solely
scattering.

Besides the scattering efficiency it is important to analyze the direction of the
scattered light after interacting with a particle. The dimensionless phase function
p(Ω,Ω′) describes the scattering of light from the spatial direction Ω′ into the spatial
direction Ω. A widely used approximation of the phase function for scattering
processes on aerosols (where the size parameter lies in the Mie regime) is the Henyey-
Greenstein phase function depending on the cosine of the scattering angle ν

p(cos ν) = 1 − g2

(1 + g2 − 2 g cos ν)2/3 . (2.3.5)

This equation includes the dimensionless asymmetry parameter g being defined as
the cosine-weighted average of the probability of irradiance being scattered in a
given direction

g = 1
2

∫ 1

−1
cos ν · p(cos ν) d cos ν. (2.3.6)
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Thereby it can reach values between −1 ≤ g ≤ 1. A value of −1 defines only
backward, a value of 1 only forward and a value of 0 isotropic scattering. (Petty
2006, Wendisch and Yang 2012)

2.3.2 Radiative transfer theory and numerical solution
methods

The theory of radiative transfer describes the propagation of irradiance in a medium
based on the particle description of light. The radiative transfer equation (RTE) is
the mathematical description of the interaction between electromagnetic radiation
and particulates (including molecules, aerosol and cloud particles). It includes all
absorption, emission and scattering processes in a spectral dependency. The mono-
spectral radiance1 Iλ(Ω) in the spatial direction Ω derived along its path ~s depends
on all sinks (first term, including absorption and scattering) and all sources (second
and third term, including thermal emission and scattering)

dIλ(Ω)
d~s

= − (βλ,abs + βλ,sca) · Iλ(Ω)︸ ︷︷ ︸
Sinks

+ (2.3.7)

βλ,abs ·Bλ(T ) + βλ,sca
4π

∫
4π
pλ(Ω,Ω′) · Iλ(Ω′) dΩ′︸ ︷︷ ︸

Sources

.

Thereby Bλ(T ) is the temperature dependent Planck function.
Analytical mathematical solutions can only be found for a few very simplified

cases in a plane-parallel atmosphere (Petty 2006). In general, numerical solutions
are necessary. Radiative transfer (RT) models, using information on the atmospheric
state as input, can be used to calculate the radiative flux profiles in the atmosphere.
For a detailed description of the radiative transfer theory see for example Wendisch
and Yang (2012) or Petty (2006).

The majority of algorithms to solve the RTE can be classified into two cate-
gories, Discrete-Ordinate and Monte-Carlo methods. Here, the DIScrete Ordinate
Radiative Transfer (DISORT) algorithm by Stamnes et al. (1988) is described be-
cause it is applied in this thesis. DISORT mathematically describes the transfer of
monochromatic unpolarized radiances in a plane parallel atmosphere where scatter-
ing, absorption and emission takes place. Furthermore bidirectional reflection and
emission at the lower boundary is considered. DISORT can calculate radiances,
irradiances and actinic fluxes for the direct beam and the diffuse incidence with a
pre-described atmospheric state from the ultra violet to the microwave region of the
electromagnetic spectrum. The DISORT solver approximates the irradiance into
a Fourier cosine series to separate the azimuth dependence. To find an analytical
solution the atmosphere is split into a finite number of plane parallel layers. For

1The radiance is defined as the irradiance per unit of solid angle.
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each layer the phase function and the SSA are assumed to be constant, but can
vary from layer to layer. Then, the optimal solution can be approximated by Gaus-
sian quadrature, with at least n notes for polynomial functions of the order 2n− 1.
(Stamnes et al. 2000, 1988)

2.4 Atmospheric aerosols
Atmospheric aerosols (from latin "aer" - air and "solutio" - solution) are solid or
liquid suspended particles (excluding hydrometers) in the air. Aerosols are always
present in the atmosphere and interact with clouds and radiation. Aerosol-radiation
interaction occurs due to scattering and absorption of the incoming solar radiation.
This is called the direct aerosol effect. Furthermore, aerosols have an impact on
cloud formation, the size of cloud droplets and the lifetime of clouds. This is called
the indirect aerosol effect. Due to these interactions aerosols have impacts on the
energy budget and the climate of the Earth (Boucher et al. 2013). The human eye
is not able to identify single aerosols, but if the concentration gets high enough
people can realize the effect of aerosols by a reduced visibility (for example during
desert dust storms, smog in large cities or the smoke from fossil fuel combustion).
Aerosols vary in size and chemical composition. In Figure 2.15 radiative forcing
(being the change of the difference between energy radiating down to earth and
being radiated back to space caused by a certain driver) by different greenhouse gas
emissions and aerosols is shown. The impact of aerosols on radiative forcing has
still high uncertainties and ranges from negligible to significant (up to -0.77W/m2).
Depending on the type of the aerosol this impact can result in a radiative warming
or cooling (Srivastava et al. 2014, IPCC 2013). Under clear sky conditions aerosols
show the highest influence on the irradiance budget at the surface (Hoyer-Klick et al.
2015).

Aerosol concentrations are extremely variable in space and time, because of their
various sources and relatively short residence time of hours to weeks in the atmo-
sphere. The size of single aerosols can vary between some nanometers to some
micrometers (Wallace and Hobbs 2006: p. 169 - 173).

2.4.1 Aerosol formation and classification
Aerosols are either directly emitted into the atmosphere or formed by condensation
or nucleation (secondary aerosols). There are two major classifications by source.
Anthropogenic aerosols include remaining particles from the combustion of fossil and
biofuels, fires by humans, industrial and agricultural activities against what natural
aerosols are mainly emissions from soil, vegetation, ocean, wild fires and volcanoes
(Boucher 2015, Boucher et al. 2013).

By physical properties aerosols can be classified into three major groups,
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Figure 2.15: Radiative forcing by greenhouse gases and aerosols relative to 1750
(IPCC 2013: p.12).

nucleation-, accumulation- and coarse mode. Each of these groups represents a
maximum in the size, surface and accordingly volume distribution. Furthermore
a classification depending on chemical properties (chemical species and mixture)
can be undertaken. The composition of aerosols can be in an internal or exter-
nal mixture. External mixtures are composed of aerosols with different chemical
composition, while realistic internal mixtures consists of different chemical species
within single particles. Different chemical species of aerosols are organic, inorganic
and black carbon aerosols. Their physical and chemical properties are needed for
radiative transfer calculations (Boucher 2015).

2.4.2 Aerosol optical properties
The most important aerosol optical properties is the AOD. Furthermore the above
described SSA and the asymmetry factor g give information on the scattering-
absorption rate and the direction of scattering, respectively. These parameters are
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needed to analyze the direct radiative forcing of aerosols (Boucher 2015, Fiebig and
Ogren 2006, Wallace and Hobbs 2006).

For most applications aerosol optical properties can be described by the Mie
theory with the assumption of spherical particles (Horvath et al. 2016). To define
the AOD the extinction efficiency Qext has to be integrated over the whole size
distribution n(r), so that one can specify the extinction coefficient βext to

βext =
∫ ∞

0
π r2 Qext(r)n(r) dr, (2.4.1)

where r is the radius of the aerosol particle. The AOD integrated over the vertical
dimension of the atmosphere is defined as

AOD =
∫ z(TOA)

0
βext(z) dz. (2.4.2)

Whereby z is the vertical height and z(TOA) is the height of the top of the atmo-
sphere.

This AOD still depends on wavelength. Generally the AOD decreases with in-
creasing wavelength λ (Sakerin and Kabanov 2006). In the shortwave range the
wavelength dependency of AOD can be described with the Ångström exponent α

α = − ln(AOD1) − ln(AOD2)
ln(λ1) − ln(λ2) (2.4.3)

and the following relation

AOD = AOD0 ·
(
λ

λ0

)−α
, (2.4.4)

with AOD0 being a reference AOD at wavelength λ0.
Boucher (2015) indicates some typical values for the Ångström exponents α.

Molecular scattering gives Ångström exponents of α ≈ 4, scattering on aerosol
particles in accumulation mode α ≈ 2 and on particles in coarse mode α ≤ 0.

2.4.3 Standard aerosol profiles
Hess et al. (1998) defined ten standard surface aerosol types (depending on the
surrounding land-use conditions), which are continental (clean, average and pol-
luted), urban, desert, maritime (clean, polluted and tropical), arctic and antarctic,
summarized in the Optical Properties of Aerosols and Clouds (OPAC) library. Fur-
thermore, they provide typical values for aerosol optical properties of theses aerosol
types. The types are composed out of ten different aerosol components, namely
insoluble, water-soluble, soot, sea salt in two modes (accumulation and coarse),
mineral in three modes (nucleation, accumulation and coarse), mineral-transported
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and sulfate droplets. The following list gives more information about the aerosol
particles in these components (Hess et al. 1998, Koepke et al. 1997):

• Insoluble aerosol particles (INSO) are mainly soil particles including organic
matter.

• Water-soluble aerosols (WASO) are made up of sulfates, nitrates and other
water-soluble substances which where build by gas to particle conversion.

• Soot (SOOT) represents black carbon particles, can not take up humidity.

• Sea salt aerosol particles are as the name implies composed of salt from sea-
water. There are two modes defined because of larger particles being deposited
faster due to gravity, sea salt in accumulation mode (SSAM) and sea salt in
coarse mode (SSCM).

• Mineral aerosols consist mostly of clay and quartz. They occur mainly in
desert regions or areas with intensive agriculture. This aerosol component is
defined in three modes (nucleation - MINM, accumulation - MIAM and coarse
- MICM) and an additional transported component (MITR). The mineral-
transported aerosol describes especially desert dust which is transported over
long distances.

• Sulfate droplets (SUSO) are found in the antarctic aerosol and the strato-
spheric background aerosol. They contain about 75% of H2SO4.
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Data and models

In this thesis different data sources (ground-based measurements, satellite products
and models of different kind) are used. The sources provide information about a
variety of atmospheric parameters. To simulate solar power, the GHI and DNI
is needed. However, all atmospheric parameters modulating solar irradiances like
clouds, aerosols and trace gases have an additional impact on solar power. Fur-
thermore, for realistic solar power modeling, ambient temperature, wind speed and
direction, humidity as well as pressure need to be included. This chapter aims to give
an overview over the different data sources and models used for calculations. Fur-
thermore, the development of the combined radiative transfer - solar power model
SolPaRT is described.

3.1 Ground-based measurements
Ground-based measurements are used as input for model calculation or to validate
modeled parameters in this thesis. Ground-based measurements well represent the
situation encountered by a solar power system, which is also located at ground.
Meteorological ground-based measurements are distributed all over the world and
several networks with different foci and standards exist. Compared to Germany,
the ground-based measuring network in West Africa shows larger gaps in spatial
distribution (e.g. there are 17 AErosol RObotic NETwork (AERONET) stations in
Germany (357 386 km2) and 18 AERONET stations in West Africa (5 112 903 km2),
distributed over seven countries).

3.1.1 Aerosol Robotic Network
Aerosol optical properties and information about trace gas concentration is needed
for several locations to solve the radiative transfer equation. The AERONET (NASA
2018) combines worldwide aerosol standardized data including several locations in
West Africa. Furthermore, measurements of precipitable water vapor (PWV) are
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available at most stations. The quality assured (Level 2.0, V3) data is used as an
input for the radiative transfer model in this thesis.

AOD, Ångström exponent and PWV are retrieved (based on Giles et al. (2019))
from solar radiances measured by an automatic Cimel 318A spectral radiometer.
The sun photometer has a viewing angle of about 1.2◦ and two detectors, one for
the direct sun and one for the global radiance. The direct sun is measured in
eight spectral bands between 340 nm and 1020 nm and the global radiance at four
spectral bands between 440 nm and 1020 nm. The maximum temporal resolution
is approximately 3 min. Data accuracy of the retrieved AOD is better than 0.01 for
wavelengths longer than 440 nm and better than 0.02 for smaller wavelengths. For
PWV the accuracy is better than 12% (Holben et al. 1998).

3.1.2 Energy meteorological laboratory at University of Ap-
plied Science Bonn-Rhein-Sieg

The measured power of a single PV module at University of Applied Science Bonn-
Rhein-Sieg (HBRS) is used to validate the PV power model. The energy meteorolog-
ical laboratory is located at the rooftop of HBRS (50.8◦N 7.2◦E), where continuous
measurements of solar irradiance, PV power of a typical polycrystalline module and
weather specific parameters are undertaken.

The SOLYS 2 sun tracker from Kipp & Zonen measures the GHI and DHI as
well as the DNI. The SOLYS2 is equipped with two CMP11 pyranometers (Kipp &
Zonen 2016) (one of them is shaded) and one CHP1 pyrheliometer (Kipp & Zonen
2008). The shaded pyranometer measures the DHI, the free pyranometer measures
the GHI and the pyrheliometer measures the DNI in a 1-min temporal resolution.
Thereby, the measuring uncertainties are 2% for hourly totals of DNI and 3% of
hourly totals for DHI and GHI.

The full I-U curve of the SW235poly, a polycrystalline PV module from Solar
World (SolarWorld 2012), is measured in a 1-min resolution. The measuring stand
is equipped with a variable load (B&K Precision 8502). A labVIEW (LABoratory
Virtual Instrumentation Engineering Workbench) program regulates the current,
starting from the short circuit current to zero in about 140 equidistant steps. For
each current the voltage is measured. The total I-U curve is looped up every minute
and the MPP is calculated as the maximum of the product of I and U. The mea-
surement accuracy is about 3% at the MPP under standard test conditions (STC).

A weather station at HBRS measures wind speed and ambient temperature
among other parameters in a 10-min temporal resolution. The weather station is
operated in cooperation with Meteomedia (MeteoGroup 2019). The ambient tem-
perature is recorded with a Pt100 1/3 class B, which has a measuring uncertainty
of ± 0.1◦C (Thies Clima 2005). The wind speed is measured with an anemometer
of an accuracy of less than 2% of the measurement or 0.5 m/s (Thies Clima 2019).
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3.1.3 Further observational data
Meteorological observational data is rare in West Africa. However, some local
campaigns were undertaken since the early 2000s and some synoptic observations
(SYNOP) exist and could be used as input within this thesis.

The AMMA program started with long-term measurements in 2002, to inves-
tigate the West African climate, involving comprehensive field observations. The
AMMA data base (AMMA 2018) provides atmospheric data (including ambient
temperature, wind speed and direction, humidity, pressure and GHI) between 2002
and 2012 at three mesosites, Agoufou (Mali), Banizoumbou (Niger) and Djougou
(Benin).

For the total year 2006 the ARM Mobile Facility (AMF) was deployed in Ni-
amey, Niger (13.5◦N, 2.2◦E, (Slingo et al. 2008, 2009)). During this campaign a
comprehensive set of meteorological parameters was measured, which enables to
investigate atmospheric effects on solar power. The AOD, SSA, Ångström expo-
nent, ambient temperature, wind speed and direction, GHI, DNI, DHI, upwelling
irradiances, precipitable water, humidity and pressure were used for the analysis in
Chapter 4.

Meteorological data (ambient temperature, wind speed and direction, humidity
and pressure) were use from SYNOP stations in Dakar (Senegal) and Maine (Niger).
Further information on the used data sources is given in the single publications of
Chapter 4, Chapter 5 and their Supplementary Material.

3.2 Satellite products
Since the 1970s meteorological satellites are orbiting the Earth. Their measurements
can be used to retrieve surface irradiances globally, assuming several meteorological
parameters, such as aerosol optical properties, gas concentrations, ground albedo,
etc. For West Africa the satellites of the Meteosat series are the most relevant satel-
lites. They provide images of solar reflectance and thermal infrared emission every
half-hour or better, which are used to retrieve several meteorological parameters like
GHI, DNI and cloud properties.

The SARAH-2.1 data set (Pfeifroth et al. 2019) is based on the images measured
by the Meteosat series. It is the second release of the SARAH data record, provided
by the EUMETSAT CM SAF. The data set includes the surface incoming shortwave
radiation (GHI), the surface incoming direct radiation (DIR), the direct normal
radiation (DNI) and the effective cloud albedo (CAL). Furthermore, a climate data
record of monthly and daily sunshine duration (SDU) and monthly spectral resolved
irradiance (SRI) is given. The parameters of SARAH-2.1 are retrieved from the
geostationary Meteosat satellite series of the first and second generation, covering
total West Africa with a half-hour temporal and a 0.05◦ spatial resolution. For
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the retrieval the Heliosat algorithm to estimate the effective cloud albedo (Hammer
et al. 2003) is combined with a cloud free radiative transfer model (Mueller et al.
2009). Furthermore, several climatological parameters are included: the precipitable
water vapor (ERA-interim, where ERA stands for ECMWF Re-Analysis), monthly
aerosol climatology (taken from the European Center for Medium Range Weather
Forecast (ECMWF), Monitoring Atmospheric Composition and Climate (MACC)),
monthly ozone climatology (standard United States atmosphere) and the ground
albedo (Surface and Atmospheric Radiation Budget (SARB) data from Clouds and
the Earth’s Radiant Energy System (CERES)). A detailed description of the retrieval
is given in Mueller et al. (2015).

The first generation Meteosat satellite is equipped with a Visible-InfraRed Im-
ager (MVIRI), a passive imaging radiometer with three spectral channels (visible
channel - 0.5 to 0.9 µm; two infra-red channels - 5.7 to 7.1 µm and 10.5 to 12.5 µm).
On board of the second generation Meteosat satellite are the Spinning Enhanced
Visible and InfraRed Imager (SEVIRI) and the Geostationary Earth Radiation Bud-
get (GERB) instrument. With the GERB instrument (visible-infrared radiometer)
shortwave and longwave solar irradiances are measured at the top of the atmosphere.
The SEVIRI contains 12 spectral channels, which provide more information then the
former MVIRI. A consistent product over both satellite generations is available.

3.3 Model development
In this thesis, different models are developed to answer different questions. To quan-
tify the impact of atmospheric aerosols on solar power the model chain ”Solar Power
modeling including atmospheric Radiative Transfer” (SolPaRT) is developed. Sol-
PaRT aims to accurately model PV and PT power by including a radiative transfer
model, which uses explicit aerosol optical properties as an input. To analyze the
impact of long-term atmospheric variability and trends on PV power a simplified
linear model is fitted with reference data (see Chapter 5 for a detailed description).
This simplified model allows to estimate daily PV yields over total West Africa and
for 35 years.

SolPaRT includes three sub models, the atmospheric radiative transfer model
libRadtran (Section 3.3.1), a specifically developed PV power model (Section 3.3.2)
and the PT power model (greenius) (Section 3.3.3) (see schematic overview in Fig-
ure 3.1). The single modeling steps are described in detail in the following sections.
At some instances model components from the literature are compared to choose
the most accurate for the model chain.
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Figure 3.1: Schematic overview on the single modeling steps in SolPaRT.

3.3.1 Atmospheric radiative transfer model
The library of radiative transfer (libRadtran) is a freely available software package to
calculate radiative transfer (Emde et al. 2016, Mayer et al. 2015, Mayer and Kylling
2005). LibRadtran was developed at the German Aerospace Center in Oberpfaffen-
hofen. The library includes various functions and data sets to calculate irradiances,
radiances (also polarized) and actinic fluxes for the single irradiance components
(direct, diffuse up- and downwards directed) over the solar and thermal spectrum.
The main tool is the uvspec program, which works with individually arranged input
files (see Figure 3.2 for the structure of uvspec). The uvspec program is built up of
three parts. First, atmospheric profiles are converted to optical properties, which
are needed as an input to solve the RTE. Therefore, standard atmospheres by An-
derson et al. (1986), extraterrestrial irradiance by Kurucz (1994) and typical aerosol
profiles by Hess et al. (1998) (OPAC library) are provided by the libRadtran library
and can be modified individually. Aerosols optical properties are calculated using
the Mie theory by Wiscombe (1980) or Bohren and Huffman (1998) which assumes
spherical particles. Typical aspherical mineral aerosol optical properties can be es-
timated by using the T-matrix method (Mishchenko and Travis 1998). Second, the
RTE solver calculates radiances, irradiances and actinic fluxes. There are different
algorithms included in uvspec to solve the radiative transfer equation (e.g. DISORT,
twostream, polradtran, MYSTIC and sdisort). However the relative difference be-
tween for example DISORT and MYSTIC is only less than 0.05% (Emde et al. 2016).
DISORT is used for the calculations in this thesis. For radiative transfer calculation,
especially broadband calculations, line-by-line algorithms for absorption are time
consuming. With band transmissions like the correlated-k method by Kato et al.
(1999) computing times can be reduced. With libRadtran both, line-by-line and
band transmission calculations can be undertaken. However, to reduce computing
times, the correlated-k method for molecular absorption is applied in the most of
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Figure 3.2: Structure of the uvspec program (Mayer et al. 2015: p. 18).

the calculations within this thesis. The third part of uvspec combines all post pro-
cessing, e.g. correction of Earth-Sun distance, integration or sum over wavelength,
depending on the users choice. Further explanations on the libRadtran library can
be found in the user manual (Mayer et al. 2015).

Box 3.1. Model sensitivity for trace gases
To quantify the influence of different trace gases, relatively low and high

values for their concentration are selected from literature (see Table 3.1) and
used as input for libRadtran. Three days at diverging times of the year (2016-06-
21, 2016-09-23 and 2016-12-21) are analyzed at a location at 50.8◦N and 7.2◦E
(Sankt Augustin, Germany), where the influence of seasons is well perceptible.

The simulations for low and high concentrations are compared by using two
statistical parameters (Bias and root mean square error (RMSE), see Table 3.1).
The Bias gives a dimension of the systematical error while the RMSE shows the
absolute variance of the data points. In the table, one can clearly see that
even extreme values of oxygen (in %), carbon dioxide (in parts per million -
ppm) and methane (in ppm) have rarely any influence on the incoming solar
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irradiance. Ozone (in Dobson units - DU, defining the thickness in units of
10 µm) a secondary influence on solar irradiance, which will be neglected in some
of the calculations of this thesis, as no measurements are available. However,
the variability of water vapor (in mm, which specifies the precipitable water
in kg/m2) in particular shows impacts of over 80%. Therefore, water vapor
variability will be included explicitly into radiative transfer calculations in this
thesis.

Table 3.1: Sensitivity of libRadtran calculations on trace gas concentrations.
High (low) values of O2 are estimated to be 1% above (underneath) the

current level. For O3 the minimum of 2016 is used as low value, while the high
value is the maximum in NASA (2016b). For CO2 and CH4 the low value
represents preindustrial levels and the high value the double of the current

numbers from the IPCC (Myhre et al. 2013). The low and high value for water
vapor are taken from the scale extremes in (NASA 2016a).

O2 O3 CO2 CH4 Water vapor

high value 22% 500 DU 820 ppm 2.668 ppm 60 mm
low value 20% 130 DU 278 ppm 0.722 ppm 0 mm
Bias [%] 0 -2.4 0 0 -21.2
RMSE [W/m2] 0.04 7.3 0.01 0 80.5

3.3.2 Photovoltaic power model
To accurately model the power of a PV module several calculation steps are needed
(see Figure 3.1).

Irradiance on the tilted plane: Global irradiance on a tilted plane (GTI) is
divided into three parts, direct tilted (DRT) and diffuse tilted irradiance (DTI) as
well as reflections from the ground (REF). DRT can be derived analytically from
the horizontal parameters. The angle of incidence (AOI), which describes the angle
between the incoming direct irradiance and the normal on the module plane can
be derived from of the suns zenith γ and azimuth angles αsun, the tilt angle of the
module Φ and the modules azimuth angle αPV (King et al. 1997)

AOI = arcos [cos(Φ)cos(γ) + sin(Φ)sin(γ)cos(αsun − αPV )] . (3.3.1)

Therewith DRT can be calculated as

DRT = DIR cos(AOI)
cos(γ) . (3.3.2)

In comparison to the DRT, the DTI can not be derived analytically. There
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are various model approaches for describing the spatial distribution of the diffuse
irradiance. These can be divided into two groups, isotropic models (for example
(Badescu 2002, Liu and Jordan 1963)) and anisotropic models considering two (for
example (Hay 1979) or three components (for example (Perez et al. 1990, Reindl
et al. 1990) as shown by Gracia and Huld (2013). Two component anisotropic
models include a circumsolar and an isotropic component of the irradiance while
three component models also account for horizon brightening (Loutzenhiser et al.
2007). This third component is most pronounced in clear-sky conditions (Duffie and
Beckman 1976).

The accuracy of different model approaches (a simple isotropic model by Liu and
Jordan (1963), the model by Reindl et al. (1990), which uses the transmittance to
determine the share of each component and a widely used three component aniso-
topic model by Perez et al. (1990)) are compared to analytical calculations with
libRadtran (see Section 4.1 and Neher et al. (2017), the models are described in
Box 3.2). The Perez model performs best and is therefore used to calculate the
diffuse irradiance on the tilted plane in this thesis.

Box 3.2. Diffuse radiation models

Liu-Jordan model: The isotropic model assumes that the total diffuse ir-
radiance is evenly spread over the whole sky. For a tilting angle Φ the diffuse
tilted irradiance DTI can be calculated as

DTI = DHI
(

1 + cosΦ
2

)
. (3.3.3)

Reindl model: In comparison to the simple correlation by Liu and Jordan
(1963) the Reindl model adds a circumsolar and a horizon brightening compo-
nent. The transmittance through the atmosphere for DNI is described by the
anisotropy index A

A = DNI
EXI , (3.3.4)

where EXI is the extraterrestrial irradiance. The anisotropy index is used to
quantify the part of diffuse irradiance being treated as circumsolar irradiance.
Furthermore a function fR, quantifying the intensity of diffuse irradiance coming
from the horizon, is introduced

fR =
√
DIR
GHI . (3.3.5)
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With these two coefficients the diffuse irradiance on the tilted plane can be
calculated as

DTI = DHI(1 − A)
(

1 + cosΦ
2

)
·
[
1 + fRsin

3(Φ
2 )
]
. (3.3.6)

Perez model: The Perez model uses empirical parameters for the circumso-
lar F1 and the horizontal brightening F2 parts. Furthermore, two components
to calculate the incident angle of the sun on the tilted plane a and b are used to
determine DTI

DTI = DHI
[
(1 − F1)1 + cosΦ

2 + F1
a

b
+ F2 sinΦ

]
. (3.3.7)

The four components can be computed by Equations 3.3.8 to 3.3.11

a = max(0◦, cosAOI), (3.3.8)
b = max(cos 85◦, cos γ), (3.3.9)

F1 = max
[
0, (f11 + f12∆ + πγ

180f13

]
, (3.3.10)

F2 = f21 + f22∆ + πγ

180f23. (3.3.11)

Thereby the parameter ∆ defines the brightness and can be computed as

∆ = mr
DHI
EXI , (3.3.12)

where mr is the relative optical air mass and f11, f12, f13, f21, f22 and f23 are
coefficients derived due to empirical data at certain locations.

The reflected part of the irradiance on the ground for the tilted plane can be
calculated if the near by albedo factor alb is known, with

REF = GHI alb 1 − cosΦ
2 . (3.3.13)

Reflection losses: After knowing the tilted irradiance arriving on the surface of
the PV module an additional reduction occurs due to reflectance on the top layer of
the module (Martin and Ruiz 2001). Increasing AOI results in rising reflection losses
(De Soto et al. 2006). The reflection losses for direct irradiance can be described by
the incident angle modifier (IAM). De Soto et al. (2006) showed that the simple air-
glass model based on Snell’s law of refraction and the Beer–Lambert–Bouguer law is
in accordance with experimental models (Sjerps-Koomen et al. 1996). Therefore it
can be used as a good approximation (De Soto et al. 2006). To calculate the angle
of refraction φr the effective index of refraction n of the top module layer (mainly
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glass, n = 1.526) and the angle of incidence AOI is needed

φr = arc sin(1/n sinAOI). (3.3.14)

The transmittance τ then can be calculated by considering reflection losses by the
top layer and absorption within this layer of

τ(AOI) = exp(− KL

cosφr
)
[
1 − 1

2

(
sin2(φr − AOI)
sin2(φr + AOI) + tan2(φr − AOI)

tan2(φr + AOI)

)]
.(3.3.15)

K denotes the glazing extinction coefficient (K = 4 m−1 for ”water white” glass)
and L the glazing thickness (with L = 2 mm being a reasonable value for most PV
modules). The IAM is finally the ratio of Equation 3.3.15 for 0◦ and the AOI

IAM = τ(AOI)
τ(0◦) (3.3.16)

and must be multiplied with the tilted direct irradiance to include reflection losses
on the top layer of the module. For the diffuse irradiance this procedure can be
similarly undertaken by using each single radiance with its direction (see Neher
et al. (2017) in Chapter 4 for further description).

Effective cell temperature: The operating cell temperature Tc has an impor-
tant role for projecting PV power due to altering the effective electrical efficiency of
the cell (Barry et al. 2020, Skoplaki and Palyvos 2009). Thereby several expressions
for Tc can be found including atmospheric parameters like the ambient temperature
T , wind speed vw and GHI. Skoplaki and Palyvos (2009) reviewed dozens of im-
plicit correlations for the cell temperature. For calculating the cell temperature it
is important how the module is mounted, for example open rack, roof integrated or
transparent PV and of which material the cell is based. Most models are assumed
for open rack constructions and silicon-type cells since PV installations basically are
mounted in open rack constructions and still the majority is based on silicon.

A model comparison of three models (see Box 3.3 for model description) was un-
dertaken in Sankt Augustin for ten clear sky days during 2015/2016 (see Section 4.1,
Neher et al. (2017)). It was found, that the King model (King et al. 2004) performs
best with ”close to roof” parameters for the installation in Sankt Augustin and is
therefore used for the calculations. A reason for this might be the unusual mounting
option on the roof. Thereby a black plastic tub is used to mount the PV module (see
Figure 3 b in Chapter 4 for a visualization). The temperature of the cell might be
much higher for the construction in Sankt Augustin than for an open rack mounting,
because the wind is not able to cool down the back of the module. Because with
the King model ”close to roof” parameters could be used this model may came out
best. The other models give only parameters for open rack constructions. A further
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fact which could be identified is that a poor cell temperature estimation leads to
high uncertainties of PV power calculations. However, with the model by King et al.
(2004) the cell temperature can be predicted with an uncertainty of ± 5◦C, by using
empirical data.

Box 3.3. Temperature models

Simple model (Ross and Gonzalez 1980):

Tc = T + Tc,NOCT − Ta,NOCT
INOCT

GHI, (3.3.17)

with NOCT defining the certain parameter at nominal operating cell tempera-
ture (NOCT) conditions (INOCT = 800 W/m2 and Ta,NOCT = 20◦C).

Model for different technologies: Compared to the simple model the model
developed by Tamizhmani et al. (2003) also includes the wind speed beside the
ambient temperature and global irradiance

Tc = w1 T + w2 GHI + w3 vw + const. (3.3.18)

Furthermore, the model differentiates between six technologies based on sev-
eral materials, namely amorphous, mono-crystalline, poly-crystalline and EFGa-
poly-crystalline silicon as well as copper indium diselenide (CIS) and cadmium
telluride (CdTe). The four experimentally derived constant parameters w1, w2,
w3 and const are given for all six technologies in the named reference. This
model assumes an open rack construction.

Kind model: The model designed by King et al. (2004) has the advantage to
distinguish between different mounting options, namely open rack, close to roof,
insulated back and tracker. The operating cell temperature can be calculated
as

Tc = T + GHI
1000W/m2 ∆T + GHI · exp(a + b vw). (3.3.19)

a and b denote empirically determined coefficients defining an upper limit of the
cell temperature at weak wind speeds and high incoming irradiance and a rate
for the correlation between rising wind speed and dropping cell temperature,
respectively. ∆T gives a value for the difference between the operating cell
temperature and the temperature at the modules back at 1000 W/m2. These
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parameters are given for the different mounting options for flat-plane modules
of different manufactures.

a”Edge-defined film-fed growth” is a cutting technique with minimal amount of cutting
scrap. This procedure was developed by the californian company ASE Solar.

Two-diode-model: The two-diode-model represents the optimal characteriza-
tion of a crystalline PV cell, in particular during low light situations (see Figure 3.3
for the equivalent circuit diagram, (Quaschning 2011: chapter 5)). Thereby, two

IPH ID1

D1

ID2

D2

IP

RP

I

U

I

RS

UPH

Figure 3.3: Equivalent circuit diagram for the two-diode-model.

diodes (D1 and D2) are connected in parallel, with differing saturation currents
(ID1 and ID2) and constant diode ideality factors (n1 and n2, (Salam et al. 2010)).
Furthermore, two resistors are connected, for the description of leakage currents
(in parallel RP ) and for the description of voltage drops (in series RS). For the
irradiated solar cell a parallel current source can be assumed. The current source
produces the photocurrent IPH depending on the global tilted irradiance. With the
Kirchhoff’ law the two-diode-equation can be written as

I(U) = IPH − ID1

(
e

U+I·RS
n1·UT − 1

)
− ID2

(
e

U+I·RS
n2·UT − 1

)
− U + I ·RS

RP

, (3.3.20)

with UPH being the cell voltage and UT defining the thermal voltage as

UT = Ns kboltz Tc
q

, (3.3.21)

with the number of cells in series Ns, the elementary charge q = 1.6·10−19 C, the
Boltzmann constant kboltz = 1.38·10−23 J/K and the cell temperature Tc.

The PV power at the MPP can be derived as the maximum of the product of I
and U after finding a solution of Equation 3.3.20 with an iterative procedure.

Inverter model: In SolPaRT the PV power plant is connected to the grid with
a single inverter. To simulate the inverter the model by King et al. (2007) is applied.
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This model uses empirical parameters to simulate the system performance of a grid
connected inverter. The empirical parameters are provided for several inverters,
ranging from residential to commercial size in King et al. (2007). The basic equation
of the model relates the DC power (PVDC) to the AC power (PVAC)

PVAC =
(

(PVAC0

A−B
) − C(A−B)

)
· (PVDC −B) + C(PVDC −B)2, (3.3.22)

with

A = PVDC0 · (1 + C1(VMPP − V DC
0 )) (3.3.23)

B = PVDCS · (1 + C2(VMPP − V DC
0 )) (3.3.24)

C = C0 · (1 + C3(VMPP − V DC
0 )). (3.3.25)

Thereby Ci identify the empirical parameters, VMPP is the voltage at the MPP, the
underscored 0 gives each parameter at reference operating conditions and PVDCS

shows the DC power which is needed to start the inversion process.
This model includes different characteristics of an inverter, self-consumption of

the inverter, limit of the inverter and efficiency performance characteristics. The
accuracy between modeled and measured inverter efficiency is around 0.1% (King
et al. 2007).

3.3.3 Parabolic trough power model
To simulate PT power an existing tool, the ”green energy system analysis tool”
greenius, is applied. Greenius allocates detailed technical as well as economic cal-
culations of multiple technologies (such as solar trough power plants, photovoltaic
systems, wind parks or Dish/Stirling systems) (Quaschning et al. 2001a,b). It was
developed at the German Aerospace Centre (DLR) and provides an interface for spe-
cific meteorological input for a certain location. For PV power calculations a new
tool calculating the specific I-U curve is developed (see Section 3.3.2) in this thesis,
as greenius works only with efficiency correlations, which have higher uncertainties.
However, PT power plants are the technology with most detailed models in greenius.
Therefore, it is used to calculate PT power performance. A detailed description on
the model and all underlying equations can be found in Dersch (2014).





Chapter 4

Impact of atmospheric aerosols on
solar power

Within the scope of analyzing the impact of atmospheric aerosols on solar power,
this chapter shows the quantitative impact of aerosols at distributed locations in
West Africa. Furthermore, the impact of aerosols during a desert dust outbreak is
highlighted. The chapter is based on two publications (Neher et al. 2017, 2019). In
the first one, a model chain is developed, calibrated and tested for a single location
and a single solar power technology, photovoltaic (Section 4.1 - Model development
and relevance). In the second one, the study is extended to another solar power
technology, parabolic trough power, and a wider region for the reference year 2006
(Section 4.2 - Analysis at six measuring locations).

4.1 Model development and relevance
This section is published as a conference proceeding: Neher, I., Buchmann, T.,
Crewell, S., Evers-Dietze, B., Pfeilsticker, K., Pospichal, B., Schirrmeister, C., and
Meilinger, S. (2017). Impact of atmospheric aerosols on photovoltaic energy pro-
duction - Scenario for the Sahel zone. Energy Procedia, 125:170–179, © 2017 The
Authors. Published by Elsevier Ltd.

Author contributions: IN is the first author of the publication. She designed
the model and performed all the data analysis. For the model development a spe-
cial focus was on the photovoltaic power model part, for which single components
were tested and validated with observational data. BED and CS maintained the
measuring station at University of Applied Science Bonn-Rhein-Sieg and allocated
the measurement data which was used for the validation of the model. BP helped
with the preparation of the data from the ARM measuring station in Niamey. TB
and KP were involved in scientific discussions at Heidelberg university. SC and
SM provided the overall scientific guidance and discussed results. IN prepared the
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manuscript, which was commented and discussed with all co-authors. IN created
all figures (except for Figure 3, in this thesis Figure 4.3). The pictures for Figure 3
were taken by BED.
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
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Abstract

Photovoltaic (PV) energy is one option to serve the rising global energy need with low environmental impact. PV is of particular

interest for local energy solutions in developing countries prone to high solar insolation. In order to assess the PV potential of

prospective sites, combining knowledge of the atmospheric state modulating solar radiation and the PV performance is necessary.

The present study discusses the PV power as function of atmospheric aerosols in the Sahel zone for clear-sky-days. Daily yields

for a polycrystalline silicon PV module are reduced by up to 48 % depending on the climatologically-relevant aerosol abundances.
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1. Introduction

The 7th goal of the United Nation’s Sustainable development goals ”Ensure access to affordable, reliable, sustain-

able and modern energy for all” [1], mandates a shift away from the traditional fossil-fuel powered energy system

towards renewable energy. PV energy is one option to serve the rising global energy demand at low environmental

impacts [2,3]. Building an energy system, with a considerable share of PV power, requires long-term investment and

a careful investigation of potential sites. Therefore, understanding the influence of varying regional and local atmo-

spheric conditions on PV energy production is crucial for energy yield projections. Specifically, the incoming solar

radiation is modified in the atmosphere due to absorption and scattering on trace gases, aerosol and cloud particles
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[4,5]. However, information about these parameters is not easily available in a reasonable spatiotemporal resolution.

In attempts to counter this absence of local measurements, different approaches have been estimating solar radiation

at the ground by using simple models that are based on scaling long term averages [6], numerical radiative transfer

(RT) models [7,8], or simulations relying on satellite data and weather models [9,10].

Modeling PV power requires considering the direct and diffuse solar radiation in the module plane, reflection

losses and cell temperature [11]. Furthermore, determining the cell temperature requires the knowledge of ambient

temperature and wind speed. PV cell performance models usually use either inputs from ground-based measurements,

satellite data and/or numerical weather simulations for the solar radiation at the ground [12–15]. In atmospheric

science, detailed RT models, using information of the atmospheric state as input, are used to calculate the radiative

flux profiles in the atmosphere [16]. However, these models do not support PV power calculations. In this study,

we combine various tools known in the atmospheric- and PV-community by coupling a multi-layer RT model with

a two-diode based PV power model. Thereby we take into account the variation of radiation due to aerosols, the

transformation of horizontal radiation to the tilted plane of the module, reflection losses on the module front and cell

temperature behavior. The PV power model is designed to simulate a representative PV module, i.e., a polycrystalline

Solar World silicon module, with a maximum power at standard test conditions (STC) of 235 Wp (in brief a SW 235

poly) [17].

In the present study, we use the combined model chain to assess the PV potential in the Sahel region for several

reasons. First, it is a region suffering from the lack of energy infrastructure. Second, local solutions for power pro-

duction based on PV are attractive due to the high solar insolation year around. Third, the region is characterized

by its diversity in land use and its large seasonal changes due to the influence of the West African monsoon. In the

dry season conditions are arid and dusty while the wet season is moister and cloudier. Finally, the deployment of the

Atmospheric Radiation Program (ARM) Mobile Facility (AMF) in Niamey, Niger (13.5 N, 2.2 E) throughout 2006

[18,19] offers detailed data sets to investigate atmospheric effects on solar radiation. With less than 10 % cloud frac-

tion observed during the AMF observational period [20,21] the major variability of solar radiation is caused by the

presence of atmospheric aerosols [19].

The effect of aerosols on solar radiation strongly depends on their physical, i.e., aerosol size distribution and

particle shape, their chemical composition, and land surface conditions [22–24]. Depending on their optical properties,

aerosols reduce the direct solar radiation component and modify the direction of the diffuse component, compared to

aerosol-free atmospheric conditions. To investigate the aerosol effect on PV power in detail, we select 69 clear-sky-

days observed by AMF for our model calculations.

After this brief introduction, the model chain is described in section 2. Its calibration is performed in Sankt Au-

gustin using collocated meteorological data and PV power measurements (in section 3). The fourth section shows the

prediction of the impact of aerosols on daily PV yields in Niamey, using the model chain with a theoretically mounted

module. Our results are then discussed in section 5, and the study is concluded with our main findings in section 6.

2. Model description

For estimating aerosol impact in Niamey, PV yields are simulated for an aerosol-free and an aerosol-loaded atmo-

sphere using the model chain depicted in Fig. 1. Based on the atmospheric state as an input (see section 4 for detailed

parameters) we use the library of RT programs and routines (libRadtran) [8,25] to calculate the direct and diffuse

solar radiation for a horizontal surface. The modelled libRadtran irradiances and radiances are used to calculate the

effective radiation on the tilted PV module. This is determined in two steps. First the radiation is transformed to the

tilted plane and second reflection losses on the module front are taken into account. Furthermore, the cell temperature

is simulated from ambient temperature and wind speed. Based on this input, depending on atmospheric parameters,

and subsequently using PV module characteristics (provided by manufacturer) as additional input for the two-diode

model, PV power calculations are undertaken. For all simulations we use hourly data.

The main libRadtran function uvspec can compute radiances, irradiances and actinic fluxes for pre-described atmo-

spheric states. In our model chain the RT equation is numerically solved by using the DISORT (DIScrete Ordinates

Radiative Transfer solver) algorithm [26]. The irradiance is calculated using 6 streams while radiances are calculated

using 16 streams. The radiation is integrated over the wavelength interval from 290 nm to 2600 nm, covering the total

spectral range relevant for PV cells. For the molecular absorption a correlated k method developed by Kato et al. [27]
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Fig. 1. Schematic overview on the model structure (input data light grey, single model steps dark grey).

is applied to reduce the computing time. Local measurements of trace gases and aerosol optical properties are used to

define the atmospheric state. Missing parameters are included by using a standard tropical atmosphere and a typical

desert aerosol composition defined by the Optical Properties of Aerosols and Clouds (OPAC) library by Hess et al.

[24].

The effective radiation used from the PV cell is calculated by transforming the single components of the radiation

to the tilted plane and considering reflection losses on the modules surface. Direct radiation Idir can be analytically

transformed to the tilted plane Itilt
dir

using an Eulerian transformation with the solar zenith being γ and α the solar

azimuth angle as well as the PV modules orientation (azimuth αPV and tilting angle Φ)

Itilt
dir
= Idir

cos(Φ) cos(γ)+ sin(Φ) sin(γ) cos(α−αPV )

cos(γ)
. (1)

The diffuse radiation on the tilted plane Itilt
di f f

is determined from the calculated spatial distribution of the incoming

diffuse radiation Idi f f (γ,α). LibRadtran allows explicit modelling of the diffuse radiance distribution over the whole

sky dome. However, this is computationally costly. The computing time is reduced by using the horizontal compo-

nent of diffuse radiation calculated by libRadtran and by deriving its spatial distribution using a parametrized model.

In general, several models for the spatial distribution of diffuse radiation are documented in literature [28,29]. The

different models for the effective diffuse radiation received on the tilted plane are tested by using the diffuse radiation

calculated by libRadtran. The different streams are analytically transformed to the tilted plane (using Equation 1) be-

fore integrating them over all azimuth and zenith angles. The model which shows the least difference to the libRadtran

results is then taken in our model chain. For this study, one isotropic model developed by Liu and Jordan [30] and two

three-component models [31,32] are compared assuming an aerosol load typical for deserts. The three-component

models take one isotropic, one circumsolar and one horizontal brightening component into account. The model of

Reindl et al. [31] uses the transmittance to determine the fraction of each diffuse component, while the model by

Perez et al. [32] uses empirical parameters. Diffuse radiation is calculated for solar zenith angles from 0◦ to 75◦ in

15◦ steps, a solar azimuth angle of 180◦ and tilt angles of the PV module between 0◦ and 90◦ in 5◦ steps for a south

orientated module. For each tilt angle of the PV module the percentage bias and root mean square error (RMSE) are

calculated for each single model using the analytically transformed radiation as a reference (Fig. 2). Among all tested

models, the Perez model performs similarly well as the libRadtran calculation for tilt angles of the PV module around

15◦, with a bias of 2 % and a RMSE of 13 W/m2. Therefore, we use the Perez model to calculate the effective diffuse

radiation on the tilted plane.

Reflection losses in the surface layer of the PV cell are calculated by using the incidence angle modifier (IAM)

described in De Soto et al. [33]. For the calculation a glazing extinction coefficient of 4 m−1 (water white glass), a

glazing thickness of 2 mm and a refractive index of 1.526 (glass) is used, which are typical parameters for PV modules

[33]. Reflection losses of the direct radiation can be calculated by using the incidence angle on the module and Snells

law. For the diffuse radiation an isotropic, horizon and reflective IAM are calculated. The isotropic IAM is the mean

over IAMs from all directions of the sky dome in azimuthal steps of 2◦ and elevation steps of 0.5◦. The horizon IAM

is assumed to be the mean over all IAMs of radiation coming from the horizon (with azimuthal steps of 2◦). The

reflective IAM is calculated similar to the isotropic IAM, but for radiation received from the ground.
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Fig. 2. Bias (a) and RMSE (b) of various diffuse radiation models, namely Lui-Jordon (triangle), Perez (diamond) and Reindl (star) using the

libRadtran calculations of radiances for varying tilting angles in a desert aerosol regime as a reference.

Considering the PV cell temperature is important because rising cell temperatures reduce the efficiency of PV

modules [34]. The cell temperature can be derived using different model approaches [35]. Each model approach has

been developed for a certain mounting option, building geometry and module material. For the model calibration cal-

culations (see section 3) a model accounting for the closed mounting system on the measuring site in Sankt Augustin

is used. The model has been developed by King et al. [12] from the Sandia National Laboratory, allowing to account

for different mounting options. It is able to predict the cell temperature within 5 ◦C with a minimum amount of input,

if the correct mounting option is assumed [35,36]. Parameters for the closed roof mount option and the required input

for ambient temperature and wind speed are employed.

Modeling PV power requires the estimation of a non-linear I-U curve. One simple approach is to assume the elec-

trical behavior of a PV module as a single diode. This model approach is in good agreement to outdoor measurements

for polycrystalline silicon modules [14]. However, for low irradiance calculations it comes with high uncertainties

[37,38]. The two diode model allows improved I-U calculations especially suited for low irradiances [39]. In this

study the simple model approach designed by Ishaque et al. [37] is applied. It requires four parameters to describe the

current equation, which makes it fast compared to other models using seven parameters [40] and still brings reliable

results. For different temperatures, relative errors for the maximum power point are smaller than 1 % as compared to

measured data for all tested modules [37].

3. Model calibration at the measurement site in Sankt Augustin

Since the beginning of 2015 we have been continuously measuring global, diffuse and direct normal radiation

as well as PV power of a polycrystalline silicon module at the University of Applied Science Bonn-Rhein-Sieg

in Sankt Augustin, Germany (50.7 N, 7.2 E) (Fig. 3). These measurements are used to calibrate our PV power

model. The skylight radiation has been measured using a SOLYS 2 sun tracker with two CMP 11 pyranometers

and a CHP 1 pyrheliometer from Kipp & Zonen, and the PV power is from the SW 235 poly [17]. The mod-

ule is orientated at 191◦ azimuth and 14◦ tilt angle. Furthermore, detailed local meteorological parameters have

been measured, e.g. ambient temperatures and wind speed. The PV power model, designed for a SW 235 poly, is

a) b)

Fig. 3. Equipment for measuring global, diffuse and direct normal radi-

ation (a) and PV yields of a SW 235 poly module (b) at University of

Applied Science Bonn-Rhein-Sieg in Sankt Augustin, Germany (50.7 N,

7.2 E).

validated with running the model using hourly mea-

sured data of the global and diffuse radiation, am-

bient temperature and wind speed. The model out-

put is compared to the SW 235 PV power measured

in Sankt Augustin on an hourly resolution for ten

clear-sky-days during 2015/2016. The ten days are

distributed over all seasons to cover a wide range of

celestial and atmospheric conditions. An albedo of

0.18 is assumed because of gravel in the near envi-

ronment of the measurement site [41]. Hourly mea-

sured and simulated PV power is shown in Fig. 4.

For zenith angles < 75◦, percentage bias and RMSE

between simulated and observed PV power is deter-
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is applied to reduce the computing time. Local measurements of trace gases and aerosol optical properties are used to

define the atmospheric state. Missing parameters are included by using a standard tropical atmosphere and a typical

desert aerosol composition defined by the Optical Properties of Aerosols and Clouds (OPAC) library by Hess et al.

[24].
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if the correct mounting option is assumed [35,36]. Parameters for the closed roof mount option and the required input

for ambient temperature and wind speed are employed.

Modeling PV power requires the estimation of a non-linear I-U curve. One simple approach is to assume the elec-

trical behavior of a PV module as a single diode. This model approach is in good agreement to outdoor measurements

for polycrystalline silicon modules [14]. However, for low irradiance calculations it comes with high uncertainties

[37,38]. The two diode model allows improved I-U calculations especially suited for low irradiances [39]. In this

study the simple model approach designed by Ishaque et al. [37] is applied. It requires four parameters to describe the

current equation, which makes it fast compared to other models using seven parameters [40] and still brings reliable

results. For different temperatures, relative errors for the maximum power point are smaller than 1 % as compared to

measured data for all tested modules [37].

3. Model calibration at the measurement site in Sankt Augustin

Since the beginning of 2015 we have been continuously measuring global, diffuse and direct normal radiation

as well as PV power of a polycrystalline silicon module at the University of Applied Science Bonn-Rhein-Sieg

in Sankt Augustin, Germany (50.7 N, 7.2 E) (Fig. 3). These measurements are used to calibrate our PV power

model. The skylight radiation has been measured using a SOLYS 2 sun tracker with two CMP 11 pyranometers

and a CHP 1 pyrheliometer from Kipp & Zonen, and the PV power is from the SW 235 poly [17]. The mod-

ule is orientated at 191◦ azimuth and 14◦ tilt angle. Furthermore, detailed local meteorological parameters have

been measured, e.g. ambient temperatures and wind speed. The PV power model, designed for a SW 235 poly, is

a) b)

Fig. 3. Equipment for measuring global, diffuse and direct normal radi-

ation (a) and PV yields of a SW 235 poly module (b) at University of

Applied Science Bonn-Rhein-Sieg in Sankt Augustin, Germany (50.7 N,

7.2 E).

validated with running the model using hourly mea-

sured data of the global and diffuse radiation, am-

bient temperature and wind speed. The model out-

put is compared to the SW 235 PV power measured

in Sankt Augustin on an hourly resolution for ten

clear-sky-days during 2015/2016. The ten days are

distributed over all seasons to cover a wide range of

celestial and atmospheric conditions. An albedo of

0.18 is assumed because of gravel in the near envi-

ronment of the measurement site [41]. Hourly mea-

sured and simulated PV power is shown in Fig. 4.

For zenith angles < 75◦, percentage bias and RMSE

between simulated and observed PV power is deter-



174 Ina Neher et al. / Energy Procedia 125 (2017) 170–179
Neher et al. / Energy Procedia 00 (2017) 000–000 5

0

50

100

20
15

−
06

−
30

20
15

−
07

−
02

20
15

−
07

−
03

20
15

−
07

−
06

20
16

−
01

−
08

20
16

−
02

−
27

20
16

−
02

−
29

20
16

−
03

−
17

20
16

−
05

−
05

20
16

−
05

−
08

P
V

 p
o
w

e
r 

[W
/m

2
]

Observation
Simulation

RMSE = 2.7 W/m²  Bias = -0.2 %

Fig. 4. Comparison of measured PV yields in Sankt Augustin, Germany (triangles) and those modelled using the novel developed PV power model

(stars) on an hourly basis for ten clear sky days in 2015/2016. Biases and RMSEs are calculated for zenith angles below 75◦, the used points are

marked in black.

mined. We discarded measurements at high solar zenith angles because of disturbing reflections from the roof fringe

in early morning and late evening hours. The PV power model performs well with a relative bias of -0.2 % and a

RMSE of 2.7 W/m2 compared to the PV power measurements on clear-sky-days.

4. Impact of desert aerosols on PV energy in Niamey, Niger

After having calibrated our PV power model with measurements performed in Sankt Augustin, Germany, we apply

the model to a prospective plant located at Niamey airport (13.5 N, 2.2 E). From there excellent solar irradiance data

are available from the ”Radiative Divergence using AMF, GERB and AMMA (African Monsoon Multidisciplinary

Analysis) Stations” (RADAGAST) campaign in 2006 [18,19,42]. Within the framework of the campaign, the U.S.

AMF as a mobile base deployed a set of instruments to collect atmospheric and climate data [43]. The instrumentation

provides measurements of optical properties of aerosols, trace gas concentration, broadband radiation, etc. The locally

measured data are used to first simulate direct and diffuse radiation using libRadtran and second to project PV power of

a theoretically mounted SW 235 poly module, orientated at 191◦ azimuth and 14◦ tilt angle, similar to the measurement

set-up in Sankt Augustin.

The whole model chain (see section 2) is applied to simulate 69 clear-sky-days in Niamey that occurred in 2006.

Eight of the analyzed days lie in the wet season between May and September while the remaining days were in the

dry season. Atmospheric data from the RADAGAST campaign and the Monitoring Atmospheric Composition and

Climate (MACC) reanalysis data base by European Centre for Medium-range Weather Forecasts [44] are used as

input for the libRadtran simulations (Table 1).

Table 1. Data implemented in libRadtran with indicating the data base, the data format and the way of implementation.

Parameter Data base Description Implementation

Water vapor ARM Column value Scaled for atmospheric layers

Ozone MACC Column value Scaled for atmospheric layers

AOD ARM At 500 nm Scaled for all wavelength and atmospheric layers

Angstrom exponent ARM Using AOD at 500 nm and 870 nm Used for scaling of AOD

Angstrom coefficient Calculated From angstrom exponent and AOD at 500 nm Used for scaling of AOD

SSA ARM At 550 nm Scaled for all wavelength and atmospheric layers

Surface albedo Calculated From up- and down-welling global radiation Averaged value is implemented

For the calculation, measured total atmospheric water vapor, ozone, aerosol optical depth (AOD) at 500 nm and

single scattering albedo (SSA) at 550 nm are used. Angstrom exponent inferred from the measured AOD at 500 nm

and 870 nm, Angstrom coefficient are subsequently calculated from the Angstrom exponent and AOD at 500 nm.

Down- and up-welling total radiation is applied for calculating the ground albedo. Furthermore, we assume a desert

aerosol composition profile from the OPAC data base [24]. The data base contains typical mass concentration and

aerosol optical properties like AOD, SSA and asymmetry parameter, which are used for missing values or parameters

which were not measured [24].
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Fig. 5. Comparing hourly simulated values of global radiation with hourly

observed global radiation during 69 clear-sky-days in 2006 in Niamey

using the whole daily data set. The color scale shows the observed value

of aerosol optical depth at 500 nm.

The atmospheric RT simulations are compared

with the broadband down-welling solar radiation ob-

served during the RADAGAST campaign (Fig. 5).

The simulations agree well with the measurements

with a slight underestimation during high aerosol

loads and an overall relative bias of -0.3 % and

RMSE of 29 W/m2. Especially without knowing the

aerosol characteristics, e.g. size distribution, shape,

chemical composition, over the full vertical profile it

is impossible to improve the simulations. The sim-

ulation including aerosols is called ”aerosol-loaded”

scenario in the following. A second set of calcula-

tions address the aerosols-free case, which will be

called the ”aerosol-free” scenario. For this purpose,

the simulations are repeated as described above with

the only difference that no aerosols are included in

the atmospheric RT calculations. The down-welling

radiation from both scenarios is then used for all fur-

ther steps of the modeling chain (see section 2) to

calculate PV power.

Fig. 6 shows modeled PV power for all 69 days at 1200 UTC noon and diurnal variations for three exemplary

days with different aerosol loads. March 8, 2006 comprises a day with a sand storm when the AODs went up to 4. In

contrast, on December 27, 2006 the aerosol load was low, with an AOD of about 0.1. On March 17, 2006 the AOD

was about 0.5, typical for an average aerosol load on clear-sky-days in 2006. It can be clearly seen, that on an hourly

basis for the ”aerosol-free” scenario higher PV power is obtained compared to the ”aerosol-loaded” scenario for all
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Fig. 6. Modeling PV power in an aerosol-free (blanc circle) and an aerosol-loaded (filled circle) scenario at 1200 UTC noon on 69 clear-sky-days (a)

and for three special days, with an extreme (b), an averaged (c) and a low aerosol impact (d) on March 8, March 17 and December 27 respectively

in 2006 in Niamey.
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Fig. 4. Comparison of measured PV yields in Sankt Augustin, Germany (triangles) and those modelled using the novel developed PV power model

(stars) on an hourly basis for ten clear sky days in 2015/2016. Biases and RMSEs are calculated for zenith angles below 75◦, the used points are

marked in black.

mined. We discarded measurements at high solar zenith angles because of disturbing reflections from the roof fringe

in early morning and late evening hours. The PV power model performs well with a relative bias of -0.2 % and a

RMSE of 2.7 W/m2 compared to the PV power measurements on clear-sky-days.

4. Impact of desert aerosols on PV energy in Niamey, Niger

After having calibrated our PV power model with measurements performed in Sankt Augustin, Germany, we apply

the model to a prospective plant located at Niamey airport (13.5 N, 2.2 E). From there excellent solar irradiance data

are available from the ”Radiative Divergence using AMF, GERB and AMMA (African Monsoon Multidisciplinary

Analysis) Stations” (RADAGAST) campaign in 2006 [18,19,42]. Within the framework of the campaign, the U.S.

AMF as a mobile base deployed a set of instruments to collect atmospheric and climate data [43]. The instrumentation

provides measurements of optical properties of aerosols, trace gas concentration, broadband radiation, etc. The locally

measured data are used to first simulate direct and diffuse radiation using libRadtran and second to project PV power of

a theoretically mounted SW 235 poly module, orientated at 191◦ azimuth and 14◦ tilt angle, similar to the measurement

set-up in Sankt Augustin.

The whole model chain (see section 2) is applied to simulate 69 clear-sky-days in Niamey that occurred in 2006.

Eight of the analyzed days lie in the wet season between May and September while the remaining days were in the

dry season. Atmospheric data from the RADAGAST campaign and the Monitoring Atmospheric Composition and

Climate (MACC) reanalysis data base by European Centre for Medium-range Weather Forecasts [44] are used as

input for the libRadtran simulations (Table 1).

Table 1. Data implemented in libRadtran with indicating the data base, the data format and the way of implementation.

Parameter Data base Description Implementation

Water vapor ARM Column value Scaled for atmospheric layers

Ozone MACC Column value Scaled for atmospheric layers

AOD ARM At 500 nm Scaled for all wavelength and atmospheric layers

Angstrom exponent ARM Using AOD at 500 nm and 870 nm Used for scaling of AOD

Angstrom coefficient Calculated From angstrom exponent and AOD at 500 nm Used for scaling of AOD

SSA ARM At 550 nm Scaled for all wavelength and atmospheric layers

Surface albedo Calculated From up- and down-welling global radiation Averaged value is implemented

For the calculation, measured total atmospheric water vapor, ozone, aerosol optical depth (AOD) at 500 nm and

single scattering albedo (SSA) at 550 nm are used. Angstrom exponent inferred from the measured AOD at 500 nm

and 870 nm, Angstrom coefficient are subsequently calculated from the Angstrom exponent and AOD at 500 nm.

Down- and up-welling total radiation is applied for calculating the ground albedo. Furthermore, we assume a desert

aerosol composition profile from the OPAC data base [24]. The data base contains typical mass concentration and

aerosol optical properties like AOD, SSA and asymmetry parameter, which are used for missing values or parameters

which were not measured [24].

6 Neher et al. / Energy Procedia 00 (2017) 000–000

0

300

600

900

0 300 600 900
Observation

S
im

u
la

ti
o

n

1

3

AOD at

500nm

Fig. 5. Comparing hourly simulated values of global radiation with hourly

observed global radiation during 69 clear-sky-days in 2006 in Niamey

using the whole daily data set. The color scale shows the observed value

of aerosol optical depth at 500 nm.

The atmospheric RT simulations are compared

with the broadband down-welling solar radiation ob-

served during the RADAGAST campaign (Fig. 5).

The simulations agree well with the measurements

with a slight underestimation during high aerosol

loads and an overall relative bias of -0.3 % and

RMSE of 29 W/m2. Especially without knowing the

aerosol characteristics, e.g. size distribution, shape,

chemical composition, over the full vertical profile it

is impossible to improve the simulations. The sim-

ulation including aerosols is called ”aerosol-loaded”

scenario in the following. A second set of calcula-

tions address the aerosols-free case, which will be

called the ”aerosol-free” scenario. For this purpose,

the simulations are repeated as described above with

the only difference that no aerosols are included in

the atmospheric RT calculations. The down-welling

radiation from both scenarios is then used for all fur-

ther steps of the modeling chain (see section 2) to

calculate PV power.

Fig. 6 shows modeled PV power for all 69 days at 1200 UTC noon and diurnal variations for three exemplary

days with different aerosol loads. March 8, 2006 comprises a day with a sand storm when the AODs went up to 4. In

contrast, on December 27, 2006 the aerosol load was low, with an AOD of about 0.1. On March 17, 2006 the AOD

was about 0.5, typical for an average aerosol load on clear-sky-days in 2006. It can be clearly seen, that on an hourly

basis for the ”aerosol-free” scenario higher PV power is obtained compared to the ”aerosol-loaded” scenario for all
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Fig. 6. Modeling PV power in an aerosol-free (blanc circle) and an aerosol-loaded (filled circle) scenario at 1200 UTC noon on 69 clear-sky-days (a)

and for three special days, with an extreme (b), an averaged (c) and a low aerosol impact (d) on March 8, March 17 and December 27 respectively

in 2006 in Niamey.
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Fig. 7. Frequency of occurrence of daily reduction due to the presence of aerosols for daily global radiation (black) and PV yields (grey) on

clear-sky-days in 2006 in Niamey.

aerosol loads. In a next step, the daily reduction of PV yields and global radiation due to the presence of aerosols is

computed as the percentage difference between the two scenarios as a day integral for each day (Fig. 7). The mean

daily reduction of PV yields and global radiation for all 69 days is 14 % and 13 %, respectively. However, during

extreme events, i.e., dust storms, daily reduction in PV yields are as large as 48 %.

5. Discussion

We show that due to the presence of aerosols on average daily global radiation and daily PV yields for a poly-

crystalline module are reduced by 14 % and 13 % respectively in Niamey on otherwise mostly clear sky days (see

Fig. 7). These reductions in global radiation and PV yield are calculated using a coupled RT model for global radia-

tion (libRadtran) and a subsequent PV power model (two-diode model) (see section 2), comparing ”aerosol-free” and

”aerosol-loaded” scenarios. In our model chain, we consider cell temperature, effective radiation on the tilted plane

and reflection losses. The modeled global radiation on the horizontal plane is validated with measured data collected

during the RADAGAST campaign in 2006. In contrast, simulated PV power are purely theoretical estimates since no

data is available for this location and time period. However, the applied model chain combines knowledge from the

atmospheric- and PV-community, assesses different characteristics of PV modules and considers all relevant factors,

namely projecting the effective radiation on the tilted plane, reflection losses and cell temperature. Considering the

difference of daily reduction in global radiation and PV yields (Fig. 7), the importance of details in such model chains

is evident.

Apparently, the results of RT calculations largely depend on the atmospheric composition (e.g. trace gases and

aerosols) in each atmospheric layer [25]. However, the knowledge of all relevant input parameters for each specific

location is limited. In Niamey simulations, detailed measurements of the relevant input parameters are used which are

not available for most locations. The used data sets for Niamey are total column amounts measured on the ground.

While information on atmospheric gases are obtained from reanalysis or measurements with reasonable accuracy the

situation is more difficult for aerosol. Here we consider measured aerosol optical properties combined with the as-

sumption of a standard desert aerosol distribution profile [24]. Thus, uncertainties due to the spreading of column val-

ues over all atmospheric layers, the scaling to all wavelengths (Table 1), and the accuracy of measurements themselves

are evident. All of these effects may cause sizable differences between measured and simulated radiation. Maximal

errors due to measurement uncertainties are calculated by considering a scenario with lowest and highest global ra-

diation. In order to span the maximal range of uncertainties, minima and maxima for AOD, water vapor, ozone, SSA

and surface albedo are used in these simulations, depending on their effect on global radiation. Consequently, our

simulations indicate mean daily reduction of PV yields ranging from 8 % to 20 % providing an uncertainty estimate

of the mean of 14 %. Our calculations thus demonstrate that due to the presence of aerosols PV yields are reduced on

average of at least 8 % in Niamey on clear-sky-days.

The PV power model includes a two-diode model for the I-U relation proposed by Ishaque et al. [37]. This approach

is validated for three different module types, namely multi crystalline, mono crystalline and thin film. The simulation

of all modules show relative errors of the power yields below 1 % for the relevant temperature range from -25 ◦C

8 Neher et al. / Energy Procedia 00 (2017) 000–000

to 75 ◦C compared to measurements [37]. Our model chain also includes an effective cell temperature model and a

model to derive effective radiation on the tilted plane depending on the direction of diffuse radiation. Cell temperature

consideration highly depends on the mounting option of the module [35] as investigated by Kurnik et al. [45]. As open

rack mounting is frequently used for PV installations [12], they compared open rack and roof integrated mounting

options. In particular, Kurnik et al. [45] found that due to the reduced cooling, roof integrated modules suffer more

from temperature related reduction in the PV power than open frame systems. Therefore, when considering the cell

temperature, the knowledge of the mounting option of a module is necessary. For our PV power calculations in

Niamey, we assume a close roof mounting, because of the comparability to our measuring site in Sankt Augustin

(see section 3). However, to generalize the model approach different mounting options should always be considered

systematically when analyzing and predicting PV yields. The effective diffuse radiation is calculated using the Perez

model [32]. In literature studies comparing diffuse radiation models do not recommend the same models [29,46,47].

Here the different diffuse radiation models are compared to simulations of the RT model libRadtran. For low tilt angles

(e.g. of 14◦) the different models predict similar diffuse radiation (Fig. 2).

One further factor important for PV power calculations but not yet considered in the present model chain is the

variation of the atmospheric spectrum due to e.g. the varying near infrared absorption of water. Here we consider

a polycrystalline silicon module, for which the uncertainties due to spectral effects only lie between 1 % and 4 %

[48,49].

6. Conclusion

Accurate modelling of PV power is one key element for the development of a renewable energy based power

system, especially in developing countries with high solar insulation. In this study, a model chain is set-up which

couples an atmospheric RT model with a PV power model. This newly developed model chain is used to investigate

the impact of aerosols on PV power for a polycrystalline silicon module over the course of the year in a sub-Saharan

region i.e., Niamey, Niger. PV power is predicted based on detailed meteorological information for 69 clear-sky-days

there during 2006. Daily reductions in PV yields due to the presence of aerosols are found to range from 2 %, 48 %

with a mean of 14 %. A maximum reduction of 48 % is predicted during a sand storm event. Decreasing daily PV

yields with increasing atmospheric aerosol load is of particular concern in the light of anthropogenic impacts on

atmospheric aerosol concentration [50]. In semi-arid regions like the Sahel zone ongoing desertification might be

caused by land use changes [51]. For system operators and project planners the related changes are important to know

especially in light of strong seasonal and regional variability of dust storm frequency [52].

It is worth noting that daily global radiation does not directly relate to PV yields (Fig. 7) implying the necessity

of the full modelling chain. By using both, meteorological and PV engineering knowledge, we are able to model

PV yields involving cell temperature consideration, radiation on the tilted plane and reflection losses on the modules

front. However, to generalize the model further research is needed to include different mounting options and spectral

effects. Furthermore, a detailed analysis of diffuse radiation models using different solar zenith angles and module

tilting angles in comparison to measured data has to be undertaken.
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aerosol loads. In a next step, the daily reduction of PV yields and global radiation due to the presence of aerosols is

computed as the percentage difference between the two scenarios as a day integral for each day (Fig. 7). The mean

daily reduction of PV yields and global radiation for all 69 days is 14 % and 13 %, respectively. However, during

extreme events, i.e., dust storms, daily reduction in PV yields are as large as 48 %.

5. Discussion

We show that due to the presence of aerosols on average daily global radiation and daily PV yields for a poly-

crystalline module are reduced by 14 % and 13 % respectively in Niamey on otherwise mostly clear sky days (see

Fig. 7). These reductions in global radiation and PV yield are calculated using a coupled RT model for global radia-

tion (libRadtran) and a subsequent PV power model (two-diode model) (see section 2), comparing ”aerosol-free” and

”aerosol-loaded” scenarios. In our model chain, we consider cell temperature, effective radiation on the tilted plane

and reflection losses. The modeled global radiation on the horizontal plane is validated with measured data collected

during the RADAGAST campaign in 2006. In contrast, simulated PV power are purely theoretical estimates since no

data is available for this location and time period. However, the applied model chain combines knowledge from the

atmospheric- and PV-community, assesses different characteristics of PV modules and considers all relevant factors,

namely projecting the effective radiation on the tilted plane, reflection losses and cell temperature. Considering the

difference of daily reduction in global radiation and PV yields (Fig. 7), the importance of details in such model chains

is evident.

Apparently, the results of RT calculations largely depend on the atmospheric composition (e.g. trace gases and

aerosols) in each atmospheric layer [25]. However, the knowledge of all relevant input parameters for each specific

location is limited. In Niamey simulations, detailed measurements of the relevant input parameters are used which are

not available for most locations. The used data sets for Niamey are total column amounts measured on the ground.

While information on atmospheric gases are obtained from reanalysis or measurements with reasonable accuracy the

situation is more difficult for aerosol. Here we consider measured aerosol optical properties combined with the as-

sumption of a standard desert aerosol distribution profile [24]. Thus, uncertainties due to the spreading of column val-

ues over all atmospheric layers, the scaling to all wavelengths (Table 1), and the accuracy of measurements themselves

are evident. All of these effects may cause sizable differences between measured and simulated radiation. Maximal

errors due to measurement uncertainties are calculated by considering a scenario with lowest and highest global ra-

diation. In order to span the maximal range of uncertainties, minima and maxima for AOD, water vapor, ozone, SSA

and surface albedo are used in these simulations, depending on their effect on global radiation. Consequently, our

simulations indicate mean daily reduction of PV yields ranging from 8 % to 20 % providing an uncertainty estimate

of the mean of 14 %. Our calculations thus demonstrate that due to the presence of aerosols PV yields are reduced on

average of at least 8 % in Niamey on clear-sky-days.

The PV power model includes a two-diode model for the I-U relation proposed by Ishaque et al. [37]. This approach

is validated for three different module types, namely multi crystalline, mono crystalline and thin film. The simulation
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rack mounting is frequently used for PV installations [12], they compared open rack and roof integrated mounting

options. In particular, Kurnik et al. [45] found that due to the reduced cooling, roof integrated modules suffer more

from temperature related reduction in the PV power than open frame systems. Therefore, when considering the cell

temperature, the knowledge of the mounting option of a module is necessary. For our PV power calculations in

Niamey, we assume a close roof mounting, because of the comparability to our measuring site in Sankt Augustin

(see section 3). However, to generalize the model approach different mounting options should always be considered

systematically when analyzing and predicting PV yields. The effective diffuse radiation is calculated using the Perez

model [32]. In literature studies comparing diffuse radiation models do not recommend the same models [29,46,47].

Here the different diffuse radiation models are compared to simulations of the RT model libRadtran. For low tilt angles

(e.g. of 14◦) the different models predict similar diffuse radiation (Fig. 2).

One further factor important for PV power calculations but not yet considered in the present model chain is the

variation of the atmospheric spectrum due to e.g. the varying near infrared absorption of water. Here we consider

a polycrystalline silicon module, for which the uncertainties due to spectral effects only lie between 1 % and 4 %

[48,49].

6. Conclusion

Accurate modelling of PV power is one key element for the development of a renewable energy based power

system, especially in developing countries with high solar insulation. In this study, a model chain is set-up which

couples an atmospheric RT model with a PV power model. This newly developed model chain is used to investigate

the impact of aerosols on PV power for a polycrystalline silicon module over the course of the year in a sub-Saharan

region i.e., Niamey, Niger. PV power is predicted based on detailed meteorological information for 69 clear-sky-days

there during 2006. Daily reductions in PV yields due to the presence of aerosols are found to range from 2 %, 48 %

with a mean of 14 %. A maximum reduction of 48 % is predicted during a sand storm event. Decreasing daily PV

yields with increasing atmospheric aerosol load is of particular concern in the light of anthropogenic impacts on

atmospheric aerosol concentration [50]. In semi-arid regions like the Sahel zone ongoing desertification might be

caused by land use changes [51]. For system operators and project planners the related changes are important to know

especially in light of strong seasonal and regional variability of dust storm frequency [52].

It is worth noting that daily global radiation does not directly relate to PV yields (Fig. 7) implying the necessity

of the full modelling chain. By using both, meteorological and PV engineering knowledge, we are able to model

PV yields involving cell temperature consideration, radiation on the tilted plane and reflection losses on the modules

front. However, to generalize the model further research is needed to include different mounting options and spectral

effects. Furthermore, a detailed analysis of diffuse radiation models using different solar zenith angles and module

tilting angles in comparison to measured data has to be undertaken.
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Abstract
Atmospheric aerosols affect the power production of solar energy systems. Their impact depends on both
the atmospheric conditions and the solar technology employed. By being a region with a lack in power
production and prone to high solar insolation, West Africa shows high potential for the application of
solar power systems. However, dust outbreaks, containing high aerosol loads, occur especially in the Sahel,
located between the Saharan desert in the north and the Sudanian Savanna in the south. They might affect
the whole region for several days with significant effects on power generation. This study investigates the
impact of atmospheric aerosols on solar energy production for the example year 2006 making use of six well
instrumented sites in West Africa. Two different solar power technologies, a photovoltaic (PV) and a parabolic
trough (PT) power plant, are considered. The daily reduction of solar power due to aerosols is determined over
mostly clear-sky days in 2006 with a model chain combining radiative transfer and technology specific power
generation. For mostly clear days the local daily reduction of PV power (at alternating current) (PVAC) and
PT power (PTP) due to the presence of aerosols lies between 13 % and 22 % and between 22 % and 37 %,
respectively. In March 2006 a major dust outbreak occurred, which serves as an example to investigate the
impact of an aerosol extreme event on solar power. During the dust outbreak, daily reduction of PVAC and
PTP of up to 79 % and 100 % occur with a mean reduction of 20 % to 40 % for PVAC and of 32 % to 71 %
for PTP during the 12 days of the event.

Keywords: energy meteorology, solar power, West Africa, atmospheric aerosol

1 Introduction

To “ensure access to affordable, reliable, sustainable and
modern energy for all”, as proposed in the 7th goal of the
United Nation’s sustainable development goals (United
Nations, 2015), a shift away from the use of fossil-fuel
based to renewable energy is necessary. Solar power sys-
tems are one option to feed the rising global energy de-
mand in a sustainable way (e.g. Haegel et al., 2017;
Solangi et al., 2011). Especially in regions prone to
high solar irradiance a power system with a consider-
able share of solar sources is worthwhile. However, me-
teorologically caused local variability of solar irradiance
needs to be investigated carefully in system planning and
sizing to ensure long-term investments.

In West Africa electrification rates are still be-
low 50 % (ECOWAS, 2017) while global horizontal ir-
radiance (GHI) is high with an average annual sum of
up to 2400 kWh/m2 (Solargis, 2017). Furthermore, di-
rect normal irradiance (DNI) shows annual sums of over
2000 kWh/m2 in the northern parts of Niger and Mali

∗Corresponding author: Ina Neher, International Center for Sustainable
Development, University of Applied Science Bonn-Rhein-Sieg, Germany,
e-mail: ina.neher@h-brs.de

(Solargis, 2017). With low cloudiness, sunshine dura-
tions of about 6.6 to 9 hours per day can be reached
(Kothe et al., 2017). This leads to a high potential of
solar power production. However, seasonal and local
variability of solar resources needs to be considered. In
south and central West Africa a typical annual cloud cy-
cle exists because of the West African Monsoon (WAM)
and its associated dry and wet seasons. Clouds occur
predominantly during the wet season between June and
September and reduce solar irradiance. In the dry season
between October and May cloud cover is low, which in
principle would lead to high solar transmission in the
atmosphere. However, the frequent presence of dust in
the dry season (dust emission frequencies go up to 15 %
over the whole year (Cowie et al., 2014)) causes a strong
variability of irradiance. Thus, the development of a so-
lar power system in West Africa brings challenges even
under low cloudiness conditions.

While solar power outputs are sensitive to meteoro-
logical parameters, such as temperature and wind speed,
atmospheric conditions are the main contributor to their
variability. In particular, aerosol and cloud particles as
well as trace gases scatter and absorb the incoming solar
irradiance (e.g. Wendisch and Yang, 2012; Wallace
and Hobbs, 2006). Though clouds are a more efficient

© 2019 The authors
DOI 10.1127/metz/2019/0969 Gebrüder Borntraeger Science Publishers, Stuttgart, www.borntraeger-cramer.com
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modulator of solar radiation than aerosols here we only
focus on aerosol effects that can become the decisive
factor limiting the availability of solar energy during
the dry season, which represents more than half of the
year in the Sahel. In a cloud-free atmosphere, aerosols
are the main driver for atmospheric extinction. The ef-
fect of aerosols on solar irradiance strongly depends on
their physical and chemical composition (e.g. Boucher,
2015; Kaufman et al., 2002; Hess et al., 1998). De-
pending on their optical properties, aerosols reduce
GHI by modifying both of its components. Thereby,
DNI is strongly reduced while diffuse horizontal irradi-
ance (DHI) increases to some maximum. Different solar
power technologies use different components of solar ir-
radiance. While non-concentrating technologies exploit
global radiation, concentrating solar power (CSP) plants
only use DNI. For CSP plant yields aerosols are also
responsible for changes in sunshape and atmospheric
extinction between the mirrors and the receiver (Han-
rieder et al., 2017; Wilbert, 2014). In addition to at-
mospheric aerosol, soiling (the deposition of subsiding
aerosols on solar panels and collectors), which occurs
especially during dust events, causes an additional so-
lar power reduction. Depending on the cleaning cycle
and the amount of dust transport, soiling may cause a
power reduction of up to 90 % after one week as shown
by Sarver et al. (2013).

Different studies, going beyond case studies, were
undertaken to quantify the aerosol impact on solar power
at single locations (e.g. Ruiz-Arias et al., 2016). Li
et al. (2017) predicted the annual average reductions
of aerosols on photovoltaic (PV) power in China to
20 %–25 % by using GHI from satellites and a PV power
model. Polo and Estalayo (2015) showed a 2 %–16 %
difference in CSP power (single days showing effects of
up to 95 %) in two desert regions – Tamanrasset, Algeria
and Sede Boquer, Israel – using ground-based and satel-
lite observations of DNI as input for power calculations.
The aerosol optical depth (AOD) going beyond 2 is in a
similar range than in this study. However, these results
cannot easily be extrapolated to other regions, as local
aerosol loads vary and are strongly connected to aerosol
sources and wind conditions.

One tremendous aerosol source are frequent Saharan
dust outbreaks (Taylor et al., 2017) persisting several
days and being able to reach regions far away from the
Sahara (e.g. Rieger et al., 2017). In extreme cases, DNI
is reduced to 0, which means that GHI only consists of
DHI. The impact of a 5-day Saharan dust outbreak in
2015 on solar power in the eastern Mediterranean was
quantified to 40 %–50 % for PV and 80 %–90 % for CSP
using the relative impact on GHI and DNI, but no de-
tailed solar power model was considered (Kosmopou-
los et al., 2017). Only a few studies analyze the aerosol
effect on solar irradiance or solar power in West Africa
because relevant meteorological observations are lack-
ing (e.g. Slingo et al., 2006). Using measurements from
a dedicated instrument deployment in 2006, the contri-
bution by Neher et al. (2017) quantified the daily im-

pact of atmospheric aerosols on a PV module at a single
location (Niamey) on average to 14 % during clear-sky
days and up to 48 % during a dust outbreak. However,
a systematic investigation of aerosol impacts on solar
power generation in West Africa considering different
technologies and a wider regional spread is missing.

To quantify the impact of atmospheric aerosols on
solar power the ideal aerosol-free and the aerosol-loaded
atmosphere need to be compared. This can only be
achieved via a modeling approach, which explicitly con-
siders the impact of aerosols on solar irradiance. So-
lar irradiance based on long-term averages, numerical
weather prediction models, reanalysis or satellite data
are often used as input for solar power models (e.g. Sen-
gupta et al., 2017; Richardson and Andrews, 2014;
Hammer et al., 2003; Gueymard, 2003). A detailed
treatment of aerosols is only considered in a few stud-
ies for these models (Fountoukis et al., 2018; Guey-
mard and Jimenez, 2018), none of them focusing on
West Africa. In atmospheric science, however, more so-
phisticated multi-layer radiative transfer (RT) models
have been developed to derive radiative fluxes from in-
formation on atmospheric composition (e.g. Clough
et al., 2005; Mayer and Kylling, 2005). The solar
energy community has developed accurate models for
solar power. PV power can be modeled, e.g., using a
two-diode model with an accuracy of more than 99 %
(Ishaque et al., 2011b). In these models, DNI and DHI
as well as the ambient temperature and wind speed are
needed as inputs. To estimate the power of a parabolic
trough (PT) plant, various factors, such as the character-
istics of mirrors, absorber tube and thermal power plant,
need to be considered, in addition to DNI. When simu-
lating solar power an accurate energy production model
and highly reliable irradiance input data are required.
For the latter, sophisticated RT models are needed to
take the aerosol effect into account. To our best of
knowledge a coupling of multi-layer atmospheric RT
models with state-of-the-art PV power models has only
been performed by Neher et al. (2017) and Rieger et al.
(2017). However, Rieger et al. (2017) used the model
chain to improve the forecast of PV power by consider-
ing aerosols in numerical weather models (NWM) and
not to analyze the local impact of aerosols on solar
power. Due to computational constraints NWP models
need to employ fast RT routines, which use simplified
parametrizations.

In this study, we use the library of RT programs and
routines (libRadtran) by Mayer and Kylling (2005)
to simulate the irradiance. The model chain, “Solar
Power modeling including atmospheric Radiative Trans-
fer” (SolPaRT) combines libRadtran with a PV power
model (Neher et al., 2017) and a PT power model
(Quaschning et al., 2001a). We use a PTPP instead of
a solar tower power plant for our analysis. Therewith,
we exclude the larger additional aerosol impact in the
latter power plant between the mirrors and the receiver
(Hanrieder et al., 2017), which is not the focus of this
study. SolPaRT is used to assess the impact of aerosols
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on both, a PV power plant (PVPP) and a PT power plant
(PTPP) for six different locations in West Africa. For
this purpose we compile a one-year data set for 2006 of
meteorological parameters at these locations, covering
different climate and land use zones throughout West
Africa. To quantify only the aerosol effect the impact
of clouds on solar irradiance has to be excluded. Hence,
predominantly clear-sky days (named ‘clear days’ in the
following) are selected (covering 20 % to 46 % of the
year, see Section 2) for each location and the daily re-
duction of solar power due to aerosols is determined us-
ing SolPaRT. We analyze the aerosol effect on a daily
scale. This day-to-day analysis enables us to detect the
variability over the course of one year and during ex-
treme events like dust outbreaks lasting several days.

The goal of this study is two-fold. First, we quan-
tify daily average impacts of aerosols on different solar
power technologies during clear days over the course
of one year. We generate more realistic estimates for
future total power generation at sites in West Africa.
Furthermore, we serve economic feasibility studies for
PVPP and PTPP, which are important for investment de-
cisions in the solar energy sector. Second, we estimate
the variability of daily solar power due to aerosols year
round under predominantly clear-sky conditions as well
as during a major dust outbreak. This is necessary for the
planning of reliable solar power systems including ade-
quately sized energy storage and therewith essential for
estimating related costs for power security. Furthermore,
it enables us to identify the threat of aerosol-induced
blackouts and to evaluate the need for emergency power
supply.

This study is the first systematic investigation of
aerosol impacts on different solar power technologies
(namely PV and PT) for West Africa using a unique set
of ground-based meteorological measurements. Further-
more, the impact of aerosols on solar power during a
major dust outbreak is quantified.

The data and model chain (SolPaRT) used to quantify
the aerosol impact on a PVPP and a PTPP are described
in Section 2. In Section 3 SolPaRT is evaluated using
measured GHI, and a sensitivity analysis for the impact
of different parameters is performed. Section 4 presents
and discusses the statistical analysis of daily reductions
of solar power due to aerosols in West Africa in 2006.
Projected solar power during a major dust outbreak in
March 2006 is shown in Section 5 with a regional per-
spective. Furthermore, the effect of soiling on PV power
is analyzed at one location during this dust outbreak.
Conclusions and outlook are provided in Section 6.

Additional information about data and further results
can be found in the electronic supplementary material.

2 Data and methodology

To quantify the impact of atmospheric aerosols on PV
and PT power we use SolPaRT, a model chain that cal-
culates both atmospheric RT and solar power using in-
put data from six locations distributed over West Africa.

These locations cover three climate zones according
to the Köppen and Geiger climate classification (Peel
et al., 2007); hot desert climate (BWh), hot semi-arid cli-
mate (BSh) and tropical wet climate (Aw).

2.1 Data

Neher et al. (2017) used the detailed observations from
the Atmospheric Radiation Program (ARM) Mobile Fa-
cility (AMF) (Ackerman and Stokes, 2003) in Ni-
amey, Niger to assess the aerosol impact on PV power
in 2006. Here we expand this study to five additional
locations in West Africa (Agoufou, Mali; Banizoum-
bou, Niger; Dakar, Senegal; Djougou, Benin and Maine-
Soroa (called Maine in the following), Niger) using
measured AOD with corresponding information on the
Ångström exponent and precipitable water vapor (PWV)
from AERONET (AErosol RObotic NETwork, version
3, level 2) (Holben et al., 2001; Holben et al., 1998).
Additional meteorological input parameters for Sol-
PaRT are collected from the African Monsoon Multidis-
ciplinary Analysis (AMMA) data base (AMMA, 2018)
and surface synoptic observations (SYNOP) (see Ta-
ble 1). Aerosol optical properties, PWV and albedo are
used for the RT calculations. Temperature and wind
speed at the surface are needed as additional input for
PV power calculations. For the PT power calculations
temperature, wind speed and direction, relative humid-
ity (named PT-humidity in the following) and pressure
are used. All calculations are performed with a tempo-
ral resolution of one hour. More information about the
measuring equipment is given in the electronic supple-
mentary material.

AOD observations are used to include aerosols in
the RT calculations. The AOD is available at 500 nm
for Niamey and at 440 nm for all other locations. The
Ångström exponent is used to scale the AOD over dif-
ferent wavelengths. Apart from AOD, the single scat-
tering albedo (SSA) and asymmetry parameter (g) have
a significant impact on RT-calculations, too. These two
parameters are taken from the desert aerosol type of the
Optical Properties of Aerosols and Clouds (OPAC) li-
brary by Hess et al. (1998). For Banizoumbou a constant
pressure value is used, which has been calculated from
station height as no direct measurements are available.
An overview on the hourly raw data is given in the elec-
tronic supplementary material for AOD, Ångström ex-
ponent, PWV, temperature, wind speed and PT-humidity
as the most important contributors for the calculation
to the simulated solar power (see Section 3.2). Surface
albedo is assumed to be 0.28 in Agoufou, Banizoum-
bou, Maine and Niamey (a typical value for savanna),
0.2 in Djougou (a typical value for mixed vegetation)
and 0.09 in Dakar (a typical value for coastal regions)
(Rockwood and Cox, 1976).

To exclude the impact of clouds in our calculations,
we only consider days with a large abundance of AOD
measurements, as this can only be observed under clear-
sky conditions. The considered days (‘clear days’) are
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Table 1: Data implemented in SolPaRT with indicating the data base for each available parameter at every location.

Agoufou Banizoumbou Dakar Djougou Maine Niamey

AOD AERONET AERONET AERONET AERONET AERONET ARM
Ångström exponent AERONET AERONET AERONET AERONET AERONET ARM
Precipitable water AERONET AERONET AERONET AERONET AERONET ARM
Temperature AMMA AMMA SYNOP AMMA SYNOP ARM
Wind speed AMMA AMMA SYNOP AMMA SYNOP ARM
Wind direction AMMA AMMA SYNOP AMMA SYNOP ARM
PT-humidity AMMA AMMA SYNOP AMMA SYNOP ARM
Pressure AMMA – SYNOP AMMA SYNOP ARM
GHI AMMA AMMA – AMMA – ARM

Table 2: Information about the six analyzed stations, including latitude, longitude, height, climate classification, land use conditions and
number of clear days.

Location Agoufou Banizoumbou Dakar Djougou Maine Niamey

Country Mali Niger Senegal Benin Niger Niger
Latitude 15.3 N 13.5 N 14.4 N 9.8 N 13.2 N 13.5 N
Longitude 1.5 NW 2.7 E 17 W 1.6 E 12 E 2.2 E
Height (m) 305 250 0 400 350 205
Climate class BWh BSh BSh Aw BSh BSh
Land use desert desert coastal savanna desert desert

rural rural urban agriculture village airport
No. of clear days 132 168 161 94 71 78

defined as days with at least one measured AOD dur-
ing each hour for 10 hours per day. In Niamey, the pro-
cedure is similar, but one measured AOD during each
hour for only 9 hours per day is required since the di-
urnal measurement time span is shorter there. The ge-
ographical coordinates, the climate classification (after
Köppen-Geiger), land use conditions and the number of
clear days in 2006 at each location are summarized in
Table 2. An overview on the identified clear days at each
location is given in the electronic supplementary mate-
rial.

The much lower number of clear days in Niamey
compared to Banizoumbou (the stations are only 60 km
apart) occurs due to different measuring techniques
for AOD. In Banizoumbou the classical AERONET sun
photometer measures spectral DNI. In this procedure
the cloud-screening process only considers clouds in-
terfering with the sun disk. In contrast, in Niamey, the
multifilter shadowband radiometer (MFRSR) measures
GHI and DHI at six wavelengths. The cloud-screening
process of the MFRSR takes clouds from the whole
sky dome into account, which increases the number of
time steps being rejected (Russell et al., 2004). Further-
more, misalignment artifacts of the instrument are also
screened out as clouds for the MFRSR (Alexandrov
et al., 2007). Therefore, less clear days are detected in
Niamey compared to Banizoumbou.

Figure 1: Schematic overview on SolPaRT. The input data is marked
in magenta and the single modeling steps in blue.

2.2 Model description

Based on the input data described above, SolPaRT is
used to analyze the impact of atmospheric aerosols on
a PVPP and a PTPP (see Figure 1 for a schematic over-
view).

For the estimation of direct horizontal irradiance
(DIR) (the horizontal projection of DNI) and DHI we
use libRadtran (Emde et al., 2016; Mayer and Kylling,
2005). Similar to the procedure in Neher et al. (2017)
two scenarios, an aerosol-loaded (the measured AOD
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Table 3: Information about the PV and PTPP.

PVPP PTPP

Solar irradiance (W/m2) GHI DNI
Output (W) PVDC, PVAC PTH, PTP
Total AC capacity 30 kW 50 MW
Total collector area 214 m2 510.120 m2

Land area 825 m2 2.000.000 m2

Module SW235poly Solar collectors Eurotrough
No of strings 16 No solar collectors assemblies 624
No of modules per string 9 No solar collectors per assembly 12
Tilting angle 14° Heat collector element Schott (PTR70)
Orientation South Power block Steam Rankine
Inverter Xantrax 30 kW Turbine SST-700 by Siemens

and Ångström exponent are included in RT calculations)
and an aerosol-free (aerosols are excluded from RT cal-
culations), are simulated. The difference between these
scenarios is integrated over each day representing the to-
tal daily reduction of power due to atmospheric aerosols.

libRadtran numerically solves the RT equation by us-
ing the DISORT (DIScrete Ordinates Radiative Transfer
solver) algorithm to calculate the irradiance (Stamnes
et al., 1988). In comparison to many clear-sky mod-
els (a comparison is given in Badescu et al., 2013), li-
bRadtran allows an altitude-resolved atmospheric pro-
file. Therewith, we are able to include all relevant at-
mospheric parameters from the ground-based dataset as
well as aerosol composition into the model chain. Fur-
thermore, we are able to include spectral information,
which is planed for a next version of the model. In this
study, the standard tropical atmosphere from Ander-
son et al. (1986) is used as a baseline to define the at-
mospheric state. While temperature and trace gases do
not show a significant sensitivity for the irradiance cal-
culation, water vapor is highly relevant. Therefore, lo-
cal measurements of PWV (see electronic supplemen-
tary material) are used to scale the climatological mois-
ture profile. Furthermore, we use a typical desert aerosol
composition defined by the OPAC library (Hess et al.,
1998). The locally measured AOD with its correspond-
ing Ångström exponent is scaled to all atmospheric lay-
ers. For the molecular absorption in the atmosphere a
correlated-k method developed by Kato et al. (1999) is
applied to reduce the computing time.

The calculated irradiances with and without aerosol
are then used as input for a PVPP and PTPP model.
For the PVPP we consider crystalline silicon modules.
Power calculations are undertaken with a two-diode
model (Ishaque et al., 2011a; Ishaque et al., 2011b).
The PTPP is based on Andasol I (Kistner et al., 2004)
in Spain but without storage. Calculations of the power
output are performed by using the green energy sys-
tem analysis tool (Greenius) (Quaschning et al., 2001a;
Quaschning et al., 2001b). The composition of the
PVPP and PTPP are given in Table 3.

Calculations for the efficiency of PV modules, use
GHI and ambient temperature as inputs. Modeling PV

power is often simplified by determining only one point
(the maximum power point (MPP)) of the current-
voltage curve. However, to get a better estimate of PV
power by the non-linear current-voltage curve, addi-
tional knowledge is required about module and inverter
characteristics. Therefore, we calculate the power of a
PVPP by using the two-diode algorithm (Ishaque et al.,
2011a). The power plant is connected to the grid with a
single inverter (King et al., 2007). With this model ar-
rangement both the direct current (PVDC) and the alter-
nating current (PVAC) power calculation can be under-
taken. All modules are orientated towards the south with
a tilt angle of 14°, which is roughly equal to latitude. A
model comparison was undertaken with a single mod-
ule, tilted at 14° and measurements of the PVDC show-
ing a relative bias of −0.2 % between model output and
PV power measurements on clear days in Neher et al.
(2017).

The effective irradiance used by the PVPP is calcu-
lated by transforming DIR and DHI to the tilted plane
and considering reflection losses on the modules’ sur-
faces. DIR can be analytically transformed to the tilted
plane using an Eulerian transformation. DHI is trans-
formed to the tilted plane by using the model designed
by Perez et al. (1990). Neher et al. (2017) showed, that
this model performs similar to the detailed libRadtran
calculations with radiances analytically transformed to
the tilted plan in desert regimes. Reflection losses are
considered for three different components: the irradi-
ance coming from the direction of the sun, from the di-
rection of the horizon and the isotropic part of DHI using
the incidence angle modifier described in De Soto et al.
(2006).

The efficiency of a PV module varies with cell tem-
perature (e.g. Parretta et al., 1998). Thus, ambient
temperature and wind speed are used to determine the
cell temperature. While different approaches are avail-
able from the literature (a review can be found in Sko-
plaki and Palyvos (2009)), we apply the approach by
King et al. (2004) here and assume an open-rack mount-
ing, as it is mostly used in PV applications.

To estimate the parabolic trough power (PTP)
and heat absorbed by the collector (parabolic trough
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heat – PTH) of a PTPP, the simulation tool greenius is
applied (Quaschning et al., 2001a). greenius allocates
detailed technical as well as economic analysis of multi-
ple technologies. This tool provides an interface for spe-
cific meteorological input for a certain location. The An-
dasol I power plant serves as a typical reference plant
for PT systems (Quaschning, 2011). Therefore, a sim-
ilar power plant but without storage is assumed for the
PTPP (see Table 3), which allows to directly assess the
impact of aerosols. If storage was included, the power
reduction due to aerosols could be dampened depend-
ing on the storage size. With a maximum power output
of 50 MW the PTPP is larger than the PVPP. However,
PV is a modular technology, which can be easily scaled
up or down. Building up the same PVPP several times
would give the same numbers for power reductions due
to aerosols as only one of the PVPP.

In summary, SolPaRT includes the effect of temper-
ature, wind speed, PT-humidity, pressure, direct and dif-
fuse irradiance on both solar power technologies. Fur-
thermore, the impact of PWV, albedo, aerosols and a
standard tropical atmosphere are considered when cal-
culating solar irradiances. In addition, the technical
specifications of the module and the inverter are used
for PV calculations and the PTPP characteristics for PT
calculations (Table 3). However, other factors can have
an impact on PVAC and PTP, which are not included in
SolPaRT, e.g., spectral variations of the solar irradiance
at the surface and soiling. As soiling is believed to be
the most important aspect a rough estimation is given in
Section 5.2.

3 Assessment of simulations

As a first step we assess the RT simulations using the
observed GHI for comparison and calculate typical sta-
tistical parameters. In a second step we evaluate the sen-
sitivity of SolPaRT concerning the impact of different
meteorological input parameters.

3.1 Validation of modeled global irradiance

The RT calculations are validated with observed GHI
at four stations (Agoufou, Banizoumbou, Djougou and
Niamey) where pyranometer measurements are avail-
able (see Table 1). For this purpose, data from all clear
days are taken into account at hourly resolution. Here
the coincidence is rather high and minor deviations are
expected due to the different viewing perspectives of
both instruments, i.e. hemispheric measurement of pyra-
nometer, tilted beam towards the sun by sun photometer
(for AOD). The number of data points (N) and all fitting
parameters are given in Figure 2. The highest variation
of hourly GHI occurs due to the varying solar zenith an-
gle. However, further factors of influence, such as AOD
and PWV, are active as well.

A relative bias of 1.9 %, 5.8 %, −3.5 % and 0.4 %
is found for GHI in Agoufou, Banizoumbou, Djougou

Figure 2: Direct comparison of hourly simulated and observed GHI
during clear days in 2006 at four sites: a) Agoufou, b) Banizoumbou,
c) Djougou and d) Niamey using the whole daily data set. AOD is
indicated by color.

and Niamey, respectively. The explained variance (R2)
is always higher than 0.95 and root mean square errors
(RMSE) range from 37 W/m2 to 65 W/m2. Generally
there is a good agreement between measurements and
simulations. This supports our assumption of a desert
aerosol composition for RT calculation. However, for
a few situations with high AOD the simulation under-
estimates the GHI. In libRadtran the AOD is scaled
to the different height layers according to the typical
desert profile. This leads to uncertainties especially for
high AOD. The deviations in N between the two nearby
locations Banizoumbou and Niamey originates from
the measuring techniques (see Section 2.1). The lower
RMSE of 47 W/m2 in Niamey compared to 60 W/m2 in
Banizoumbou reflects the stronger constraint to rule out
cloudy situations in Niamey. In summary, the RT calcu-
lations are accurate enough to use them for the further
modeling steps.

3.2 Sensitivity study for meteorological input
parameters

The major driver for the available irradiance is the so-
lar zenith angle, which first needs to be harmonized be-
fore the sensitivity of different environmental parame-
ters like albedo or aerosol composition can be investi-
gated. To consider the varying solar zenith angles over
the course of the year and all seasons we select 14 repre-
sentative days, at all six stations separately, for the sen-
sitivity study. First, we determine the minimum zenith
angle of each day and sort the days in ascending order.
The highest and lowest minimum daily zenith angles are
then used as boundaries to define equidistant steps of
zenith angles. The days with the minimum zenith angle
lying closest to these equidistant steps are then selected
for the study. This procedure is separately applied for
the first half (January to June) and the second half (July
to December) of the year 2006 as zenith angles in spring
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and autumn are similar, but other atmospheric param-
eters may vary. Therefore, both seasons should repre-
sent the same amount of days for the sensitivity study.
Finally, for each half year seven representative days in
equidistant intervals are simulated. The chosen days and
the related zenith angles are depicted in the electronic
supplementary material.

The variabilities of daily PVAC and PTP due to the
meteorological input parameters (aerosol composition,
albedo, AOD, PT-humidity, PWV, temperature and wind
speed) are assessed for the six stations in West Africa
in 2006. For this purpose, the simulation with SolPaRT
(on the 14 representative days) is repeated for values at
the upper and lower limit of the climatological distribu-
tion of a single input parameter while keeping the other
parameters at constant reference. For the lower (upper)
value the 5 % (95 %) percentile of the measured values
in 2006 (for each location separately) is used. As no
measurements are available for surface albedo, the high-
est and lowest assumed values over all sites are taken.
To compare the maximum difference in aerosol compo-
sition, two contrasting aerosol profiles, urban (polluted)
and antarctic (clean), are used as they show major dif-
ferences for the optical properties SSA and g (SSA = 1
and g = 0.784 for antarctic (clean) and SSA = 0.817 and
g = 0.689 for urban are assumed by Hess et al., 1998).
A lower SSA indicates the presence of more absorbing
aerosols, e.g. soot, which would lead to less diffuse ir-
radiance than a higher SSA. A higher g states a larger
fraction of irradiance being scattered into the forward
direction, which would increase the circumsolar irradi-
ance (e.g. Boucher, 2015). In this calculation the AOD
is assumed as its constant reference. The constant ref-
erence values for AOD, aerosol composition and PWV
are taken from defaults of the libRadtran library (typi-
cal desert profile for AOD and aerosol composition and
standard tropical atmospheric profile for PWV). For PT-
humidity, temperature and wind speed measured values
are used as references. Furthermore, the mean albedo
between the different locations is used as the reference
albedo (constant for all time steps). All input parameters
are listed in the electronic supplementary material.

The model sensitivity is defined as the relative dif-
ference between the model output from the two sim-
ulations using the upper and the lower value of each
meteorological input parameter. The model sensitivity
is calculated for PVAC and PTP. The variability can be
attributed to the different locations and varying zenith
angles. The results identify aerosols as the main influ-
encing factor on both solar technologies (see Figure 3).
Thereby, the AOD has a key role, with a sensitivity of
51 % for PVAC and 100 % for PTP (meaning that no
power is generated at high AOD). An additional sensi-
tivity of 11.2 % is found concerning the aerosol com-
position for PVAC. However, the median sensitivity for
aerosol composition on PTP lies below 0.1 %. DNI is
mostly influenced by the AOD, whereas DHI is influ-
enced by AOD, SSA and g. As the aerosol composi-
tion represents the changes in SSA and g there is hardly
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Figure 3: Model sensitivity shown as box plots with the interquantile
range (IQR) for PVAC (red) and PTP (green) for the different input
parameters on 14 representative days for six locations.

no impact on DNI and therewith on PTP. Furthermore,
PWV shows a model sensitivity of 12.4 % for PVAC and
6.5 % for PTP. Median values of model sensitivity of all
other parameters are below 10 %. As pressure shows no
sensitivity at all, it is not considered in Figure 3.

4 Daily reduction of solar power
potential in 2006

To address the first goal of this study (quantification of
the general impact of aerosols over the course of one
year) daily reductions of power production due to the
presence of aerosols are calculated for each clear day at
every location. For the PVPP we calculate PVDC and
PVAC. For the PTPP we calculate PTH and PTP. To
investigate whether the loss of solar power production
directly scales with the loss of solar irradiance in the
atmosphere or if there are non-linear effects, related to
the power conversion process within the solar power
plant, we also derive the daily reductions of GHI and
DNI for comparison.

4.1 Statistical analysis

The daily reductions of GHI, PVAC, DNI and PTP due
to aerosols for all clear days are calculated for the six
investigated locations and are presented in Figure 4. In
comparison to PVAC with median aerosol-induced daily
reductions of 13 % to 22 %, PTP median daily reduc-
tions due to aerosols are larger with 22 % to 37 % de-
pending on the location (see Figure 4 and Table 4). Me-
dian daily reductions of GHI are less profound, rang-
ing from 9.4 % to 14 %. Median daily reductions of DNI
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Figure 4: Median daily reduction of GHI (magenta), DNI (blue), PV power (red) and PT power (green) with its interquartile Range (IQR)
and outliers over all clear days in 2006 at Agoufou, Banizoumbou, Niamey, Dakar, Djougou and Maine.

Table 4: Median (Md), 5 %, 25 %, 75 % and 95 % quantiles of daily reduction in % for PVAC, PTP, GHI and DNI for the six different
locations in 2006.

Location Md 5 % 25 % 75 % 95 % Md 5 % 25 % 75 % 95 %

PVAC PTP

Agoufou 13 5.1 9.2 22 41 22 6.3 15 41 89
Banizoumbou 16 5.7 11 23 42 26 7.9 19 40 85
Dakar 15 6.3 10 21 35 24 7.6 16 33 66
Djougou 22 9.7 15 31 55 37 15 24 60 85
Maine 15 6.4 11 21 38 24 9.2 18 34 82
Niamey 17 5.4 11 23 50 28 9.1 19 43 96

GHI DNI

Agoufou 9.4 3.5 6.5 16 26 42 17 32 61 75
Banizoumbou 11 4 7.4 15 29 46 20 35 58 80
Dakar 11 4 7 15 23 42 19 32 54 71
Djougou 14 6.4 10 20 36 53 29 41 65 87
Maine 9.5 4.5 7.1 14 26 42 21 33 56 75
Niamey 11 3.8 7.2 14 34 42 18 32 56 86

range from 42 % to 53 %. The median, 5 %, 25 %, 75 %
and 95 % percentiles for daily reductions of PVAC and
PTP as well as for GHI and DNI are summarized in Ta-
ble 4.

By assuming the desert aerosol type by Hess et al.
(1998) being a typical background aerosol in this region,
the median daily reduction would be 12 % and 20 % for
PVAC and PTP, respectively, averaged over the 14 rep-
resentative days (used in Section 3.2) and all stations.
However, even if these reductions are subtracted from

the values in Table 4, the average additional daily reduc-
tion by including the measured AOD and atmospheric
parameters would lie between 1 % and 10 % for PVAC
and between 2 % and 17 % for PTP. Furthermore, the
variability by using only one typical background aerosol
is much lower, as the variability is mainly driven by
AOD variability.

Our results show a similar magnitude for the impact
of aerosols on PV power as the study by Li et al. (2017)
who found 20 % to 25 % reduction driven by air pollu-
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tion in China during 2003 to 2014. Previous studies have
used GHI as the primary contributor to derive relative
PVAC reductions (Kosmopoulos et al., 2017; Calinoiu
et al., 2013), thus not including the effects inside the PV
plant. However, our results indicate that the PVAC re-
duction can be up to 8 percentage points higher than
GHI reduction depending on the location. These reduc-
tions occur mainly due to reflectance, temperature and
inverter losses. The daily reductions for PTP differ from
the reductions of DNI by 14 % to 20 %. Thus, to calcu-
late the reductions in PVAC and PTP a more profound
approach than only using GHI and DNI is needed, as
the relative dependence is not always linear and involves
several parameters. The correlation between the daily
reduction of solar radiation and power output is shown
graphically (see Figure 7) and discussed in section 4.3.

The spatial variability of daily reductions of PVAC
and PTP is represented by the distribution of the six
locations in West Africa (see Figure 4 and Table 4).
Daily reductions vary by up to 9 percentage points for
PVAC and up to 15 percentage points for PTP between
the locations. On the one hand, the number and seasonal
distribution of clear days vary for each location due to
the different climate zones. On the other hand, AOD
varies at the different locations.

Djougou shows the highest median daily reduction
in both, PVAC and PTP, 22 % and 37 % respectively,
however there are fewer extreme reductions at this lo-
cation compared to the others. Djougou is situated in a
tropical wet climate (Peel et al., 2007) and south of the
Sahel. Therefore the conditions are more humid (higher
PWV during the dry season, see input data in the elec-
tronic supplementary material) with more frequent rain-
fall and a longer wet season due to the WAM. Further-
more the effect of dust outbreaks is smaller at this loca-
tion as the distance to the dust source is larger than for
the other locations. Agoufou shows the lowest median
daily reduction of 13 % and 22 % for PVAC and PTP, re-
spectively. This station lies in a hot desert climate (Peel
et al., 2007) whereas all other locations lie in a hot semi-
arid climate. Thus, Agoufou is influenced by less rain
than the other stations and thereby a lower humidity and
PWV.

4.2 Variability of power output

To investigate the power reductions inside the plants
we compare different parameters within the plants. The
PVDC before the inverter in a photovoltaic power plant
and the PTH of a parabolic trough power plant are the
first calculated power characteristics of the two tech-
nologies and show the most direct variability due to me-
teorological parameters. However, the power delivered
by the plant (PVAC and PTP) might differ due to techni-
cal specifications. The relative difference (in %) between
the aerosol-induced daily reduction in PVDC (ΔPVDC,
in %) and in PVAC (ΔPVAC, in %) is calculated as

ΔPV = (ΔPVAC − ΔPVDC)/ΔPVAC. (4.1)

Figure 5: Median differences for daily reductions due to aerosols for
ΔPV (relative difference between ΔPVDC and ΔPVAC, a) as well
as daily reductions due to aerosols for ΔPT (relative difference be-
tween ΔPTH and ΔPTP, b) with its IQR and outliers for every loca-
tion (Agoufou: magenta, Banizoumbou: red, Dakar: blue, Djougou:
green, Maine: yellow, Niamey: grey).

The relative difference (in %) between the aerosol-
induced daily reduction in PTH (ΔPTH, in %) and in
PTP (ΔPTP, in %) is calculated as

ΔPT = (ΔPTP − ΔPTH)/ΔPTP. (4.2)

These differences are calculated separately for each sta-
tion (see Figure 5).

In general, the transformation to AC power in a
PV plant shows an additional power reduction (pos-
itive ΔPV), whereas the power block process damp-
ens the impact of aerosols in a PTPP (negative ΔPT).
Median differences between daily reductions due to
aerosols of PVDC and PVAC range from 1.25 % to
1.5 %, whereas median differences between daily reduc-
tions of PTH and PTP range from −23 % to −49 %.

The additional reduction of PVAC compared to
PVDC (positive ΔPV) occurs due to the additional losses
in the inverter, because the inverter efficiency increases
with PVDC (Luoma et al., 2012). However, the ad-
ditional reductions due to the inverter are compara-
bly low with a maximum of 1.5 %. The PVPP is only
slightly over-dimensioned (around 4 %). Therewith, it
cannot compensate the reductions due to aerosols dur-
ing high insolation. An even more significantly over-
dimensioned power plant would not stay in the maxi-
mum current and voltage range of the inverter.

On the one hand, lower reductions of PTP com-
pared to PTH (negative ΔPT) are based on the fact that
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Figure 6: AOD as a function of daily reductions in GHI (magenta) and DNI (blue) at the six locations. A linear fit through the origin is
undertaken for the relation between GHI reduction and AOD (slope and R2 are shown in magenta for this fit). DNI reduction are fitted for
an the exponential relation y = 1 − exp(−AOD) (R2 is shown in blue for this fit).

the PTPP has a maximum electricity generation limit
of 50 MW. On the other hand, reduction due to the power
conversion in the steam process can arise at very low
heat levels (positive ΔPT). To start the power block, a
minimum PTH is needed. When the PTH drops below
this limit no PTP can be generated at all.

4.3 Impact of aerosol optical depth on power
generation

The daily mean AOD is analyzed as a function of daily
reductions in GHI and DNI (see Figure 6). Daily GHI
reductions due to aerosols scale nearly linear with the
AOD at all stations (slopes are between 22 % and 25 %).
Prasad et al. (2007) investigate the relation between
the reduction of solar irradiance at the surface (termed
radiative forcing) and AOD in desert regions in India
(their Figure 6 b). For an AOD = 1.5 they find a daily
mean radiative forcing of around −80 W/m2 during dust
outbreak periods. For an average daily irradiance at our
six locations ranging from 250 W/m2 to 270 W/m2, this
would correspond to a reduction of about 30 %. For
GHI we find a similar reduction of around 35 % for
AOD = 1.5. Under the presence of smoke, Stone et al.
(2008) showed, that an AOD of 0.5 at 500 nm would
produce a daily radiative forcing of about −40 W/m2.
Compared to the daily mean GHI at the locations in this
study, this would be around 13 % daily reduction in GHI.
Again comparing this value to the relation in Figure 6a,
this result fits very well with the around 12 % of daily
reductions in GHI at 0.5 AOD. Even when assuming
another aerosol source, the AOD seems to be a good

indicator for reductions in irradiances (compare to the
results in section 3.2).

The aerosol transmittance TAOD follows an exponen-
tial function TAOD ∼ exp(−AOD). Thus, the daily DNI
reductions can be expressed as

T0 − TAOD ∼ 1 − exp(−AOD).

The R2 for this correlation ranges from 0.97 to 0.99.
However, the shape is not exactly the same.

The relation between daily power reductions and
daily reductions in solar irradiances is given in Figure 7,
with the AOD indicated as colors. For the PV technology
reductions in PVAC and GHI show a linear correlation
at all locations (Figure 7 a), with a slope around 1.5
and a R2 between 0.98 and 0.99. Even if there are
other impacts on PV power production (e.g. module
temperature), the GHI seems to be a robust indicator
to analyze power reductions due to aerosols. There is
no linear relation for DNI and PTP reduction. At lower
AOD (marked with colors) the relation seems linear.
Here the internal power plant dimension reduces the
impact of aerosols, as the power plant has a maximum
electricity generation limit. With rising AOD the slope
of the relation increases. Here, the minimum heat to start
the power block in the PTPP might not been reached
during all time steps (compare to findings in section 4.2).

In general, PTP is reduced about twice as much
as PVAC (the relation of AOD and power reductions
is visualized in the electronic supplementary material).
For a daily mean AOD of around 1.5 no power can be
generated by the PTPP anymore and daily reductions of
about 50 % for PVAC are reached.
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(a)

(b)

Figure 7: Daily GHI and daily DNI reductions as a function of daily power reduction (PVAC (a) and PTP (b)) at the six locations. The daily
AOD is indicated as colors.

5 Regional impact of a major dust
outbreak on solar power production

In the Sahara, large-scale dust outbreaks occur fre-
quently (Taylor et al., 2017). Aerosol loads are high
during such extreme events and likely show consider-
able reductions in solar power. During one fourth of the
clear days in 2006 (averaged over all locations) daily
reductions of PVAC and PTP exceed 20 % and 35 %, re-
spectively (see Figure 8). These reductions due to the
presence of aerosols could potentially lead to blackouts
and network instabilities in a solar-based power system.
Extreme daily reductions of up to 100 % for PTP and
of up to 79 % for PVAC would need high storage ca-
pacities or other power resources to overcome this lack
in power generation. To address the second goal of this
study (quantifying the variability of the aerosol impact
on solar power), we choose one major well-documented
dust outbreak that occurred between March 6 and 17,
2006 (Tulet et al., 2008; Slingo et al., 2006) to inves-
tigate its impact on solar power.

5.1 Regional development of the dust
outbreak

The dust outbreak was induced in the Atlas Mountains
of northern Algeria on March 5, 2006 (Tulet et al.,
2008; Slingo et al., 2006). It reached the central re-
gion of the Sahel around Agoufou, Banizoumbou and
Niamey by March 7, 2006 and coastal regions around
Dakar by March 8, 2006 (see Figure 9). More easterly
regions of the Sahel around Maine might have been af-
fected between March 8 and 9, 2006 (no AOD is avail-
able at this location during those days). The zone south
of Sahel around Djougou came under the influence of
the storm on March 8 or 9, 2006. The highest AOD of
more than 4 was reached at Niamey (see input data in
electronic supplementary material).

The highest daily reduction in PVAC of 79 % is mod-
eled for Niamey on March 8, 2006, for Dakar and Ban-
izoumbou on March 9, 2006 (no data was available for
Agoufou on this day) and for Djougou on March 11,
2006. The decrease of PVAC at the start of the dust pe-
riod is fastest in the central Sahel (Agoufou, Banizoum-
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(a)

(b)

Figure 8: Frequency of the occurrence of cumulative daily reduction
due to the presence of aerosols for PVAC (a) and PTP (b) over all
clear days at all six stations, same data base as for Table 4 and
Figure 4. The dashed horizontal line indicate 75 % of the considered
days. The solid vertical line indicates the average daily reduction by
using a desert aerosol profile as background aerosol.

Figure 9: Relative daily power reduction due to aerosols for
PVAC (a) and PTP (b) during the major dust outbreak at the six
stations, Agoufou (magenta), Banizoumbou (red), Dakar (blue),
Djougou (green), Maine (yellow) and Niamey (grey). The solid hor-
izontal line indicates the average daily reduction by using a desert
aerosol profile as background aerosol.

bou and Niamey). However, at these locations the recov-
ery phase is faster as well. The duration of high AOD in-
fluenced by this dust outbreak on solar power is longest
in Dakar and in Djougou (4 days with 100 % daily re-
duction in PTP).

To overcome these power reductions several days of
storage capacities would be needed. Most common stor-
age applications for solar power plants are battery stor-
age for PV systems (Hoppmann et al., 2014) and ther-
mal energy storage for CSP plants (Gallo et al., 2016).
Thermal energy storage is currently cheaper than battery

storage. Energy costs lie between 120 and 2500 $/kWh
for battery storage and between 0.1 and 100 $/kWh for
thermal storage (Gallo et al., 2016). Typically, the ther-
mal storage systems of a CSP plant are dimensioned
to overcome night times or times with low DNI dur-
ing one day. The Andasol I power plant, used in this
study without storage, has a thermal storage capacity of
982 MWhe, which represents 7.5 hours peak load (Kist-
ner et al., 2004). Battery storage for PV plants is mainly
used in small-scale systems or for mini-grid stabiliza-
tion with capacities of several kW (IRENA, 2017). Thus,
CSP plants have the advantage compared to PVPP, that
they are already used in combination with storage sys-
tems at high capacities. However, for a completely so-
lar based power system larger storage capacities to over-
come desert dust induced power reductions need to be
developed.

5.2 Impact of soiling on PV power at
Banizoumbou

Up to now, all our results considered atmospheric im-
pacts on solar power due to aerosols. However, soiling
causes an additional impact of aerosols on solar pan-
els. Reviews are provided e.g. by Costa et al. (2018);
Costa et al. (2016); Sayyah et al. (2014); Sarver et al.
(2013) and showed that the impact of soiling can sig-
nificantly reduce or even completely terminate power
generation with solar power plants. Thereby, soiling re-
duces the transmission of solar irraidiances for PV and
causes reflection losses for CSP plants (Sarver et al.,
2013). The impact on PV and CSP mainly varies due
to the location, the front layer material, the tilting an-
gle and weather. Monthly losses range from 3 % to 90 %
for PV and from 14 % to 78 % for CSP depending on
the before mentioned impacts. With SolPaRT the impact
of aerosols within the atmosphere can be analyzed, but
the inclusion of soiling would require more information,
e.g., on deposition rates and cleaning cycle. Here we ex-
emplary estimate the effect of soiling on a PV panel dur-
ing the dust outbreak at Banizoumbou.1

Mass concentrations m of particles were measured
at Banizoumbou during the whole time of the dust out-
break (AMMA, 2018). A constant falling velocity vp
in the range between 2 and 10 cm/s is assumed, which
is typical for a desert region according to Ganor and
Foner (2001). For tilting angles of 15° Elminir et al.
(2006) found about 20 % lower dust concentration den-
sities on PV panels compared to a zero tilt. Therefore,
we use a factor of 80 % to calculate the dust concentra-
tion density ρpanel on the panel

ρpanel = vp · m · 0.8. (5.1)

1Thereby the effect of wind speed is not included into the algorithm, as its
impact lies between −3 and 1.5 % on the cleanness for wind speeds up to
5 m/s (Guo et al., 2015).
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Figure 10: Cumulative transmission losses due to soiling in Bani-
zoumbou for the days of the dust outbreak for several falling veloci-
ties (marked in different colors).

Transmission losses ΔT of PVPP depend on the dust
concentration density. A linear relation

ΔT = 4 · ρpanel − 4 (5.2)

for 1 g/m2 < ρpanel < 20 g/m2, can be derived from Fig-
ure 6 in Elminir et al. (2006). For ρpanel > 20 g/m2 we
assume 20 % and for ρpanel < 1 g/m2 we assume 0 %
transmission losses.

As we do not know the exact falling velocity the
transmission losses are calculated for several constant
falling velocities for Banizoumbou (Figure 10). Without
cleaning transmission losses of solar irradiance would
be between 22 % and 96 % depending on the falling
velocity. The daily mean transmission loss is 1.9 %,
4.8 %, 6 %, 7.4 % and 8 % for falling velocities of 2, 4,
6, 8 and 10 cm/s, respectively. This implies an additional
loss of solar power by the same percentage.

There are only a few studies analyzing power reduc-
tions due to soiling on a daily basis (e.g. Jamil et al.,
2016; Sayyah et al., 2014). They found daily losses of
up to 6 % in Thar Desert in India (Sayyah et al., 2014)
and up to 20 % in Malaysia (Jamil et al., 2016).

6 Conclusion

In West Africa the occurrence of aerosol particles sig-
nificantly modulates the availability of solar power. To
quantify these effects we use high temporal resolution
meteorological data and aerosol properties from six lo-
cations, distributed over different climate zones in West
Africa. With this unique data set we analyzed the impact
of aerosols on photovoltaic and parabolic trough power
plants with the energy meteorological model chain Sol-
PaRT for all clear days in 2006. The combination of
both solar power and meteorological models is neces-
sary for solar power predictions to be as realistic as pos-
sible. As expected, for cloud-free situations the simu-
lation shows highest sensitivity to AOD compared to
other atmospheric parameters. The presence of aerosols
is responsible for daily reductions in photovoltaic and

parabolic trough power plants of up to 79 % and 100 %,
respectively.

Local median daily reductions due to aerosols in
2006 are determined to be 13 % to 22 % for photo-
voltaic power (PVAC) and 22 % to 37 % for parabolic
trough power (PTP) depending on the location. For both
technologies daily reduction of solar power production
is strongly correlated with AOD (see Figure 6). When
AOD is around 1.5 a 100 % loss of PTP and a 50 % loss
for PVAC is found on a daily scale.

A parabolic trough power plant can have a compen-
sating effect on the aerosol impact. Due to economic rea-
sons the power block of the power plant is usually under-
dimensioned to reach a high capacity utilization. This
leads to a higher aerosol-induced reduction of absorbed
heat than the reduction of PTP. For PVAC no compen-
sating or significantly enhancing effect was found.

Dust outbreaks can have a strong influence on both
PVAC and PTP. We analyzed one specific event in
March 2006 and estimate that concentrating systems
would not produce any electricity for several days in a
row during such an event. Photovoltaic modules would
reduce their power generation to a minimum of 21 %
during one day. Furthermore, soiling would cause an
additional reduction for both technologies. For photo-
voltaic modules and depending on the assumed fall ve-
locity, this effect can be as large as 96 % shading after
the analyzed dust outbreak. For both technologies the
installation of a storage system to overcome such peri-
ods of large power losses, which can also arise during
cloudy times, would be reasonable. For the dust out-
break in March 2006, the storage system should have
been sized such that it can provide power for a mini-
mum of four days to compensate PTP and up to 79 % of
needed PVAC during at least one day for the compensa-
tion. However, more events need to be studied to derive
more general conclusions on storage needs.

PTP is more susceptible to the impact of aerosols
than PVAC. However, combinations of PTPP with large
scale thermal storage systems are already used. Further-
more, they can be combined with secondary combustion
by fossil fuels to compensate times with low incoming
solar irradiance. Battery storage systems for the combi-
nation with PVPP are still smaller and more expensive
than thermal storage systems (IRENA, 2017).

With SolPaRT, a modeling tool has been developed
which includes the major atmospheric effects on GHI
and DNI and takes into account the technical parame-
ters and their environmental dependencies for modules,
inverters or power plant characteristics to assess PVAC
or PTP. However, additional impacts could be caused
by the variable composition of aerosols influencing their
extinction efficiency or the spectral variability of solar
irradiance. These impacts should be subject to further
research as well as the impact of clouds.
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List of abbreviations and symbols

ΔPT Relative difference (in %) between
ΔPTH and ΔPTP

ΔPV Relative difference (in %) between
ΔPVDC and ΔPVAC

ΔPTH Daily reduction in PTH

ΔPTP Daily reduction in PTP

ΔPVAC Daily reduction in PVAC

ΔPVDC Daily reduction in PVDC

ΔT Transmission loss

AERONET AErosol RObotic NETwork

AMF ARM mobile facility

AMMA African Monsoon Multidisciplinary
Analysis

AOD Aerosol optical depth

ARM Atmospheric Radiation Program

Aw Tropical wet climate

BSh Hot semi-arid climate

BWh Hot desert climate

CSP Concentrating solar power

DHI Diffuse horizontal irradiance

DIR Direct horizontal irradiance

DISORT DIScrete Ordinates Radiative Transfer
solver

DNI Direct normal irradiance

g Asymmetry parameter

GHI Global horizontal irradiance

IQR Interquantile range

libRadtran Library of RT programs and routines

m Mass concentration

Md Median

MFRSR Multifilter shadowband radiometer

MPP Maximum power point

N Number of data points

NWM Numerical weather models

OPAC Optical Properties of Aerosols and
Clouds

PT Parabolic trough

PT-humidity Relative humidity

PTH Parabolic trough heat

PTP PT power

PTPP PT power plant

PV Photovoltaic

PVAC PV power

PVDC PV power at direct current

PVPP PV power plant

PWV Precipitable water vapor

R2 Explained variance

RMSE Root mean square error

RT Radiative transfer

SolPaRT Solar power modeling including atmo-
spheric radiative transfer

SSA Single scattering albedo

SYNOP Synoptic observations

WAM West African monsoon

ρpanel Dust concentration density on the panel

vp Falling velocity
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Abstract. This paper addresses long-term historical changes
in solar irradiance in West Africa (3 to 20◦ N and 20◦W to
16◦ E) and the implications for photovoltaic systems. Here,
we use satellite irradiance (Surface Solar Radiation Data
Set – Heliosat, Edition 2.1 – SARAH-2.1) and temperature
data from a reanalysis (ERA5) to derive photovoltaic yields.
Based on 35 years of data (1983–2017), the temporal and
regional variability as well as long-term trends in global
and direct horizontal irradiance are analyzed. Furthermore, a
detailed time series analysis is undertaken at four locations.

According to the high spatial resolution SARAH-2.1 data
record (0.05◦× 0.05◦), solar irradiance is largest (up to a
300 Wm−2 daily average) in the Sahara and the Sahel zone
with a positive trend (up to 5 W m−2 per decade) and a
lower temporal variability (< 75 W m−2 between 1983 and
2017 for daily averages). In contrast, the solar irradiance
is lower in southern West Africa (between 200 Wm−2 and
250 Wm−2) with a negative trend (up to −5 Wm−2 per
decade) and a higher temporal variability (up to 150 W m−2).
The positive trend in the north is mostly connected to the
dry season, whereas the negative trend in the south occurs
during the wet season. Both trends show 95 % significance.
Photovoltaic (PV) yields show a strong meridional gradient
with the lowest values of around 4 kWh kWp−1 in southern
West Africa and values of more than 5.5 kWh kWp−1 in the
Sahara and Sahel zone.

1 Introduction

The United Nations proposed the Sustainable Development
Goals to achieve a better and more sustainable future (United
Nations, 2015). The seventh goal, to “ensure access to
affordable, reliable, sustainable and modern energy for all”,
implies a shift away from fossil-fuel-based sources towards
renewable energy sources. Particularly in regions with high
irradiance, solar power is a promising option (e.g., Haegel
et al., 2017; Solangi et al., 2011). However, potential sites
and their yield need to be investigated carefully to ensure
long-term sustainable investment.

With regard to energy availability and security, West
Africa is one of the least developed regions in the world
(ECOWAS, 2017). Therefore, the power system will need to
be strongly expanded in this region, as a gap exists between
electricity supply and demand (Adeoye and Spataru, 2018).
West Africa receives high amounts of global horizontal
irradiance (GHI) (Solargis, 2019); moreover, due to their
locations within the descending branch of the Hadley cell,
the Sahara and the Sahel zone are generally dry with little
cloudiness, leading to a high sunshine duration (Kothe
et al., 2017). Thus, photovoltaic (PV) power seems to be a
promising technology in this region, and the development
of a PV system would be worthwhile. Before investing
in a PV system, three points need to be considered using
different resolutions of GHI (the sum of direct irradiance,
DIR, and diffuse horizontal irradiance, DHI), which has the
major impact on PV systems (Sengupta et al., 2017). First,
high spatial resolution GHI is needed to select a profitable
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location. Second, the long-term variability and trends in the
historical GHI can be analyzed as a basis to project future
system performance in order to estimate the profitability and
risks of the plant. Finally, high temporal resolution GHI can
be used to dimension the plant and storage system as well
as the maintenance in order to optimize the plant. However,
ground-based measurements of irradiance are not available
continuously over long-term timescales and cover only a few
discrete locations in the region.

Satellite-based irradiance measurements have the ad-
vantage that they are available for long time periods
and cover wide spatial regions (Gueymard and Wilcox,
2011). In particular, geostationary satellites can deliver
data at a temporal resolution of less than 1 h and at a
high spatial resolution. Using these data, potential PV
yields can be calculated in order to select a profitable
location and to analyze the long-term profitability and
risks. Furthermore, such data sets enable the analysis of
the diurnal variability that needs to be taken into account
for storage sizing and power system design. Here, the
first point is addressed using the daily averaged data
to provide an overview of the potential PV yields over
the entire region. The European Organisation for the
Exploitation of Meteorological Satellites (EUMETSAT)
Satellite Application Facility on Climate Monitoring (CM
SAF) provides the Surface Solar Radiation Data Set –
Heliosat, Edition 2.1 (SARAH-2.1), a 35-year-long climate
data record at a 30 min resolution that covers the whole of
Africa and Europe (Pfeifroth et al., 2019a). The validation
of this data set using stations from the Baseline Surface
Radiation Network (BSRN) shows high quality, with a target
accuracy of 15 W m−2 (Pfeifroth et al., 2019b). However,
only one of the BSRN stations lies close to the West
African region (the majority of the stations are in Europe;
see Pfeifroth et al., 2019b, for station details). As solar
irradiance is affected by the atmosphere (cloud, aerosol and
trace gases), several assumptions regarding optical properties
need to be taken into account with respect to the satellite
data retrieval. Specifically, aerosol loads can fluctuate greatly
(Neher et al., 2019; Slingo et al., 2006), and they reach
their highest global values in the West African region (Kinne
et al., 2013). Thus, a detailed validation of the full 35-year
SARAH-2.1 data set for West Africa is needed and has not
yet been performed.

Besides the atmospheric impact, solar irradiance reaching
the top layer of a PV power module is affected by the solar
zenith and the tilting angle of the module. Furthermore,
soiling and reflections on the front of the modules and
shade from their surroundings have additional impacts on
the amount of radiation that can be transformed to a direct
current by the PV cell. The cell temperature (which is
impacted by the incoming irradiance, ambient temperature
and wind speed) adjusts the efficiency of the PV cell
(Skoplaki and Palyvos, 2009). Explicit models for PV power
simulation are available (Neher et al., 2019; Ishaque et al.,

2011; King et al., 2004); however, they require explicit
input data at a high temporal resolution which is often
not available. Therefore, a simplified model for PV yield
estimations based on daily data has been developed and
applied here.

In this study, the central research question “How do long-
term atmospheric variability and trends impact photovoltaic
yields in West Africa?” is answered by analyzing the
SARAH-2.1 data record for the region in question. To give
a comprehensive answer, the article is structured using the
following sub-questions.

– How accurate is the SARAH-2.1 data set for the
considered region of West Africa?

– What are the trends and variability in solar irradiance
between 1983 and 2017 in West Africa?

– How different are these trends and variability for
varying latitudes and seasons?

– What implications can be drawn for photovoltaic
power?

This article is organized as follows. Section 2 introduces
the ground- and satellite-based data. Methodologies to
estimate photovoltaic power are described in Sect. 3. The
satellite data validation with ground-based measurements is
presented in Sect. 4. The variability and trend analysis of the
GHI and DIR for the time period from 1983 to 2017 is shown
in Sect. 5. Furthermore, the temporal variability at different
latitudes is analyzed. Section 6 estimates the implications of
solar irradiance variability and trends for PV yields focusing
on West Africa, using a simplified yield estimation based on
measurements at three locations. Finally, the conclusions are
given in Sect. 7.

2 Region overview and data sources

West Africa (which is defined as the region from 3 to
20◦ N and from 20◦W to 16◦ E in this study) is a region
with a pronounced dry and wet season. In large parts of
West Africa one wet season occurs during the summer
months, the duration of which decreases with rising latitude;
however, two wet seasons occur along the coastal region
(typically during June and July and during September).
Nevertheless, here we use one single definition of seasons
according to Mohr (2004): one dry season from October
to April and one wet season from May to September. To
reinforce our results, we performed the analysis with a
sharper definition of seasons (a dry season from November
to March, and a wet season from June to August) and found
similar results. The difference in seasons is mainly caused
by the West African monsoon (WAM) circulation and the
intertropical convergence zone (ITCZ). The ITCZ moves
from north to south and back in an annual cycle according
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to the seasons (north during the wet and south during the
dry season). West Africa is generally rather flat with the
highest elevations typically below 1000 m (Fig. 1a, Global
Land One-km Base Elevation Project, GLOBE, database;
Hastings and Dunbar, 1999). Some exceptions are Mount
Cameroon in the southeast of the study area along the border
of Nigeria and Cameroon, Fouta Djallon and the Guinea
Highlands in Guinea, Jos Plateau in the center of Nigeria
and the Aïr Mountains in northern Niger. In these regions
(as well as locally for lower mountain ranges) orographically
enhanced cloudiness might occur. The enhanced cloudiness
associated with the moist tropical region is clearly visible
in the mean cloud albedo used as input for the SARAH-
2.1 data retrieval between 1983 and 2017 (see Fig. 1b, from
the SARAH-2.1 data set described later). Clouds have the
major influence on the irradiance analyzed in this study. The
West African climate zones related to the albedo climatology
(used for the SARAH-2.1 data retrieval) have a higher
albedo of up to 0.35 in the desert region in the north
and a lower albedo of down to 0.1 in the forest region in
the south (see Fig. 1c; Surface and Atmospheric Radiation
Budget, SARB, data from Clouds and the Earth’s Radiant
Energy System, CERES). Frequent dust outbreaks occur
over the entire region (Cowie et al., 2014); therefore, the
highest climatological aerosol optical depth (AOD) of up
to 0.35 can be found in northern Mali (see Fig. 1d, from
the European Center for Medium Range Weather Forecast,
Monitoring Atmospheric Composition and Climate, MACC,
and used for the SARAH-2.1 data retrieval). However, in
local measurements, AOD values reach daily averages of up
to 4 in the Sahel region (AERONET, 2014). Hence, aerosols
can have a high impact on the irradiance (independent of
clouds) and, in turn, on solar power (Neher et al., 2019).

2.1 Satellite-based data

The Surface Solar Radiation Data Record – Heliosat,
Edition 2.1 (SARAH-2.1), data set is provided by the
EUMETSAT CM SAF and covers the time period from
1983 to 2017 (Pfeifroth et al., 2019a, 2018). In addition to
other parameters, the data set provides the surface incoming
shortwave radiation (GHI), the surface incoming direct
radiation (DIR), the direct normal irradiance (DNI) and the
effective cloud albedo (CAL). The products of SARAH-
2.1 are retrieved from the first- and second-generation
geostationary METEOSAT satellite service, covering the
whole of West Africa with a 30 min temporal and a 0.05◦×
0.05◦ spatial resolution. For the retrieval, the Heliosat
algorithm to estimate the effective cloud albedo (Hammer
et al., 2003) is combined with a cloud-free radiative
transfer model (Mueller et al., 2012). Furthermore, several
climatological parameters are used for the retrieval: the
precipitable water vapor (ERA-Interim), the monthly AOD
climatology (see Fig. 1d, MACC), the monthly ozone
climatology (standard US atmosphere) and the surface

albedo (see Fig. 1c, SARB data from CERES). For the
generation of the SARAH-2.1 data record, the visible
channel (0.5–0.9 µm) of the METEOSAT Visible and
Infrared Imager (MVIRI) is used until 2005, and the two
visible channels (0.6 and 0.8 µm) of the Spinning Enhanced
Visible and Infrared Imager (SEVIRI) are used after 2005. A
detailed description of the retrieval is given in Mueller et al.
(2015) and references therein.

The advantage of the SARAH-2.1 data set compared
with SARAH-1 is a higher stability in early years (due to
the removal of erroneous satellite images) and during the
transition from the first- to second-generation METEOSAT
satellite in 2006. Furthermore, the water vapor climatology
used was topographically corrected and the consideration of
situations with high zenith angles was improved to account
for an overestimation of cloud detection at low satellite
viewing angles. A mean absolute error (MAE; in comparison
to 15 BSRN stations between 1994 and 2017) of 5.5 and
11.7 Wm−2 for the respective monthly and daily GHI is
reached (Pfeifroth et al., 2019b).

In this study, the SARAH-2.1 data record (GHI and
DIR at a daily resolution) is used for the trend and
variability analysis over the whole 35 years and for the
entire region. Daily and monthly means of the GHI are
compared to the measured GHI at the three African
Monsoon Multidisciplinary Analysis (AMMA) sites. CM
SAF SARAH-2.1 data are downloaded as daily and monthly
averaged data. A detailed description of the averaging
approach can be found in Trentmann and Pfeifroth (2019).
Instantaneous (30 min) data are used to estimate PV yields
at the three AMMA sites to develop a simpler empirical PV
model. The 30 min records were linearly interpolated using
the diurnal cycle of the clear-sky irradiance, and the temporal
resolution of the measured meteorological data (ambient
temperature and wind speed) was adjusted to the satellite
data.

2.2 Ground-based data

Ground-based measurements of the GHI complemented
by ancillary data over several years are available from
the African Monsoon Multidisciplinary Analysis program
(AMMA, 2018; Redelsperger et al., 2006) at three sites
(Agoufou, Mali; Banizoumbou, Niger; and Djougou, Benin;
Fig. 1). The sites are distributed over different land
areas: one desert site, one site in the Sahel region and
one site in the savanna. The data availability is limited
to several years at the beginning of the 21st century.
All relevant parameters, including the location, instrument
information and measuring times are summarized in Table 1.
Additionally, measurements of ambient temperature and
wind speed were taken at the three sites during the AMMA
campaign. AMMA data are measured at a 15 min resolution.
To calculate robust daily averages, each of the 15 min values
for a day needs to be available to calculating the mean. If only
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Figure 1. (a) Topography of the region considered (Global Land One-km Base Elevation Project, GLOBE, database; Hastings and Dunbar,
1999), (b) mean cloud albedo between 1983 and 2017 (from the SARAH-2.1 data set described in Sect. 2.1), (c) albedo climatology (Surface
and Atmospheric Radiation Budget, SARB, data from Clouds and the Earth’s Radiant Energy System, CERES) and (d) aerosol optical
depth climatology (European Center for Medium Range Weather Forecast, Monitoring Atmospheric Composition and Climate, MACC).
The locations of the three ground-based sites (Agoufou, Banizoumbou and Djougou) and the additional location used for the time series
analysis in Sect. 5.2 (Lagos) are marked.

one measurement is missing, the day is disregarded. Monthly
averages are calculated if there are at least 10 daily averages
available over the month.

At all sites, AOD measurements from the Aerosol Robotic
Network (AERONET Holben et al., 1998) are available.
The AOD measurements are retrieved from solar radiances
at certain wavelengths and are cloud screened during post-
processing (Giles et al., 2019). Here, the Level 2.0, Version 3,
quality-assured data set at a wavelength of 440 nm is
used. For the comparison with daily satellite data (see
Sect. 4), daily averages are downloaded from AERONET
(AERONET, 2014); thus, all data series of 1 d are averaged.
Monthly averages are calculated as previously described for
the AMMA data set.

3 Photovoltaic yield estimation

Our ultimate goal is to describe the PV potential over the
entire region for a standardized PV power plant. For this
purpose, a simplified linear regression is fitted on the basis

of the three reference sites where the necessary information
is available. Furthermore, the uncertainties concerning cell
temperature are estimated (see Sect. 3.2) and the GHI used
(from the SARAH-2.1 data set) is validated (see Sect. 4).
Therefore, ERA5 data are used (Hersbach et al., 2020;
Copernicus Climate Change Service, 2017) for the daily
mean temperature. The ERA5 archive is based on a global
reanalysis and is available from 1979 onward. The single
calculation steps, including all necessary input data, are
shown in Fig. 2.

3.1 Model development

To estimate the PV power potential, an empirical linear
model is developed with a temporal resolution of 1 d, using
a normalized GHI (from SARAH-2.1) as input. This linear
model is derived by simplifying the widely known two-diode
model (e.g., Ishaque et al., 2011). For this purpose, explicit
PV power calculations are integrated over the diurnal cycle
using AMMA measurements (ambient temperature and wind
speed) and SARAH-2.1 data (GHI and DIR) at the three
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Table 1. Information on ground-based measuring sites.

Station name Agoufou Banizoumbou Djougou

Country Mali Niger Benin
Latitude 15.3◦ N 13.5◦ N 9.7◦ N
Longitude 1.5◦W 2.7◦ E 1.6◦ E
Instrument CNR1 SKS 1110 SP Lite2
Accuracy ±10 % (daily totals) ±5 % ±2.5 % or 10 Wm−2

Reference Campbell Scientific (2010) Skye Instruments (2019) Kipp and Zonen (2019)
Time 2005–2011 2005–2012 2002–2009
Resolution 15 min 15 min 15 min
Land use Desert Sahel Savanna

Figure 2. Connection of calculation steps (red) within this study, including all of the input data required (green denotes satellite data, gray
denotes reanalysis data and blue denotes observational data).

measuring sites as input for the full model, serving as a
reference and to train the linear model.

The two-diode equation calculates the current (I ) –
voltage (U ) – characteristics of a PV module from cell
temperature Tc, global tilted irradiance (GTI) and typical
modules characteristics:

I (U)=IPH(GTI,Tc)− ID1(Tc)

(
e

U+I ·RS
n1·UT − 1

)
−

ID2(Tc)

(
e

U+I ·RS
n2·UT − 1

)
−

U + I ·RS

RP
. (1)

Thus, two diodes (D1 and D2) are assumed in parallel,
with differing saturation currents (ID1(Tc) and ID2(Tc)),
each depending on the cell temperature. The diode “ideality
factors” (n1 and n2) are constant: n1 = 1 and n2 = 2 (Salam
et al., 2010). Furthermore, two resistors are connected, one
in parallel (RP) for the description of leakage currents and
one in series (RS) for the description of voltage drops, with
a constant value for the system. The thermal voltage UT is
proportional to the cell temperature. A parallel current source
can be assumed for the rayed solar cell. The current source
produces the photocurrent IPH(GTI,Tc) depending on the
incoming solar irradiance and the cell temperature. Thus, the
following simplification is possible:

I (U) = IPH (GTI,Tc)+ f (Tc,I,U), (2)

where f is a function, which depend on the cell temperature,
the current and the voltage.

The photocurrent depends linearly on the incoming tilted
irradiance and is the major term of I (U),

IPH =
(
ISTC

SC +Ki(Tc− TSTC)
) GTI

GHISTC
. (3)

By assuming a typical silicon PV module (SolarWorld 235
poly; SolarWorld, 2012), the modules characteristics are
given by ISTC

SC = 8.35 A, where STC denotes the short circuit
current at standard test conditions, Ki = 0.00034 ISC K−1 is
the temperature coefficient for the current, and TSTC = 25 ◦C
and GHISTC = 1000 W m−2 are the STC conditions for the
PV modules. By simplifying Eq. (3) with ISTC

SC � Ki(Tc−

TSTC) (for the typical cell temperature of 46 ◦C used in the
PV community and STC, the right term would be 0.06 A),
the temperature dependence is ignored here. The maximum
power point (MPP) is calculated as the product of I and U ,
and the PV yield PVy is derived as the integrated MPP over
each day:

PVy =

∫
day

IPH(t) U(t) dt. (4)

The linear relation of the PV yields and incoming
irradiance is used for a simplified linear model for the daily
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PV yield (PVy):

PVy = a(T ) ·GTI+ b(T ). (5)

For our purpose, it is sufficient to replace GTI with a
normalized GHI (GHInorm; also to reduce the seasonal
variability) from SARAH-2.1, which is calculated by
dividing the GHI by the cosine of the minimum daily
zenith angle. Note that due to the high importance of
the cell temperature, the fitting parameters (Eq. 5) depend
on temperature. The parameter b indicates the impact of
the inverter, as it requires a certain amount of power to
work. The slope a indicates the efficiency, including the
conversion of watts per square meter (W m−2) to kilowatt
hours per kilowatt peak (kWh kWp−1). Uncertainties due to
a varying temperature and the coefficients ai(T ) and bi(T )

are estimated by calculating the explicit PV power, including
temperature, at three sites and its variability (see Sect. 3.2).

To determine ai(T ) and bi(T ) explicit PV power
calculations are undertaken using the PV power model
part of the “Solar Power modeling including atmospheric
Radiative Transfer” (SolPaRT) model at Agoufou (Mali),
Banizoumbou (Niger) and Djougou (Benin) at a 15 min
resolution (Neher et al., 2019). These calculations require
knowledge of the incoming radiation on the tilted plane and
cell temperature over the diurnal cycle. These parameters
can be derived using the GHI, DIR, the solar zenith angle,
the ambient temperature and the wind speed. The impact of
soiling and shading is excluded here, as these factors are
highly dependent on the local conditions and the cleaning
cycle of the modules. For the explicit calculations, the
SARAH-2.1 data record of the GHI, depending on the solar
zenith angle, and the modules orientation (latitude assumed
as the tilt and southern orientation) are used to determine
the radiation on the tilted plane. Assuming an installation
with 11 modules (typical size of one row in a PV plant
and several can be connected in parallel), the inverter is
only slightly (96 %) over-dimensioned, as high irradiance is
expected in the region considered. The input data for the
model calculations, including the sources, are summarized
in Table 2.

3.2 Uncertainties of PV yield estimation

The PV power is explicitly calculated (using Eq. 1, the
temperature information from AMMA, and the GHI and
DIR from SARAH-2.1) at the three measurement sites
(Agoufou, Mali; Banizoumbou, Niger; and Djougou, Benin)
at a 15 min resolution. For each day, the PV yield (integral
over each day and normalization over the plant peak – given
in kWh kWp−1) is derived. On a daily basis the GHI itself
depends on atmospheric conditions (clouds, aerosols and
greenhouse gases) and season (solar zenith angle). PV yields
are highly correlated with the daily mean normalized GHI
(see Fig. 3).

Figure 3. PV yield as a function of normalized global horizontal
irradiance combining the calculations at all three measurement sites
at three temperature levels: T ≤ 30◦C (blue), 30◦C < T ≤ 35◦C
(green), and T ≥ 35◦C (red). The mean daily temperature is marked
as shown in the color bar.

However, the mean daily temperature additionally impacts
PV yields. Therefore, three regression lines (see Equation 5)
are determined at different temperature levels, T ≤ 30 ◦C
(blue), 30 ◦C < T ≤ 35 ◦C (green) and T ≥ 35 ◦C (red).
No further significant improvement was found for a finer
separation into more temperature classes. The mean daily
temperature values from ERA5 are used to define the
temperature level of each point during each time step. The
explained variance (R2) is highest for the lowest temperature
ranges (0.98) and increases (0.78) for the highest (see
Table 3). The root mean square error (RMSE) and R2 as well
as the single fitting parameters ai and bi are summarized in
Table 3.

The slope a decreases at increasing temperatures. The
parameter b was set to zero for T ≥ 35 ◦C, as it can not be
positive for physical reasons. The uncertainty is highest at
the highest temperature level (RMSE: ±0.67 kWh kWp−1)
and lowest at the lowest temperature level (RMSE:
±0.16 kWh kWp−1). The variability in PV yields increases
with the normalized GHI for two reasons: first, temperature
levels can reach higher values at a higher normalized
GHI, which would induce a higher reduction of PV
yields compared with lower temperature levels; second, the
temperature effect on PV yields is relative and can reach
higher effective PV yield reductions at a higher normalized
GHI.

4 Validation of satellite data with ground-based
measurements

Previous studies have compared the SARAH-2.1 GHI to
ground-based measurements from the BSRN (Pfeifroth et al.,
2019b), as they provide benchmarks for accuracy (±2 % or
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Table 2. Input data for photovoltaic power calculations.

Name Value Resolution Type Source

Global horizontal irradiance (GHI) Continuous 30 min Linear interpolation SARAH-2.1
Ambient temperature Continuous 15 min AMMA
Wind speed Continuous 15 min AMMA
Tilting angle Latitude Definition
Orientation South Definition
Cell material Silicon Definition
No. of modules 11 Definition
Inverter SMA 2500U Definition

Table 3. Statistical and fitting parameters of PV yield correlation.

Temperature level T ≤ 30◦C 30◦C < T ≤ 35◦C T ≥ 35◦C

RMSE (kWh kWp−1) 0.16 0.25 0.18
R2 0.98 0.89 0.78
N 5244 1890 474
ai (hm2 Wp−1) 0.018 0.018 0.017
bi (kWh kWp−1) −0.04 −0.09 0

5 Wm−2 for GHI). However, there is currently no BSRN
station running in West Africa; therefore, we use ground-
based measurements of the GHI from the AMMA campaign
at three sites for the satellite data validation (see Table 1).
The comparison of the SARAH-2.1 GHI with the observed
GHI is conducted for daily and monthly means (see Fig. 4).
Statistical parameters, i.e., R2, root mean square error
(RMSE), MAE and bias, are used for comparison.

In Banizoumbou (Fig. 4b; MAE of 15.8 Wm−2 for
daily and 7.6 Wm−2 for monthly means), the SARAH-2.1
performance is consistent with a previous evaluation against
BSRN stations (Pfeifroth et al., 2019b). Similarly, the bias
of −0.9 % to −1.2 %, the R2 of around 0.8, and the RMSE
of 20.1 Wm−2 for the daily mean GHI and 9.5 Wm−2 for
the monthly mean GHI are of the same order of magnitude
as those found by Pfeifroth et al. (2019b). However, the
GHI is overestimated at the two other sites (bias of up to
12 %). At the desert site (Agoufou), the R2 is only 0.5
for the monthly mean GHI. Due to the sandy environment,
dust deposition on the measurement equipment might
have caused errors in the GHI observations (measurement
uncertainties are 2 % in Banizoumbou and Djougou and
10 % in Agoufou). Furthermore, the measurement equipment
instrument maintenance is unknown and could be a source
of additional uncertainty. In Djougou (savanna site), the
overestimation is comparably high with a bias of 12 % and
an MAE of over 25 W m−2. The monthly mean GHI values
generally show higher accuracy, as the variability is reduced
due to averaging.

The three sites provide evidence of a higher MAE in West
Africa (up to 27.6 Wm−2) compared with the validation
with mainly European BSRN stations in Pfeifroth et al.

(2019b) (MAE: 11.7 Wm−2) for the daily GHI. One reason
for this deviation could be the generally higher GHI in West
Africa (Solargis, 2019) compared with Europe (where most
of the BSRN stations used are located). Furthermore, higher
aerosol loads, which are not explicitly treated in the satellite
retrieval, in West Africa compared with the rest of the world
could also cause the deviation.

To study whether deviations from the climatological
AOD used in SARAH-2.1 (see Fig. 1d) might explain
the deviation, we investigate the impact of the difference
between the measured AOD and the climatological AOD for
the satellite data retrieval (1AOD). A higher overestimation
of the GHI was found at higher 1AOD at all sites (up to
100 W m−2 for 1 < 1AOD < 2; see Fig. 4, the colors in
scatter plots and the right column). Therefore, the correlation
between 1AOD and 1GHI (the latter being the difference
between the observed and satellite GHI) shows an overall
overestimation at higher 1AOD in Agoufou and Djougou,
whereas an underestimation is visible in some situations in
Banizoumbou. The absence of a systematic effect raises our
confidence in the use of satellite data to provide an overview
of PV potential in West Africa.

As the climatological AOD used in the SARAH-2.1
retrieval shows values between 0.15 and 0.3 (see Fig. 1d),
high 1AOD (e.g., values above 0.5) are connected to
high aerosol loads (e.g., dust outbreaks and biomass
burning; Marticorena et al., 2011). Thus, the missing explicit
treatment of AOD in the satellite retrieval could be a reason
for the low accuracy here. Especially during events with high
aerosol loads, an explicit treatment in the SARAH-2.1 data
retrieval could improve the accuracy of the GHI. Using only
values with 1AOD < 0.5, the RMSE is reduced by around
1 % to 30 % (Agoufou: 29 % for daily and 25 % for monthly
GHI; Banizoumbou: 6 % for daily and 1 % for monthly GHI;
Djougou: 13 % for daily and 30 % for monthly GHI).

Ineichen (2010) compared the ground-based measured
GHI to different satellite products in Africa for the single
year of 2006, including several AMMA sites in West Africa,
and found standard deviations between 12 % and 37 % as
well as a bias between −1 % and 11 %. These values
lie within a similar range to our calculations. However,
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Figure 4. Comparison of the simulated and observed GHI as daily (left column) and monthly (middle column) averages at three sites over
the given time horizon: (a) Agoufou (2005–2008), (b) Banizoumbou (2005–2012) and (c) Djougou (2002–2009). The difference between the
measured AOD and the climatological AOD for the satellite data retrieval (1AOD) is indicated using color. If no measured AOD is available,
the points are gray. The third column shows the correlation between 1AOD and 1GHI (1GHI refers to the observed GHI minus the satellite
GHI).

especially during the West African summer monsoon, low-
level clouds are likely not realistically represented in
satellite products and climate models in southern West
Africa (Hannak et al., 2017; Linden et al., 2015). Hannak
et al. (2017) found an overestimation of the GHI of up to
50 Wm−2 in the rainy season (July–September) for SARAH-
1 data in comparison with measurements in southern West
Africa between 1983 and 2008. In Kothe et al. (2017),
monthly sums of sunshine duration from SARAH-2 (1983–

2015) were compared to Global Climate Data (CLIMAT)
(Deutscher Wetterdienst, 2019) in Europe and Africa. At
several stations in West Africa, they found an overestimation
of more than 50 h of satellite-based monthly sunshine
duration compared with CLIMAT. The majority of the
CLIMAT stations are located on the southern edge of the
Sahel region or south of it. Thus, the findings are especially
relevant for southern West Africa. Pfeifroth et al. (2019b)
analyzed the accuracy of the SARAH-2 data record for
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Europe and found a slight decadal but stable trend of
−0.8 W m−2.

Given these results, we conclude that the SARAH-
2.1 data record can be used to get an overview of the
temporal and spatial irradiance variability as well as an
overview of trends in order to estimate the PV potential in
West Africa. However, especially in southern West Africa,
the systematical overestimation of solar irradiance in the
SARAH-2.1 data set (Kniffka et al., 2019; Hannak et al.,
2017) needs to be considered in the conclusions of the
variability and trend analysis. As a consequence of the
positive offset in southern West Africa, the actual north–
south gradient in the satellite data set is underestimated. In
particular, the systematic offset would not have an impact on
the trend analysis. Overall, an expansion of measurements
over longer time periods (the measured data are available for
less than 20 % of the time period and at only three sites) could
increase the significance of our validation.

5 Changes in solar irradiance

In this section, the temporal and spatial variability in the
GHI and DIR is analyzed for West Africa (latitude from 3
to 20◦ N and longitude from 20◦W to 16◦ E) over a 35-year
time period (1983–2017). Therefore, the temporal mean and
its interquartile range (IQR; identifying the range for 50 %
of the data with the 25 % and 75 % quantile as borders) are
derived. The analysis is conducted based on the daily values.
For GHI, the analysis is expanded for the respective dry and
the wet seasons. Furthermore, a trend analysis is undertaken
for the GHI by assuming a simple linear trend based on
annual values. The significance of the trend is checked by
calculating the 95 % confidence interval. The trends are
significantly positive (negative) if the upper and lower value
of the 95 % confidence interval are positive (negative). At
four locations, distributed over different latitudes, a time
series analysis is additionally undertaken. Monthly means
and monthly anomalies are derived for all seasons separately.

5.1 Spatial analysis

The spatial distribution of the annual mean GHI and DIR are
shown in Fig. 5. For each grid point, the IQR of all daily
mean values is also provided for the GHI and DIR.

The irradiance is high in the Sahel zone and the Sahara
(with a GHI > 250 Wm−2 and a DIR of around 200 Wm−2

north of around 13◦ N; see Fig. 5a and b). Towards the
southern coast the irradiance decreases as the cloud cover
increases (see Fig. 1b). The impact of clouds seems to be
especially high in southern West Africa, south of the Sahel
zone. However, the satellite-retrieved GHI might even be
overestimated in this region (see Sect. 4). The temporal
variability is higher in southern West Africa (locally up to
150 Wm−2) than in the Sahara and the Sahel zone (higher

IQR in the south compared with the north), especially for
the DIR in coastal or mountainous regions, and is typical for
variable cloud conditions. The impact of clouds on the DIR
is higher than on the GHI, as forward-scattered light on cloud
droplets is still included in the GHI but not in the DIR. The
high amount of water vapor in coastal regions could favor the
formation of clouds and could, therefore, be a reason for the
higher variability in the DIR. Furthermore, the wet season is
actually longer in southern West Africa than in the northern
regions (CLISS, 2016), which leads to longer periods with
high cloud cover that could be further favored by orographic
cloud development (see Fig. 1b). However, the same analysis
with a more confined definition of seasons (the dry season
from November to March and the wet season from May to
August) leads to similar results.

When looking at the dry and wet seasons separately, the
spatial GHI distribution reveals a complementary structure
(see Fig. 6; including the difference in the temporal IQR).

For the GHI, a sharp line at around 13 to 14◦ N divides
the northern region of the Sahel zone and the Sahara from
southern West Africa. North of this line, the GHI is lower
than the annual mean (up to −26 Wm−2) during the dry
season and higher (up to+36 W m−2) during the wet season.
The northern region experiences low cloudiness throughout
the year (the mean effective cloud albedo is lower than 0.1
in the major part of this region; see Fig. 1b). Therefore, the
irradiance mainly depends on the solar zenith angle, which
is lower during the wet season than during the dry season.
Lower solar zenith angles result in higher surface irradiance
under clear-sky conditions. In southern West Africa (south
of 13◦ N), the GHI is higher (up to +33 Wm−2) during
the dry season and lower (up to −46 W m−2) during the
wet season, compared with the annual mean. Cloudiness is
comparably high in this region (with a mean effective cloud
albedo of up to 0.3; see Fig. 1b). Therefore, clouds are the
major modulator of solar irradiance in this area. As clouds
predominantly occur during the wet season, the GHI is lower
during this season.

The difference in the temporal variability is given as the
difference in the IQR (season – annual mean). During the
dry season, the temporal variability in the GHI shows an
overall reduction over land compared with the annual mean.
However, in southern West Africa the reduction reaches more
than −50 W m−2, whereas the reduction is hardly visible in
the northern regions. During the wet season, the temporal
variability in the GHI shows the same sharp boundary at
around 13 to 14◦ N as the GHI. The temporal variability
is lower (reaching more than a −50 Wm−2 difference) in
northern West Africa and higher (reaching more than a
+50 Wm−2 difference) in southern West Africa compared
with the annual mean. This variability is mainly driven by
the WAM, which occurs during the wet season (Sultan et al.,
2003).

The regional mean and its IQR (concerning the spatial
variability) for the GHI and DIR are summarized in Table 4.
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Figure 5. Mean (1983–2017) global horizontal irradiance (a) and direct horizontal irradiance (b) with their respective temporal interquartile
ranges given in panels (c) and (d).

Table 4. Regional mean and regional interquartile range (IQR) of
the temporal mean GHI and DIR between 1983 and 2017 for the
annual mean, the dry season and the wet season.

Annual mean Dry season Wet season

Mean IQR Mean IQR Mean IQR

GHI (Wm−2) 250 37 254 20 246 67
DIR (Wm−2) 159 45 169 34 145 68

The regional variability in the solar irradiance is higher
during the wet season than in the dry season, as clouds,
which predominantly occur during the wet season, have a
large impact on solar radiation. During the wet season, the
regional variability of the GHI is within a similar range to
that of the DIR, with an IQR of 67 Wm−2 for the GHI and
68 Wm−2 for the DIR. As the mean DIR is smaller than the
mean GHI, the percentage variability is higher for the DIR.
This is a clear sign that variable cloudiness leads to a higher
variability in diffuse irradiance.

5.2 Temporal analysis

The results show strong gradients between the north and
south as well as between the wet and the dry season. To detect
anomalies and changes in variability along the north–south
axis, four locations are chosen for a time series analysis of
the SARAH-2.1 data record (the three measuring sites from
Sect. 4 and one coastal location – Lagos, Nigeria, 6.5◦ N,
3.4◦ E; see Fig. 7). The respective data record (see Sect. 2.1)
is used between 1983 and 2017 at a daily resolution.

The median GHI and DIR decline with decreasing latitude
(see also Fig. 7), while their variability increases with
decreasing latitude (as the IQR increases). The higher
frequency of clouds in southern West Africa likely drives this
variability. At the desert and Sahel locations (Agoufou and
Banizoumbou), the IQR of the GHI is larger than the IQR of
DIR. Thus, the variability in the north is higher for the GHI
than for the DIR, whereas the inverse is found at the southern
locations (Djougou and Lagos).

For a more detailed representation, time series of the
monthly mean GHI and DIR and their anomalies for the four
locations are shown in Fig. 8. At the southernmost location
(Lagos) the trends in anomalies are similar for the wet and
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Figure 6. The difference between the mean annual GHI and the mean seasonal GHI during the dry season (a) and the wet season (b), and
the difference in their respective interquartile ranges (c, d).

Figure 7. Median daily global (dark gray) and direct horizontal
irradiance (light gray) from the SARAH-2.1 data set at Agoufou,
Mali; Banizoumbou, Niger; Djougou, Benin; and Lagos, Nigeria
as a function of latitude. The variability is illustrated by the box
plots, showing the interquartile range and whiskers. The gray line
connects the mean GHI (top) and DIR (bottom) over each latitude
of the study region.

the dry seasons (negative trend of −1.8 Wm−2 per decade).
At all of the other locations, the dry season anomalies
are rather constant (showing no significance), whereas the
wet season anomalies show decreasing significant trends
(ranging from −2 to −2.9 Wm−2 per decade) which
provides a significant trend over the full year for Agoufou,

Djougou and Lagos. For all of the locations, no significant
partition can be seen for the change from Meteosat first- to
second-generation satellites in 2005.

As long-term changes in climate conditions (e.g.,
temperature and precipitation) have been found over the
entire region (Barry et al., 2018), the trends in global
irradiance over the last 35 years are analyzed (see Fig. 9)
because they are of high importance for a future PV
system. Especially during the wet season, mean temperature
increased along the coast between 1983 and 2010 (Yaro and
Hesselberg, 2016). The general positive trend in temperature
over the region (of up to 0.22◦ per decade) can also be found
in the ERA5 data.

Trends in the GHI during the time period from 1983 to
2017 are positive in the West African Sahara and negative
south of the Sahel zone. By looking at the respective dry
and wet seasons, the major part of the negative trend can
be attributed to the wet season. The positive trend mainly
occurs during the dry season. Overall, the decadal trends
are small (in the range of 1 %–2 % per decade) compared
with the absolute surface irradiance and the IQR. However,
the absolute values of the trend reach around ±5 Wm−2 per
decade and are significant (based on the 95 % confidence
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Figure 8. Satellite-based time series of monthly mean global horizontal irradiance and their monthly anomalies and trends for the annual
mean (green), the dry season (red) and the wet (blue) season in Agoufou (a), Banizoumbou (b), Djougou (c) and Lagos (d). The linear trend
in the anomalies is shown monthly as well as for the respective dry and wet seasons. Trends are quantified in the single plot windows if they
are significant (p value < 0.05). The black vertical line indicates the change from the Meteosat first- to second-generation satellites.

interval). Compared with the uncertainties of the satellite
data (MAE of up to 27.6 W m−2; see Sect. 4), the trends
might seem negligible. However, the reported uncertainties
are not bias corrected, and they represent, in particular in the
case of Djougou, the systematic overestimation of the GHI
by the satellite estimate. The estimation of the temporal trend
is unaffected by any systematic over- or underestimation;
hence, it can still be derived with certain confidence.

The negative trend south from the Sahel region indicates
increasing cloud cover or a higher amount of water vapor in
the air. Especially low-level clouds are frequent during the
wet season in southern West Africa (Linden et al., 2015).
These clouds were analyzed during the Dynamics–Aerosol–
Chemistry–Cloud Interactions in West Africa (DACCIWA)
campaign in 2016 (Knippertz et al., 2015). They form
at night and are present during the day with a peak in
cloudiness in the mornings. Local aerosols can increase the
cloud droplet number concentration by 13 %–22 % (Taylor
et al., 2019), brightening the clouds and reducing the GHI.
The southern regions of West Africa have been affected by
agricultural expansion and urbanization over the last few
decades (CLISS, 2016). This leads to a higher portion of

local aerosols in the atmosphere that can serve as cloud
condensation nuclei and foster cloud formation and cloud
optical properties. Furthermore, a positive trend in water
vapor was found on the coast of tropical oceans in West
Africa from satellite data (Mears et al., 2018), which would
reduce the GHI at the surface.

The positive trend in irradiance in the Sahara might be
driven by the reduction in the movement of dust, which has
been found in several data sets since the 1980s (Cowie et al.,
2013). Furthermore, a reduction in cloudiness could be a
reason for the increasing irradiance.

The detected trends are within the range of global
dimming and brightening tendencies (−9 to +4 Wm−2

per decade), which originate from atmospheric changes
(that are caused by factors such as anthropogenic pollution
and are visible due to aerosol variation and aerosol–cloud
interactions; Wild, 2012). The abovementioned trends in
cloud occurrence could be driven by a change in the WAM,
the Hadley cell circulation and water vapor as well as the
shift of the ITCZ (Byrne et al., 2018; Roehrig et al., 2013).
Furthermore, aerosols can also play a decisive role. As
mentioned before, aerosols are highly variable in the West
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Figure 9. Linear trend for the annual mean global irradiance (a) and the global irradiance in the dry (b) and wet seasons (c) for all significant
cases (based on the 95 % confidence interval). Ouagadougou (Burkina Faso) and Dakar (Senegal) are additionally visualized here, as values
at these locations are compared within this section.

African region and can reach extreme values (AOD up to 4).
Aerosols are not treated explicitly in the satellite retrievals;
therefore, their variability can cause high uncertainties in the
trend analysis, especially during the dry season, when clouds
are mostly absent and aerosols are the major modulator
of the GHI. Furthermore, in West Africa, different aerosol
types are present in the atmosphere (e.g., dust, marine,
anthropogenic and biomass burning aerosols), which differ
in their atmospheric impact on the GHI (absorption and
scattering as well as spectral dependence). However, Neher
et al. (2019) found that the impact of the AOD is around
4 times higher than the impact of the aerosol composition
on PV power in West Africa. Yoon et al. (2012) reported a
negative trend in AOD for Dakar in Senegal (1996–2009) and
Ouagadougou in Burkina Faso (1995–2007) and a positive
trend in Banizoumbou in Niger (1995–2009). The detected
trends in the GHI from SARAH-2.1 data (1983–2017) at
these locations are negative in Banizoumbou and positive in
Dakar. Thus, changes in aerosols could be a major driver of
trends in the GHI. However, the trend in the GHI is negative
in Ouagadougou; thus, other meteorological changes, such
as clouds, might be larger than the trend in AOD. In general,
trend analysis is a complex topic. However, a clear regional

distribution might enable us to better identify the causes of
trends when looking at PV power.

6 Implications for photovoltaic yields

Photovoltaic yields are calculated for each day over the
whole region using a linear model (Eq. 5) with the
parameters derived in Sect. 3.2 for each temperature range
(see Fig. 10 for mean PV yields and temporal IQR). The
temperature level is taken from ERA5 as daily means. As we
used a linear approach, the uncertainty in the satellite data
would propagate linearly for PV yield estimates.

As a result of using a linear regression to derive the
PV yields, the temporal variability in the PV yields (mean:
4.9 kWh kWp−1; IQR: 20 %) is lower than the temporal
variability in the GHI (mean: 250 Wm−2; IQR: 24 %).
However, the regional variability is 3 percentage points
higher for PV yields (IQR: 18 %) than for the GHI (IQR:
15 %). Here, we go a step further and analyze the regional
variability over each latitude (in the longitude range between
4◦W and 4◦ E to exclude ocean regions), annually as well as
for the respective dry and wet seasons. Figure 11 shows the
variability in the temporal mean PV yield for each latitude
separately.
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Figure 10. The annual mean (1983–2017) PV yield (a) and its interquartile range (b) over the full region. The black box in (a) marks the
longitude range for Fig. 11.

Figure 11. (a) Mean (temporal) PV yield at each latitude for the total year, (b) population density for each latitude (NASA, 2020), and (c)
mean PV yield at each latitude for the dry season (October–April; light gray) and the wet season (May–September; dark gray) in the
longitude range between 4◦W and 4◦ E. The single points mark the temporal mean PV yield calculated with the explicit model and the
measured ambient temperature (star) as well as the PV yield calculated with the simple model and the measured GHI (cross) at the three
sites: Agoufou (2005–2008), Banizoumbou (2005–2012) and Djougou (2002–2009). The gray background box in (c) marks the latitude
range where the definition of seasons is most accurate.

The explicitly calculated PV yields at Banizoumbou and
Djougou lie within the variability range of the corresponding
latitude, demonstrating the appropriateness of the simplified
model for PV calculations. However, the most northern site,
Agoufou, is lower than the daily modeled data at 15◦ N.
A possible reason for this might be the high temperatures
encountered here. The uncertainties of the linear model are
highest for high temperatures (RMSE: 0.67 kWh kWp−1; see
Table 3). In the northern part of West Africa the monthly
mean temperature can reach more then 40 ◦C (Berrisford
et al., 2011). Thus, the PV yields at high latitudes could
actually be lower. Furthermore, the PV yield at each site
is calculated with ground-based measured temperatures,
whereas the model uses daily temperatures from ERA5.
At Agoufou, the averaged daily mean of the ground-based

temperature over the total time span is around 3.5 ◦C higher
than the mean ERA5 temperature.

In general, the overestimation of satellite data in Agoufou
and Djougou as well as the slight underestimation in
Banizoumbou (see Sect. 4) can be seen in the PV yields
calculated with the simple model and using the measured
GHI as an input (crosses in Fig. 11a). In Agoufou, the PV
yields, calculated with the linear model, are similar to the
explicitly calculated PV yields. In Banizoumbou, the results
are higher than the PV yields calculated with satellite data,
whereas they are lower in Djougou. Especially in Djougou,
the irradiance decreases over the 35 years of satellite data
availability; this leads to lower values in the 2000s compared
with the mean.

By looking at the full latitude range, PV yields are smaller
at low latitudes (around 4.5 kWh kWp−1) with a higher
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regional variability and more outliers. At high latitudes,
the PV yields reach around 5.5 kWh kWp−1, which is
around 22 % higher than at low latitudes. Furthermore, an
overestimation of solar irradiance was found in southern
West Africa (see Sect. 4). Thus, the spacial gradient between
north and south could actually be higher than that suggested
by the satellite estimation. The population density shows an
inverse latitudinal gradient to the PV potential, with a higher
density at low latitudes and a lower density at high latitudes
(see Fig. 11b).

During the dry season, the PV yields are similarly spread
over different latitudes to the annual PV yields. However, the
yields are slightly higher (by around 0.25 kWh kWp−1) at
low latitudes (between 3 and 10◦ N). During the wet season,
a band of lower PV yields (less than 4 kWh kWp−1) is visible
between 3 and 9◦ N; this is the region where low-level clouds
frequently occur (Linden et al., 2015).

7 Challenges for the West African power sector

Currently, a deficit exists between power demand and supply
in West African countries (Adeoye and Spataru, 2018).
Furthermore, the power demand may increase 5-fold by
2030 compared with the demand in 2013 (IRENA, 2015).
Thus, new large-scale power plants need to be developed
and current infrastructure needs to be advanced. The West
African Power Pool (WAPP) was founded in 1999 to
coordinate these developments. The WAPP business plan
outlines the connection of 14 countries with respect to high-
voltage transmission by 2025 (WAPP, 2015). Specifically,
photovoltaic (PV) power is set to expand, with a technical
potential of around 100 PWh yr−1 (Hermann et al., 2014),
and there are high expectations that it will meet a large share
of the future power supply (IRENA, 2015). Therefore, long-
term changes in PV power potential are relevant and are
addressed in this study.

Solar irradiance is the key driver of photovoltaic power
potential. The dimension and development of new power
plants requires a specific site analysis of solar irradiance
to estimate expected economic benefits. Therefore, long-
term changes and day-to-day variability need to be taken
into account to dimension the plant, the necessary storage
capacities and to design the grid. In this study, 35 years of
satellite-based irradiance data (the SARAH-2.1 data record)
is locally validated and used to get a spatially complete
distribution of the photovoltaic potential over West Africa (3
to 20◦ N and 20◦W to 16◦ E).

In summary and as expected, there is a strong contrast
in the photovoltaic potential during the dry and wet
seasons, which is controlled by the West African monsoon
(WAM) and the accompanying seasonal movement of the
intertropical convergence zone. The dry season provides
higher photovoltaic yields than the wet season, especially
in southern West Africa (around 4.75 kWh kWp−1 in the

dry season down to 3.75 kWh kWp−1 in the wet season).
Furthermore, a strong contrast can be seen between the
higher potential in the northern regions of West Africa
(up to 5.5 kWh kWp−1) and the lower potential in the
southern regions of West Africa (around 4.5 kWh kWp−1).
The temporal variability is higher in the south and lower in
the north as a result of the WAM. Generally, the variability
is more pronounced for the photovoltaic potential than for
the global horizontal irradiance, as additional impacts of the
inverter reduce the yields of a PV power plant by a certain
threshold.

In the Sahara and Sahel zone, the daily average global
horizontal irradiance reaches up to 300 Wm−2 and shows
a positive trend of up to around +5 Wm−2 per decade. An
inverse trend (with up to around -5 W m−2 per decade) and
lower irradiance is found in southern West Africa, with a
daily average global horizontal irradiance below 250 Wm−2.
These trends lie within the range of global dimming and
brightening tendencies. Furthermore, the temporal variability
is higher in southern West Africa (reaching an IQR of up
to 150 Wm−2 in mountainous areas) than in the Sahara and
Sahel zone (where the IQR remains below 100 Wm−2). With
respect to the direct horizontal irradiance, the difference
between northern and southern West Africa is similar to
the difference in the global horizontal irradiance. However,
especially in the mountainous region in Nigeria, the temporal
variability is more distinct for direct horizontal irradiance
than for global horizontal irradiance.

Regarding seasons, there is a sharp difference between
the wet and the dry seasons. During the dry season, the
average solar irradiance and its IQR are rather constant (a
global irradiance of around 254 Wm−2 and an IQR of around
20 Wm−2), whereas the average solar irradiance varies over
the region during the wet season (with higher values in the
north than in the south and an IQR of around 67 Wm−2).
Compared with the annual values, the dry season provides
a higher global horizontal irradiance in the south and a
lower global horizontal irradiance in the north, whereas
the opposite was found during the wet season. Therefore a
dividing line can be drawn at about 13◦ N to separate the
south from the north with respect to the daily variability. This
seasonal shift is particularly visible at low latitudes (higher
urban density than at high latitudes). This seasonality is
dominated by high cloudiness caused by the moist monsoon
winds from the southwest during the wet season and the
dry Harmattan winds from the northeast during the dry
season. To overcome such seasonal differences in power
generation, a smart combination with other power sources
(e.g., hydropower and wind) is necessary to reduce storage
capacity requirements (Sterl et al., 2020) and related costs
for long-term storage.

By looking at the abovementioned characteristics, the
development of PV power plants is more likely in northern
West Africa, as higher yields can be reached. However, more
power is consumed in the southern parts of West Africa,
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close to the coast, where the population is higher. Therefore,
power generation in the north would reiterate the necessity
of grid development along a north–south axis to transport
power from the insolation-rich Sahara to urban regions in the
south. Larger investments in PV systems in the south would
instead evoke the development of large storage capacities to
compensate for fluctuations in PV power generation due to
the higher variability in solar irradiance in the south than in
the Sahel zone and the Sahara. The difference in the north–
south potential has increased over the last 35 years. If this
trend is ongoing in the future, the potential PV power in
southern and northern West Africa might differ even more.
This should be considered in future grid planing.

Besides the constant seasonal and intra-day variability,
extreme events can affect power generation drastically. Major
dust outbreaks frequently occur during the dry season in the
Sahara and the Sahel zone and can cause reductions in power
generation of up to 79 % over several days (Neher et al.,
2019). For such events, storage capacities for several days
might be needed (e.g., in solely solar-based micro grids).

This analysis provides an overview of the photovoltaic
potential in West Africa. However, the explicit modeling
of a photovoltaic power module at a higher temporal
resolution could better resolve the impact of temperature and
the inverter for each grid point. Furthermore, to explicitly
dimension the grid and the storage capacity required, a
demand–supply power model that includes all available
power sources is necessary. This should be subject of further
research.
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Chapter 6

Summary and outlook

A sustainable interaction with our Earth is needed to keep it a livable planet for fu-
ture generations. For the electricity sector solar energies are one solution for carbon
neutrality. However, solar power yields highly depend on fluctuating atmospheric
parameters, especially solar irradiance. Therefore, the variability of solar irradi-
ance needs to be precisely examined to ensure long-term investment for solar power
plants, grid stability and needed storage capacities.

To better understand the impact of atmospheric variability on solar power in
West Africa, this thesis aims to quantify the aerosol impact on different solar power
technologies and analyzes the long-term variability and trends of solar irradiances
and its implications for photovoltaic power over the whole region. In this chapter
the key findings to answer the questions raised in the Introduction (Chapter 1) are
summarized separately for the single result parts in Section 6.1 and Section 6.2.
Furthermore, an overall conclusion and outlook is given in Section 6.3.

6.1 Impact of atmospheric aerosols on solar power
For building an electricity system based on solar power the reduction of solar irra-
diance due to aerosols needs to be taken into account. In West Africa, especially
desert dust aerosols significantly reduce solar irradiance at ground. The impact of
aerosols was isolated from other effects on global horizontal irradiance and quanti-
fied by using a combined radiative transfer - solar power model for the year 2006. A
model chain to simulate irradiance at ground and photovoltaic power was developed
and the impact of atmospheric aerosols on photovoltaic power was investigated in
Niamey, Niger and published in Neher et al. (2017) (see Section 4.1). In a sec-
ond publication (Neher et al. 2019) the model chain was extended to additionally
model parabolic trough power and the study region was expanded to six measuring
locations distributed over different climatic zones in West Africa (see Section 4.2).
Furthermore, the impact of a major dust outbreak in March 2006 was analyzed in
detail. In this way the questions phrased in the introduction
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1. What is the magnitude of the impact of aerosols on solar power?

2. How sensitive are photovoltaic and concentrating solar technologies to aerosol
conditions?

3. Which challenges need to be considered during a desert dust outbreak?

could be answered and the following key findings were derived.

1. Atmospheric aerosols can significantly reduce the output of solar power
plants in cloud free situations: Median daily reduction due to atmospheric
aerosols are determined to be 13% to 22% and 22% to 37% for photovoltaic and
parabolic trough power plants, respectively (see Section 4.2 and Neher et al. (2019)).
For a single photovoltaic module the direct current is reduced by up to 48% due
to aerosols (see Section 4.1 and Neher et al. (2017)). A linear relation between
aerosol optical depth (AOD) and solar power reduction could be derived for both
technologies. In this way a reduction of solar power by 32% - 36% per unit of AOD
for photovoltaic and 52% - 68% per unit of AOD for parabolic trough power could
be derived. These results are in line with the study by Prasad et al. (2007), who
found a similar impact of AOD on solar irradiance in the Indian desert, and by
Stone et al. (2008), where similar impacts for smoke aerosols were derived.

2. Concentrating solar power is more susceptible to aerosol loads than
photovoltaic power: The direct irradiance, which is the major driver for con-
centrated solar power, is reduced due to the presence of atmospheric aerosols. Pho-
tovoltaic power plants also use the diffuse component of solar irradiance, which
increases to some maximum under the presence of aerosols. Therewith, concen-
trated solar power is more sensitive to aerosol loads (reduction of up to 100%) in
the atmosphere than photovoltaic power (reduction of up to 79%). However, the
concentrating systems are able to be combined with large storage capacities already,
while batteries for photovoltaic power storage have lower capacities and are more
expensive (IRENA 2017). Middleton (2017) investigated desert dust outbreaks and
also found a higher power reduction for concentrating than for photovoltaic tech-
nologies. However, they did not analyze the aerosol impact over one total year,
which was performed in this thesis.

3. Desert dust outbreaks can cause blackouts: Desert dust outbreaks result
in high atmospheric aerosol loads and can last for several days. They are found
at all six measuring sites distributed over the whole West African region. For both
technologies such a strong event (like the analyzed one in March 2006) highly reduces
daily power yields (by up to 79% for photovoltaic and up to 100% for parabolic
trough power plants) and would need high storage capacities in a solar based power
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system to overcome blackouts. Furthermore, a reliable forecast as well as a long-
term climatology of the frequency and duration of the dust outbreaks is needed
for the dimension of storage capacities. On average and for the specific 12 day
long event in March 2006 the storage capacity would need to be as high as 50% of
the installed parabolic trough power plus 30% of the installed photovoltaic power.
Typically parabolic trough power plants with storage have capacities of around 7.5
hours peak load (e.g. the Andasol plants in Spain, (Solar Millenium 2008)), which
is also needed for night times. Not only solar power close to the source of dust,
but also solar power in regions located thousands of kilometers away are highly
impacted by dust movements (e.g. the Mediterranean (Kosmopoulos et al. 2017)
or Germany (Rieger et al. 2017)). Kosmopoulos et al. (2017) found slightly lower
power reductions (40% to 50% for photovoltaic and 80% to 90% for concentrating
solar power) for a desert dust outbreak in 2015 in the eastern Mediterranean than
this thesis for the event in March 2006 in West Africa. However, the distance from
the desert dust source in the Sahara desert to the Mediterranean is about two to
three times higher than to West Africa.

With the strong implications of dust storms it is of high interest to investigate
how frequent they are. As a first step the ICOsahedral Non-hydrostatic model with
its extension for Aerosols and Reactive Trace gases (ICON-ART1, (Rieger et al.
2015)) is used to identify high aerosol loads over West Africa (using the aerosol
optical depth (AOD) as an indicator). The frequency of high desert dust movements
is analyzed by using a full-year model output of ICON-ART for 2018. ICON-ART
simulates the desert dust AOD in a 0.5◦ x 0.5◦ spatial and a 6 hourly temporal
resolution (at midnight, 6 am, 12 pm and 6 pm) over total West Africa. An AOD of
0.5 (1) results in a reduction of around 15% (30%) for photovoltaic power and 30%
(over 50%) for parabolic trough power (Neher et al. 2019). An AOD of 0.5 (1) is
used as a benchmark for high (very high) desert dust movements (see Figure 6.1 a
(b)).

Within the Sahel region and based on these model calculations, high desert dust
loads are frequent with up to 22% while in southern West Africa dust movements
occurs at less than 5% of the time. Thus, major dust outbreaks reducing the output
of solar power plants by more than 15% over several days can be expected especially
in northern West Africa. As cloudiness is low in northern West Africa, the impact of
aerosols plays a major role for solar based power systems there. Thus, the knowledge
of aerosol impacts must particularly taken into account for the dimensioning of solar
power plants and storage capacity. In southern West Africa, where high cloudiness
is present, it is difficult to disentangle the contributions by aerosols and clouds on
solar power.

1The ICON modeling framework is a joint project of German Weather Service (DWD) and Max
Planck Institute for Meteorology (MPI-M). The ART extension was developed at the Karlsruher
Institute of Technology (KIT).



92 Chapter 6. Summary and outlook

(a) (b)

Figure 6.1: Frequency of high aerosol optical depth by using (a) AOD = 0.5 and
(b) AOD = 1 as a benchmark. Notice the different scales of the two plots.

Extreme events (AOD > 1) occur with up to 2% of frequency in northern West
Africa, especially in the Western part of the Sahara. However, the model calculations
only represent the presence of desert dust aerosols. Other sources of aerosols (e.g.
biomass burning or industrial combustion) are not yet included in ICON-ART.

6.2 Variability of solar irradiance and its implica-
tions for photovoltaic power

Solar irradiance is the major driver of photovoltaic yields. Therefore, a detailed
investigation of solar irradiance is needed to identify economically promising sites.
The Surface Solar Radiation Data Set-Heliosat, Edition 2.1 (SARAH-2.1) provides
35 years of irradiances, which was used to calculate the related photovoltaic power
potential over West Africa (3◦N to 20◦N and 20◦W to 16◦E) and to analyze their
variability in a temporal and spatial dimension. Therewith the questions raised in
Chapter 1

1. How variable is solar irradiance and therewith photovoltaic power potential
between 1983 and 2017 in West Africa?

2. What are the trends of solar irradiance during these 35 years and how do they
impact photovoltaic potential?

can be answered. The following paragraphs depict the key findings.

1. Complementary photovoltaic potential and variability between north-
ern and southern West Africa as well as between the wet and the dry
season: The SARAH-2.1 analysis shows typical seasonal and regional pattern for
solar irradiances reflecting the related photovoltaic yield estimations for West Africa.
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The northern part of West Africa shows higher photovoltaic yields with a lower tem-
poral variability (around 5.5 kWp/kWp mean photovoltaic yields with an interquan-
tile range of less than 18%). While the southern region provides lower photovoltaic
yields with a higher temporal variability (around 4.5 kWp/kWp mean photovoltaic
yields with an interquantile range of locally up to around 70%). Thus, sites for pho-
tovoltaic systems have higher potential in northern than in southern West Africa.
This regional difference is mainly controlled by the West African Monsoon and its
associated cloudiness. A similar annual mean of photovoltaic power potential be-
tween 1994 and 2016 is given with 3.3 kWh/kWp to 5.5 kWh/kWp over West Africa
from Solargis (2019).

Regarding seasons, the dry season is characterized by higher and rather constant
solar irradiance (around 254 W/m2 and 8% interquantile range), while it is lower
and highly variable during the wet season (irradiance varies over the region with an
interquantile range of around 27%). By looking at the results for different latitudes,
the photovoltaic yield is low during the wet season in southern West Africa (around
4 kWh/kWp, in the latitude range from 3◦N to 10◦N) and shows a high variability. In
this region, low level clouds occur frequently (Linden et al. 2015). The photovoltaic
yields then increases continuously with rising latitude during the wet season and
reach around 5.5 kWh/kWp at 20◦N (similar to the value during the dry season at
this latitude) and with lower variability (interquantile range of less than 9%). Over
all latitudes estimated photovoltaic yields range from around 4.75 kWh/kWp in
southern West Africa to 5.5 kWh/kWp in the northern region during the dry season.
Thereby, the variability is reduced with increasing latitude. These findings imply
that long-term storage systems are needed in a purely solar based power system
in West Africa to overcome seasonal differences. The strong contrast between the
seasons is especially controlled by the West African Monsoon and the accompanied
seasonal movement of the Inter Tropical Convergence Zone. The monsoon time is
longer in southern West Africa than in northern West Africa (CLISS 2016), leading
to the detected differences between the seasons and regions.

2. Positive (negative) trend of solar irradiance in northern (southern)
West Africa during the dry (wet) season: The long-term trends in solar
irradiance are also clearly divided into seasons and regions. Whereas, a positive
trend of up to +5 W/m2/decade occurred in northern West Africa, especially during
the dry season, a negative trend of up to -5 W/m2/decade occurred in southern West
Africa, mainly taking place during the wet season. Thus, the differences between the
northern and southern region were enhanced between 1983 and 2017. The trends are
in the range of global dimming and brightening tendency’s (Wild 2012). At single
locations (Banizoumbou, Niger and Dakar, Senegal) the trends are likely connected
to changes in aerosol optical depth (Yoon et al. 2012).

Regarding regions, West Africa is distinguished in population density. The
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coastal regions are population rich, while the northern desert region provides low
population densities. Therewith, larger amounts of electricity are needed in the
south compared to the north. This is contrary to the photovoltaic power poten-
tial and implies the need of a massive grid development to transfer the electricity
produced by solar power plants in the north to the population in the south.

If the trends are ongoing, the complementary potential between the North and
South as well as the wet and dry season will be widened in the future. To provide
a stable solar based electricity sector in West Africa long-term storage would be
necessary to overcome seasonal differences in power generation, besides the typical
overnight storage for solar power plants. Furthermore, the grid infrastructure needs
to be built up, especially in the North-South direction, to balance regional differences
of power generation and supply.

6.3 Next steps for a carbon neutral electricity
system in West Africa

Four major conclusions can be drawn from the studies undertaken in this thesis,
with the goal of building up a stable and carbon neutral electricity system based
on solar power in West Africa. First, a reliable forecast of dust outbreaks is needed
on an intraday scale, to be able to compensate the reductions of such an event with
other sources of electricity. Second, short term storage capacities should be installed
to avoid blackouts during these dust outbreaks. Third, long-term storage capacities
need to be build up to overcome seasonal differences in power generation. And
finally, the grid infrastructure needs to be developed, especially in the North-South
direction, to compensate regional differences in power generation and supply.

In this thesis the atmospheric impact on solar power was characterized. However,
to find solutions for an overall power system in West Africa the inclusion of all
available power sources (e.g. wind and hydro power) and the typical load in a
demand-supply power model is desirable. Compensating effects could reduce the
storage capacity and need to be taken into account for the grid development.

Solar power was modeled in SolPaRT by including major atmospheric drivers for
global and direct irradiance as well as technical parameters of power plants. How-
ever, spectral effects of solar irradiances are not included and should be subject of
further research. With regard to aerosols, this thesis points out the importance of the
inclusion of aerosols for site assessment, as they can drastically reduce the incoming
solar irradiance. However, they are not explicitly included in many global climate
models and reanalysis. The explicit inclusion of aerosols as well as the assimilation
of measurements needs to be performed in the future. Furthermore, power modeling
should be performed by using detailed atmospheric input data from most reasonable
sources and predictions, e.g. reanalysis, satellite data, ground-based measurements
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and numerical weather predictions. ICON-ART is a numerical weather prediction
model which already includes explicit mineral dust aerosols, however, other types
(e.g. biomass burning aerosols, black carbon, etc.) should be explicitly included as
well. Furthermore, the connection of aerosol effects with land-use pattern in ICON-
ART and other models would give new insights on the interaction between land
surface and solar power potential.

For the analysis of long-term variability and trends of solar irradiance and pho-
tovoltaic power potential over complete West Africa a simplified photovoltaic model
was developed. This model allows a reasonable regional overview. However, includ-
ing an explicit model could better indicate single impacts (e.g. inverter, tempera-
ture) for each grid point. Therefore, detailed meteorological input data in a high
temporal and spacial resolution as well as large computational resources would be
needed and should be used in future studies.
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Supplementary material of
Publication II

Electronic supplementary material to Neher, I., Buchmann, T., Crewell, S.,
Pospichal, B., and Meilinger, S. (2019). Impact of atmospheric aerosols on solar
power. Meteorologische Zeitschrift, 28(4):305–321.

Measurement instruments information

Table A.1: Information of the measurement equipment for the used data set.

No. Manufacturer Location Parameters Reference
318A spectral
radiometer

CIMEL All Stations
(except for
Niamey)

AOD, Ångström
exponent, PWV

(Holben et al. 1998)

MFRSR ARM campaign Niamey AOD, Ångström
exponent

(Hodges and
Michalsky 2016)

Microwave
radiometer

ARM campaign Niamey PWV (Cadeddu et al. 2013,
Morris 2006)

Sky
radiometer

ARM campaign Niamey GHI, DNI, DIF (Andreas et al. 2018)

05106 RM Young Niamey Wind direction and
speed

(Wind 2007)

05103L RM Young Banizoumbou,
Djougou

Wind direction and
speed

(Vaisala 2006)

HMP 45 Vaisala Niamey Temperature,
Humidity

(Campbell Scientific
2009a)

HMP 45 Vaisala Banizoumbou,
Djougou

Temperature,
Humidity

(Campbell Scientific
2009a)

SKS 1110 Skye
Instruments

Banizoumbou GHI (Skye Instruments
2019)

A100R Vector Agoufou Wind Speed (Campbell Scientific
2009b)

No. 278 Setra Agoufou Pressure (Setra Systems 2015)
CNR1 Kipp & Zonen Agoufou GHI (Campbell Scientific

2010)
CS215 Campbell Agoufou Temperature,

Humidity
(Campbell Scientific
2017)
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Table A.1: Information of the measurement equipment for the used data set.

No. Manufacturer Location Parameters Reference
W200P Vector Agoufou Wind direction (Campbell Scientific

2009b)
RPT 410 Druck Djougou Pressure (Druck 2001)
SP Lite2 Kipp & Zonen Djougou GHI (Kipp & Zonen 2019)

SYNOP Station Maine, Dakar Temperature,
Humidity, Pressure,
Wind speed, -direction

(WMO 2010)

Input data for the six locations
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Clear-sky dates

Table A.2: Dates of clear days in 2006 for the six stations in West Africa. Dates
during the rainy season are marked in bold.

Station Clear-sky dates
Agoufou 02/05, 02/14, 03/06, 03/08, 03/10, 03/11, 03/12, 03/14, 03/15, 03/16, 03/17,

03/18, 03/19, 03/21, 03/23, 03/24, 03/25, 03/26, 03/27, 03/28, 04/04, 04/05,
04/06, 04/08, 04/09, 04/11, 04/12, 04/13, 04/14, 04/15, 04/20, 04/22, 05/02,
05/04, 05/11, 05/12, 05/13, 05/14, 05/15, 05/16, 05/17, 05/23, 05/29, 05/30,
06/02, 06/04, 06/17, 06/19, 06/20, 06/22, 06/23, 06/24, 06/25, 06/30,
07/01, 07/04, 07/05, 07/11, 07/12, 07/16, 07/18, 07/20, 07/23, 07/27,
07/30, 08/02, 08/05, 08/08, 08/14, 08/16, 08/19, 08/20, 08/26, 09/02,
09/03, 09/04, 09/13, 09/14, 09/18, 09/22, 09/26, 09/27, 09/29, 09/30,
10/04, 10/05, 10/07, 10/08, 10/11, 10/16, 10/17, 10/18, 10/21, 10/23,
10/29, 10/30, 10/31, 11/01, 11/02, 11/03, 11/04, 11/07, 11/09, 11/10, 11/11,
11/13, 11/14, 11/15, 11/17, 11/18, 11/19, 11/20, 11/23, 11/24, 12/09, 12/10,
12/11, 12/12, 12/13, 12/14, 12/15, 12/16, 12/17, 12/18, 12/19, 12/20, 12/22,
12/23, 12/24, 12/25, 12/27, 12/28

Bani-
zoumbou

01/01, 01/02, 01/03, 01/06, 01/10, 01/12, 01/16, 01/18, 01/19, 01/20, 01/21,
01/22, 01/23, 01/24, 02/01, 02/02, 02/04, 02/05, 02/06, 02/07, 02/08, 02/11,
02/13, 02/14, 02/20, 02/22, 02/23, 02/25, 02/26, 02/27, 03/01, 03/03, 03/04,
03/05, 03/06, 03/09, 03/10, 03/11, 03/12, 03/13, 03/14, 03/15, 03/16, 03/17,
03/18, 03/19, 03/28, 04/04, 04/07, 04/12, 04/13, 04/14, 04/15, 04/16, 04/17,
04/19, 04/20, 04/21, 04/22, 04/23, 04/28, 05/02, 05/12, 05/13, 05/15,
05/23, 05/26, 05/27, 05/28, 06/07, 06/12, 06/13, 06/17, 06/18, 06/19,
06/21, 06/22, 07/03, 07/04, 07/08, 07/10, 07/11, 07/13, 07/16, 07/18,
07/23, 07/28, 07/29, 08/02, 08/10, 08/13, 08/16, 08/19, 08/20, 08/27,
09/02, 09/06, 09/07, 09/15, 09/18, 09/22, 09/27, 09/29, 10/03, 10/04,
10/05, 10/06, 10/10, 10/11, 10/12, 10/16, 10/17, 10/18, 10/21, 10/22,
10/23, 10/24, 10/25, 10/26, 10/27, 10/28, 10/29, 10/30, 10/31, 11/01,
11/04, 11/05, 11/06, 11/07, 11/08, 11/09, 11/12, 11/13, 11/15, 11/16, 11/17,
11/18, 11/19, 11/20, 11/21, 11/22, 11/23, 11/24, 11/25, 11/26, 11/29, 12/02,
12/04, 12/05, 12/06, 12/07, 12/08, 12/09, 12/10, 12/13, 12/14, 12/15, 12/16,
12/17, 12/18, 12/19, 12/20, 12/22, 12/24, 12/25, 12/27, 12/28, 12/31

Continued on next page
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Table A.2 – continued from previous page
Station Clear-sky dates
Dakar 01/01, 01/02, 01/03, 01/06, 01/10, 01/12, 01/16, 01/18, 01/19, 01/20, 01/21,

01/22, 01/23, 01/24, 02/01, 02/02, 02/04, 02/05, 02/06, 02/07, 02/08, 02/11,
02/13, 02/14, 02/20, 02/22, 02/23, 02/25, 02/26, 02/27, 03/01, 03/03, 03/04,
03/05, 03/06, 03/09, 03/10, 03/11, 03/12, 03/13, 03/14, 03/15, 03/16, 03/17,
03/18, 03/19, 03/28, 04/04, 04/07, 04/12, 04/13, 04/14, 04/15, 04/16, 04/17,
04/19, 04/20, 04/21, 04/22, 04/23, 04/28, 05/02, 05/12, 05/13, 05/15,
05/23, 05/26, 05/27, 05/28, 06/07, 06/12, 06/13, 06/17, 06/18, 06/19,
06/21, 06/22, 07/03, 07/04, 07/08, 07/10, 07/11, 07/13, 07/16, 07/18,
07/23, 07/28, 07/29, 08/02, 08/10, 08/13, 08/16, 08/19, 08/20, 08/27,
09/02, 09/06, 09/07, 09/15, 09/18, 09/22, 09/27, 09/29, 10/03, 10/04,
10/05, 10/06, 10/10, 10/11, 10/12, 10/16, 10/17, 10/18, 10/21, 10/22,
10/23, 10/24, 10/25, 10/26 10/27, 10/28, 10/29, 10/30, 10/31, 11/01,
11/04, 11/05, 11/06, 11/07, 11/08, 11/09, 11/12, 11/13 11/15, 11/16, 11/17,
11/18, 11/19, 11/20, 11/21, 11/22, 11/23, 11/24, 11/25, 11/26, 11/29, 12/02
12/04, 12/05, 12/06, 12/07, 12/08, 12/09, 12/10, 12/13, 12/14, 12/15, 12/16,
12/17, 12/18, 12/19 12/20, 12/22, 12/24, 12/25, 12/27, 12/28, 12/31

Djougou 01/03, 01/10, 01/22, 01/23, 01/24, 02/01, 02/02, 02/03, 02/04, 02/06, 02/07,
02/08, 02/18, 02/24, 02/25, 02/26, 02/27, 02/28, 03/01, 03/04, 03/05, 03/06,
03/07, 03/09, 03/10, 03/11, 03/12, 03/13, 03/14, 03/15, 03/16, 03/17, 03/18,
03/24, 03/25, 03/30, 04/05, 04/08, 04/09, 04/10, 04/11, 04/12, 04/13, 04/14,
04/15, 04/22, 05/04, 05/29, 06/01, 06/06, 06/13, 10/21, 10/25, 10/27, 10/28,
10/30, 11/05, 11/08, 11/10, 11/12, 11/13, 11/16, 11/19, 11/20, 11/21, 11/22,
11/24, 11/25, 11/26, 11/28, 11/29, 12/02, 12/04, 12/05, 12/06, 12/07, 12/08,
12/09, 12/10, 12/12, 12/13, 12/15, 12/16, 12/17, 12/18, 12/19, 12/20, 12/21,
12/22, 12/24, 12/25, 12/26, 12/27, 12/28

Maine 01/03, 01/10, 01/22, 01/23, 01/24, 02/01, 02/02, 02/03, 02/04, 02/06, 02/07,
02/08, 02/18, 02/24, 02/25, 02/26, 02/27, 02/28, 03/01, 03/04, 03/05, 03/06,
03/07, 03/09, 03/10, 03/11, 03/12, 03/13, 03/14, 03/15, 03/16, 03/17, 03/18,
03/24, 03/25, 03/30, 04/05, 04/08, 04/09, 04/10, 04/11, 04/12, 04/13, 04/14,
04/15, 04/22, 05/04, 05/29, 06/01, 06/06, 06/13, 10/21, 10/25, 10/27, 10/28,
10/30, 11/05, 11/08, 11/10, 11/12, 11/13, 11/16, 11/19, 11/20, 11/21, 11/22,
11/24, 11/25, 11/26, 11/28, 11/29, 12/02, 12/04, 12/05, 12/06, 12/07, 12/08,
12/09, 12/10, 12/12, 12/13, 12/15, 12/16, 12/17, 12/18, 12/19, 12/20, 12/21,
12/22, 12/24, 12/25 , 12/26, 12/27, 12/28

Niamey 01/01, 01/02, 01/03, 01/10, 01/11, 01/12, 01/21, 01/22, 01/23, 01/24, 02/01,
02/02, 02/04, 02/05, 02/06, 02/07, 02/08, 02/25, 03/03, 03/06, 03/07, 03/08,
03/09, 03/10, 03/11, 03/12, 03/14, 03/15, 03/16, 03/17, 03/26, 04/08, 04/12,
04/13, 04/14, 04/18, 04/19, 04/23, 05/04, 05/06, 05/27, 06/13, 06/19,
06/21, 06/22, 06/28, 06/29, 07/04, 08/10, 08/19, 09/02, 09/18, 09/29,
10/04, 10/05, 10/11, 10/17, 10/22, 10/26, 10/28, 10/30, 10/31, 11/04,
11/05, 11/06, 12/06, 12/07, 12/09, 12/10, 12/13, 12/15, 12/16, 12/17, 12/18,
12/19, 12/20, 12/25, 12/27
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Used dates for sensitivity study

Table A.3: Used days for the sensitivity study in 2006 with their corresponding
minimum zenith angles in brackets.

Agoufou Banizoumbou Dakar Djougou Maine Niamey
1.1. (0.67) 1.1. (0.65) 1.1. (0.65) 1.1. (0.57) 1.1. (0.64) 1.1. (0.64)
3.2. (0.56) 31.1. (0.54) 3.2. (0.55) 30.1. (0.48) 2.2. (0.54) 31.1. (0.54)
22.2. (0.45) 17.2. (0.44) 21.2. (0.44) 15.2. (0.39) 20.2. (0.44) 18.2. (0.44)
11.3. (0.34) 4.3. (0.34) 9.3. (0.34) 2.3. (0.3) 7.3. (0.34) 5.3. (0.34)
26.3. (0.23) 18.3. (0.25) 24.3. (0.23) 28.3. (0.21) 21.3. (0.24) 19.3. (0.24)
2.5. (0.12) 2.4. (0.15) 29.4. (0.13) 14.4. (0.12) 26.4. (0.14) 3.4. (0.14)
3.6. (0.01) 24.4. (0.05) 29.5. (0.02) 28.5. (0.03) 25.5. (0.04) 25.4. (0.05)
12.8. (0.05) 19.7. (0.03) 6.7. (0.05) 14.7. (0.02) 19.8. (0.07) 16.8. (0.02)
5.9. (0.15) 16.8. (0.13) 15.8. (0.15) 27.8. (0.11) 12.9. (0.16) 5.9. (0.12)
21.9. (0.26) 21.9. (0.23) 23.9. (0.26) 13.9. (0.21) 27.9. (0.26) 20.9. (0.23)
6.10. (0.36) 6.10. (0.34) 8.10. (0.36) 10.10. (0.3) 11.10. (0.25) 5.10. (0.33)
23.10. (0.47) 22.10. (0.44) 24.10. (0.46) 25.10. (0.39) 26.10. (0.45) 21.10. (0.44)
11.11. (0.57) 9.11. (0.54) 11.11. (0.56) 12.11. (0.49) 13.11. (0.55) 9.11. (0.54)
22.12. (0.68) 20.12. (0.65) 22.12. (0.66) 21.12. (0.58) 23.12. (0.64) 20.12. (0.65)

Parameter for sensitivity study

Table A.4: Lower (5% quantile) and upper (95% quantile) parameters used for
sensitivity study. The reference source is indicated for each parameter.

Parameter Station Low High Reference
Aerosol composition All stations Antarctic1 Urban2 Desert3

Albedo All stations 0 0.3 0.15
AOD Agoufou 0.12 1.09 Desert

Banizoumbou 0.13 1.4 Desert
Dakar 0.13 1.2 Desert
Djougou 0.27 2.1 Desert
Maine 0.15 1.3 Desert
Niamey 0.15 2.3 Desert

Relative humidity
(%)

Agoufou 7 85 Measurements

Continued on next page
1Antarctic indicates the typical aerosol profile defined by (Hess et al. 1998)
2Urban indicates the typical aerosol profile defined by (Hess et al. 1998)
3Desert indicates the typical aerosol profile defined by (Hess et al. 1998), corresponding to an

AOD of 0.286
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Table A.4 – continued from previous page
Parameter Station Low High Reference

Banizoumbou 5.7 86 Measurements
Dakar 49 94 Measurements
Djougou 14 91 Measurements
Maine 12 85 Measurements
Niamey 5.5 82 Measurements

PWV (cm) Agoufou 0.5 3.9 Default (tropics)4

Banizoumbou 0.4 4.1 Default (tropics)
Dakar 0.86 4.2 Default (tropics)
Djougou 0.79 3.6 Default (tropics)
Maine 0.63 3.9 Default (tropics)
Niamey 0.72 5.1 Default (tropics)

Pressure (bar) Agoufou 973 981 Measurements
Banizoumbou 984 984 9845

Dakar 1006 1012 Measurements
Djougou 958 965 Measurements
Maine 967 975 Measurements
Niamey 981 989 Measurements

Temperature (◦) Agoufou 18 40 Measurements
Banizoumbou 17 39 Measurements
Dakar 19 30 Measurements
Djougou 20 35 Measurements
Maine 19 39 Measurements
Niamey 20 39 Measurements

Wind speed (m/s) Agoufou 0.19 5.5 Measurements
Banizoumbou 0.018 3.6 Measurements
Dakar 1.5 7.2 Measurements
Djougou 0.05 2.1 Measurements
Maine 0.33 4.4 Measurements
Niamey 0.3 5 Measurements

4Default (tropics) indicates the default values from the tropical atmospheric profile by (Ander-
son et al. 1986).

5The pressure in Banizoumbou is calculated as a constant value with the barometric formula.
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AOD as a function of daily power reductions
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Figure A.7: AOD as a function of daily reductions in PVAC (black) and PTP
(gray) at the six locations. A linear fit is given for both relations.
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