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Abstract

Poor air quality and its impacts on human and ecosystem health are a major global
environmental concern. Anthropogenic emissions in West Africa are forecast to rise sig-
nificantly as a result of rapid population growth and economic development; yet unlike
regions such as Europe, North America, China and India, air quality in West Africa re-
mains considerably understudied.

In this thesis, a new regional configuration of the GEOS-Chem model has been used
to evaluate global and regional anthropogenic emissions for West Africa against airborne
measurements from the Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa
(DACCIWA) campaign. Serious failings have been identified in these inventories. Anthro-
pogenic emissions of nitric oxide and sulfur dioxide are significantly under represented,
with significant differences also found in both the anthropogenic and biomass burning
emissions of carbon monoxide, organic carbon and black carbon. Simple optimisation of
the emissions produces an improved simulation and results in a two-fold enhancement of
fine particulate matter concentrations.

The emission and meteorological factors driving seasonal changes in pollutant con-
centrations have also been investigated. Surface concentrations in West Africa have been
found to be influenced by anthropogenic activities throughout the year and also by biomass
burning and dust during the dry season (October to March). Whilst gaseous pollutants
rarely exceed World Health Organisation guidelines, particulate matter is frequently in
exceedance of the limits and poses a major health risk in West Africa. These exceedances
are predominantly caused by dust and anthropogenic emissions, with biomass burning
also playing a role in elevating concentrations, mainly as a result of local burning events
during the dry season.

Modelling studies of West African air quality remain limited by the paucity of observa-
tions. Increased collection and open dissemination of pollutant measurements is required
to fully optimise inventories, improve models, assess the impacts of pollution and hence

develop effective control strategies in the region.
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Chapter 1

Air quality challenges facing West
Africa

Ambient outdoor air pollution is a leading cause of premature deaths globally [149,174].
An estimated 4.9 million premature deaths worldwide were attributed to air pollution in
2017 [174]. 2.9 million of these deaths were attributed to ambient fine particulate matter
(PMy 5) and 0.47 million were attributed to ambient ozone (Ogz) [174]. Statistics for both
pollutants show an approximately 20% increase over the ten year period from 2007 to 2017,
emphasising the growing risk of air pollution to human health [174]. Poor air quality affects
the entire global population in both developed and developing countries, urban and rural
areas and across all socio-economic groups. Air pollution is therefore considered a major
environmental risk to health.

Air pollution and its links with poor health have been hypothesised for hundreds of
years [159]. However, key events such as the great smog in London in December 1952 [25],
as well as photochemical smog events in Los Angeles [240], prompted governments and
policymakers to introduce regulations for the protection of health [190,191,249]. Pollutant
concentrations are now regulated to varying extents across the world.

Sources of pollutants are extremely varied and, as such, air quality issues vary dra-
matically between countries. In Europe and North America, the predominant source of
pollutants is from anthropogenic activities [140,176]. In South America, Asia and Africa
there is also a strong influence from biomass burning, which elevates pollutant concen-
trations further [126,176]. Close to deserts (such as the Sahara and Arabian deserts)
there is also a significant influence from dust [211]. There are also many other emis-
sion sources that can impact air quality such as volcanoes, ocean emissions and biogenic
sources [42,98,176]. In addition to this, pollutant concentrations are heavily influenced
by meteorological conditions and transport patterns [22,220,245,271,281].

Air quality is therefore a complex issue which varies greatly depending on geographical
location, meteorological conditions and emission sources. The wide array of factors which

determine pollutant concentrations in any given area means that policies for controlling
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and reducing these concentrations must also vary. Whilst developed countries, such as
the UK, have well established monitoring networks and policies in place for managing
air pollution [57,191], developing countries often lack the observational and monitoring
infrastructure and a paucity of research in these regions leads to poor understanding of
the processes controlling air quality [196]. The factors controlling pollution concentrations
in these countries must be better understood before effective policies can be designed and

implemented for mitigating the impacts of pollution on human health and the environment.

1.1 Sources and impacts of air pollution

There are many different air pollutants that, when present at high enough concentra-
tions, can have significant impacts on the health of both humans and the environment
[7,73,80,148,149,174,234]. These pollutants are emitted from a wide range of both natu-
ral and anthropogenic sources but, in many parts of the world, anthropogenic combustion
processes are the dominant source of emissions [77,107,109, 134,140, 176, 218, 229, 277].
These combustion sources include energy generation, industrial processes and domestic
burning such as wood fired stoves as well as road, rail, shipping and air transport. De-
pending on location and season, some parts of the world also experience a large impact
from sources such as desert dust and biomass burning [126, 211].

Once released from the emission sources, pollutants are dispersed by meteorological
processes including large scale transport, convection and turbulent mixing [220, 245,271,
281]. Pollutants from the different sources therefore not only cause impacts in the immedi-
ate vicinity of the emissions, but also over large areas due to transport [22]. The distance a
pollutant species is transported depends on its atmospheric lifetime [71]. For some species
such as carbon monoxide, this lifetime is long (~months) which allows the pollutant to
be transported over distances of thousands of kilometres. Shorter lived species such as
nitrogen oxides (lifetime of hours to days) are not able to travel over such large distances
in their originally emitted form but may be transported over larger areas in other chemical
forms such as peroxy acetyl nitrate which is the major tropospheric reservoir for nitrogen
oxides [84]. In addition to this, pollutants can chemically react in the atmosphere forming
new “secondary” compounds, such as ozone and particulate matter, which also contribute
to poor air quality [72,82,171,268]. The impact that any given pollutant has on the pop-
ulation and environment is therefore dependent on the magnitude of the emissions, the
location of the sources, reactions in the atmosphere, transport patterns and atmospheric
lifetimes.

Poor air quality affects the entire population; however, in general, young children, the
elderly and those already suffering from existing health conditions are the most vulnerable
[216]. Air pollution plays a key role in exacerbating existing respiratory and cardiovascular

diseases as well as causing irritation of the eyes and airways, inflammation of the lungs
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and some forms of cancer [52,64,127,149,153,172,174,188,198,202,221,224,241,261,280].
Reducing air pollution concentrations can reduce the burden of disease and improve both
the short- and long- term health of the population; however, most sources of outdoor air
pollution are beyond the control of individuals and require action from policymakers at
local and national scales, and in some cases at continental and global scales [190, 191,249,
274].

Key air pollutants (which are known to be harmful to health and as such are subject to
standards in the UK as well as other countries [236]) are carbon monoxide (CO), nitrogen
oxides (NO,,), sulfur dioxide (SO3), non-methane volatile organic compounds (NMVOCs),
ozone (O3) and particulate matter (PM). The sources and impacts of these pollutants are

now discussed in Sections 1.1.1 to 1.1.6.

1.1.1 Carbon Monoxide (CO)

Impacts
Sources Domestic
Burning Reduced Oxygen

Supply To Heart

Headaches,
Dizziness, Nausea

Industry & Vomiting

Loss of
Biomass Consciousness
Transport Burning & Death

Reacts to form O,
_ 10 ug m=3 (8.6 ppmv) 8 hour mean

Figure 1.1: Graphic illustrating the sources and impacts of carbon monoxide (CO).

Carbon monoxide (CO) is released from the incomplete combustion of fuels which contain
carbon [109,218]. CO is emitted from many different sources but primarily from road
transport, industry and domestic burning, as well as from biomass burning activities in
some parts of the world [70,125,126,182].

Background concentrations of CO are typically higher in the northern hemisphere,
due to more anthropogenic combustion sources; however, it has a long lifetime in the
troposphere (months) [71] which means transport and mixing across vast areas occurs
[218]. The long lifetime of CO also makes it an excellent tracer for identifying combustion

sources and studying transport patterns [218].
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Exposure to high concentrations of CO can have negative impacts on human health.
CO binds to haemoglobin in the blood, preventing the uptake of oxygen [153,241,250]. The
reduced supply of oxygen to the heart can cause headaches, dizziness, nausea and vomiting
and at very high concentrations can lead to a loss of consciousness and death [153,241,250].
As with most pollutants, the effects are greatest in those already suffering from heart
disease, as well as young children and the elderly [241]. The European Union (EU) air
quality standard for CO is 10 mg m~2 (8.6 ppmv) maximum daily 8 hour mean [75]. Other
than in confined spaces, CO is rarely at high enough concentrations to be a significant
health concern. However, CO is also a precursor for ozone formation [72,171] which has

many other impacts on both human and ecosystem health (Section 1.1.5).

1.1.2 Nitrogen Oxides (NO,)

Impacts
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Figure 1.2: Graphic illustrating the sources and impacts of nitrogen oxides (NO,).

Nitrogen oxides (NO, ) are predominantly emitted from high temperature combustion pro-
cesses such as electricity generation and vehicle exhausts [146,218]. NO,, is also emitted
from low temperature combustion processes including biomass burning and domestic burn-
ing [126,151,218], as well as from natural sources such as lightning [175] and soils [116].
During combustion, the majority of NO, is emitted in the form of nitric oxide (NO) which
reacts rapidly with ozone in the atmosphere to form nitrogen dioxide (NO;), therefore the
two gases are considered together as NO, ([NO,] = [NOJ] + [NO,]) [133].

NOj is harmful to human health as exposure to high levels can result in significant
inflammation of the airways and increased susceptibility to respiratory infections [188,221,

261]. Tt can also exacerbate symptoms in people already suffering from heart conditions
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or lung diseases and hence reduce their quality of life and life expectancy [261]. The
tropospheric lifetime of NO, is short (hours to days) [71]; therefore, the direct impacts
of NO, on human health are felt in the vicinity of the emission sources [106,218]. The
effects of high NO, concentrations are often highest at roadside locations where vehicle
exhausts are a major contributing source to surface concentrations [11,43-45,131]. The
World Health Organisation (WHO) recommend an annual mean limit of 40 ug m=3 (21.3
ppbv) and a 1 hour mean limit of 200 pug m™3 (106.4 ppbv) for NO, for the protection of
human health [274].

As well as the direct effects that NOy has on human health, it can also react with
other pollutants in the atmosphere to form tropospheric ozone which itself has impacts
on human and ecosystem health (Section 1.1.5) [72,171]. NO, is also a source of nitrate
aerosol (NO3~) which is a contributing fraction of PMs 5 (Section 1.1.6) [121,197].

1.1.3 Sulfur Dioxide (SO»)

: Impacts
Sources | . .
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Burning I Ecosystems
1
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1
1

_ 20 ug m=3 (7.6 ppbv) 24 hour mean

500 pug m3 (188.7 ppbv) 10 minute mean

Figure 1.3: Graphic illustrating the sources and impacts of sulfur dioxide (SOs).

Sulfur dioxide (SO;) is an acidic gas which is primarily emitted from the combustion of
solid and liquid fuels which contain sulfur [134,229]. The major emission sources include
energy generation, industrial processes, domestic burning and transport (in particular
shipping) [77,134,229].

These anthropogenic sources are regulated to varying extents throughout the world.
Across much of Europe and North America the sulfur content of liquid fuels is below 15
ppm [246]. Whereas across South America, Asia and Africa the sulfur content of these

fuels is considerably higher, with a sulfur content of over 5000 ppm seen in the Middle

23



East and some African countries and a sulfur content of over 2000 ppm seen for many
nations in West Africa [246]. There are also natural sources of SOy to the atmosphere,
such as volcanic emissions and the degradation of sulfur source gases (such as dimethyl
sulfide (DMS)), which cannot be easily regulated [42].

SO, can cause constriction of the airways and irritate the respiratory system [198,202].
People with asthma or existing respiratory conditions are particularly sensitive to high
concentrations of SO, [202]. The WHO guideline values for SOs concentrations are 20
pg m~—3 (7.6 ppbv) over a 24 hour mean period and 500 ug m~—2 (188.7 ppbv) over a 10
minute mean period [274].

SO, can react in the atmosphere to form sulfuric acid, resulting in acid rain [148,213].
Acid rain can significantly harm both terrestrial and aquatic ecosystems and result in
a reduction in biodiversity [148]. SO, is also a precursor for sulfate aerosol which is a
contributing fraction of PMs 5. Sulfate aerosol also acts as a cloud condensation nuclei

and increases cloud reflectivity which leads to a cooling of the Earth’s surface [31].

1.1.4 Non-Methane Volatile Organic Compounds (NMVOCs)

Sources Biogenic Impacts
Transport
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Agriculture
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Burning

Industry
Cleaning
Products

Figure 1.4: Graphic illustrating the sources and impacts of non-methane volatile organic
compounds (NMVOCs).
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Reacts to form O; and PM, 5

Non-methane volatile organic compounds (NMVOCs) include a wide range of gaseous
species from short chain alkanes to complex aromatic compounds [218]. These compounds
are emitted from a vast array of anthropogenic sources including combustion processes
such as transport, industrial and residential activities, household cleaning products, direct
evaporation of fuels and agriculture [49,107,155,277]. There is also a major source of
VOC emissions from biogenic sources, as trees and vegetation can emit vast amounts of

specific VOCs such as isoprene and monoterpenes [98,113]. The varied range of compounds
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encompassed in the NMVOC category means that NMVOCs have very varied atmospheric
lifetimes (in the range of minutes to months) and different reactivities [218].

Some NMVOCs have direct health impacts themselves, for example benzene and other
mono- and poly- aromatics are widely known to be carcinogenic as well as to cause
problems with the reproductive, immune, nervous, cardiovascular and respiratory sys-
tems [52,127,224]. NMVOCs can also react with other pollutants to form ozone and
particulate matter [72,171] (Sections 1.1.5 and 1.1.6).

1.1.5 Ozone (O3)
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Figure 1.5: Graphic illustrating the sources and impacts of ozone (Os).
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Nose And Throat

Ozone (O3) is a secondary pollutant so it is not directly emitted from pollution sources,
but is instead formed in the atmosphere from the reactions of other pollutants [72,171].
The major production pathway is from the reaction of NO,, CO and VOCs in the presence
of sunlight [72,171]. This production mechanism is illustrated in Figure 1.6.
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Figure 1.6: Photochemical production pathway of ozone in the troposphere from carbon
monoxide, nitrogen oxides and volatile organic compounds.

Tropospheric ozone is formed from a series of radical reactions [72,171]. Firstly, carbon
monoxide or volatile organic compounds are oxidised by the hydroxyl radical (OH) which
produces a hydroperoxyl radical (HOz). HO, then reacts with nitric oxide (NO) to form
nitrogen dioxide (NOsy). Photolysis of NO, produces a ground state atomic oxygen atom
which reacts with molecular oxygen (Oz) to form ozone.

Tropospheric ozone is predominantly lost through photolysis or by reactions with hy-
droxyl and hydroperoxyl radical [145]. Halogenated compounds can also acts as sinks for
ozone [48,222,259]. Ozone can also be lost through deposition to surfaces [93,273].

As Og is a secondary pollutant, it is essential to consider the concentrations of precursor
compounds when developing strategies to reduce O3z concentrations [209]. Oz concentra-
tions are generally considered to be “NO, limited” in regions where VOC concentrations
are high and the production of Ogs is limited by the availability of NO,, and “VOC lim-
ited” in regions of high NO, concentrations where production rates are limited by the
concentrations of VOCs (which form the peroxy radicals which are needed to oxidise NO
to NO,) [200,263]. Introducing policies aimed to reduce O3 concentrations must therefore
take this into account, as reducing the emissions of one precursor compound may not nec-
essarily result in a decrease in O3 concentration [209]. The sources of the key O3 precursor
compounds are discussed in Sections 1.1.1, 1.1.2 and 1.1.4.

Stratospheric Oz (formed by the photolysis of oxygen (O2) by high energy photons
[157,233]) may also be transported into the troposphere [105,123,168,232,235], thus further
increasing the concentrations of tropospheric Os. Its long lifetime in the troposphere
(several weeks) [71] means that Og can travel long distances, including across continents
[282]. O3 concentrations in any given area are therefore governed not only by the local
emissions of precursor compounds but also by large scale transport processes [172].

In the stratosphere, O3 plays a key role in filtering ultraviolet (UV) radiation from the
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sun, protecting organisms from damage [203]. In the troposphere, however, O3 acts as a
greenhouse gas and contributes to global warming [7,172]. Tt is also a key component of
photochemical smog [225,240]. In addition to this, tropospheric Og is harmful to vegetation
[7,80,234]. It can cause damage to the pigmentation in leaves and a reduction in chlorophyll
which results in reduced photosynthesis and hence reduced plant growth [73,80]. Damage
from ozone can therefore significantly reduce crop yields [54,73,170,276]. As well as the
effects on crops and vegetation, O3 is damaging to human health [149,172,174]. For the
protection of human health, the WHO recommends that mean O3 concentrations do not
exceed 100 pg m~=3 (51 ppbv) during an 8 hour period [274]. Os is a highly reactive oxidant
that can inflame the respiratory tract, irritate the eyes, nose and throat, trigger asthma
attacks and cause breathing problems and lung disease [149]. In 2017, over 470 000 deaths

were attributed to ambient ozone pollution worldwide [174].

1.1.6 Particulate Matter (PM)
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Figure 1.7: Graphic illustrating the sources and impacts of particulate matter (PM).

Particulate matter (PM) includes solid and liquid particles suspended in the atmosphere
which come from a range of both natural and anthropogenic sources [2]. It is a complex
mixture of components including carbon, inorganic ions, dust, sea salt and water [2,16].
PM can be released directly from emission sources as well as being formed by sec-
ondary production pathways [82,268]. The major sources of PM vary greatly around the
world depending on geographical location and season [176]. In urban areas, the major
anthropogenic sources of PM are from domestic burning of wood and coal, energy gener-

ation, road transport and industrial processes [62,140,176]. Close to deserts, such as the
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Sahara, dust can dominate the concentrations of particulate matter [211]. In Africa, Asia
and South America biomass burning can play a strong seasonal role in influencing PM
concentrations [126, 152, 176]. Other natural sources such as sea salt and volcanic emis-
sions can also contribute to the concentrations in some locations [140,176]. Secondary
PM includes inorganic aerosols such as sulfate (SO,27), nitrate (NO3~) and ammonium
(NH4 ™) and it is formed in the atmosphere from the reactions of precursor gases including
sulfur dioxide, nitrogen oxides and ammonia which themselves are emitted from a wide
range of sources [82,268].

The lifetime of PM in the atmosphere can vary depending on the composition and size;
however, the lifetimes are often long (hours to weeks) [71]. The wide array of primary
emission sources combined with secondary production pathways and long lifetimes means
that transport can play a key role in influencing PM concentrations over wide areas [22].

Particulate matter is commonly classified into different size categories. Fine particulate
matter (PMs 5) includes particles up to 2.5 microns in diameter whilst coarse particulate
matter (PM;) includes particles up to 10 microns in diameter [2,16,22]. PM, 5 is more
damaging to health, as the finer particles can penetrate deeper into the lungs and can enter
the circulatory system [2,33]. PMsy 5 can be transported around the body where it can
become embedded in organs such as the heart and brain [23,63,280]. PM,_5 can be harmful
both by being toxic itself or by providing a surface for transporting toxic substances within
the body [23,63,280]. The WHO recommend an annual mean guideline value of 10 ug
m~3 and a 24 hour mean guideline value of 25 ug m™3 for PMy 5 in order to minimise
the harmful effects on human health [274]. Exposure to high concentrations of PMs 5 can
cause cardiovascular and respiratory diseases as well as lung cancer, ultimately resulting in
a decreased lifespan [23,63,64,280]. Elderly people, young children and pregnant women
are most susceptible to the effects of PMs 5, along with those who are already suffering
from heart and lung conditions [216]. Over 2.9 million premature deaths worldwide were
attributed to ambient particulate matter pollution in 2017 [174], making it a significant
global concern.

In addition to the impacts on human health, particulate matter can also have a large
impact on the climate system [39,208]. Aerosols in the atmosphere can influence the
climate system by scattering light which impacts the radiation balance and leads to a
cooling effect [208]. Some components of particulate matter, primarily black carbon, can
absorb solar radiation which leads to a warming effect [208]. The aerosols can also interact

with cloud micro physical processes and influence cloud albedo and lifetime [208].
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1.2 Air quality issues in West Africa and across the
world

Whilst these pollutants can be found throughout the world, their concentrations and
sources are not uniform. Pollutant concentrations vary greatly depending on geographical
location, emission sources and meteorology as well as on the population, industrialisation,
urbanisation and economic status of a country [160].

Historically, air quality research has focused on the industrialised regions of North
America and Europe [25,99,190,191,240,249]; however, over the last decade the emphasis
has switched to rapidly developing regions in Asia (notably China and India) [20,115,156]
with substantial advances in our understanding. Despite a large and rapidly growing
population, Africa remains a significantly understudied region for air pollution [136].

Figure 1.8 shows how fine particulate matter (PMsy 5) observations in West African

cities compare to selected cities in Europe and Asia.
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Figure 1.8: Annual mean PMs 5 concentrations for four ground sites in West Africa and
for major cities in Europe and Asia. Data for Europe and Asia is from the World Health
Organisation (WHO) global ambient air quality database [278]. Data for the West African
ground sites is from the Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa
(DACCIWA) project [62]. Note that the Abidjan domestic fire site is a semi covered area
used for cooking.

Whilst the particulate matter concentrations in the African cities are in general lower
than seen for the large Asian cities of Beijing (China) and Delhi (India), they are sig-
nificantly higher (factor 2) than seen for the European cities of London (UK), Berlin
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(Germany) and Paris (France). The World Health Organisation (WHO) guideline values
for PMs 5 are also indicated in this figure [274]. This data shows that all sites are above
the annual mean limit (10 pg m™3), with the sites in West Africa and Asia also above
the 24 hour mean limit (25 pug m~3) [37,132,160,176]. Concentrations in the European
cities slightly exceed the annual mean guideline value, whereas concentrations at the West
African and Asian sites exceed the limit by factors of between around 3 and 13. PMy 5 is
therefore a significant cause for concern from a human health perspective in these regions.
It is important to note that the four measurement sites in West Africa were close to major
sources of air pollution: semi covered domestic fires for cooking, waste burning at a landfill
site and motor vehicles [62]. These concentrations may therefore be expected to be higher
than the typical values experienced across the city and may not be representative of the
concentrations experienced by the general population in these areas. More data for West
Africa is needed to generate a more accurate representation of the concentrations.

There are many different sources which contribute to pollutant concentrations in West
Africa and some examples of these are shown in Figure 1.9. These include anthropogenic
sources such as road transport, industry and waste burning as well as natural biogenic

emissions from vegetation.
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Figure 1.9: Photographs illustrating some of the pollution sources in West Africa including
road traffic, residential emissions, waste burning, agriculture, mining, biogenic, shipping
and industry. Photographs taken during the Dynamics-Aerosol-Chemistry-Cloud Interac-
tions in West Africa (DACCIWA) aircraft campaign in June-July 2016.
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One of the key factors influencing the locations and sources of emissions in West Africa
is the location of the population. Figure 1.10 shows the population density across West
Africa for the year 2016, extrapolated linearly from gridded population data for 2015 and
2020 from the NASA Socioeconomic Data and Applications Center (SEDAC) [47].
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Figure 1.10: Population density map for 2016. Population data from NASA Socioeconomic
Data and Applications Center (SEDAC) gridded population of the world (version 4) [47].
Population data for 2015 and 2020 has been linearly interpolated to obtain a population
estimate for 2016. Major cities in the region are identified.

The population density in West Africa is highest along the coastline. The major
coastal cities contain large port infrastructures therefore emissions from shipping are a key
source of pollution along the coastline, particularly along the major shipping lanes and at
offshore oil and gas sites [77,262]. Within the cities themselves, emissions from industries
and power stations contribute to pollution as well as emissions from road transport and
domestic emissions including wood fired stoves for cooking and burning of waste [62,151].
Inland from the coast, the population density is generally much lower (except for the
Nigerian cities of Abuja and Kano), with large areas of forests and crop land which leads
to agricultural emissions as well as natural biogenic emissions from soils and vegetation
[98,113,116]. To the far north of the region lies the Sahara desert where population density
is low.

Anthropogenic emissions are one of the key sources that impact human health as man-
made emission sources such as road transport, domestic burning and industries tend to be
located close to areas of high population density. Anthropogenic emissions can therefore
generally be expected to scale as a function of population [151]. Figure 1.11 shows the
projected continental population changes from 2015 to 2100, using data provided by the
United Nations (UN) Department of Economic and Social Affairs Population Division
[199].
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Figure 1.11: Projected continental population changes from 2015 to 2100. Population
data from the United Nations Department of Economic and Social Affairs Population
Division [199].

The populations of Europe, North America, Latin America and Oceania all remain
below 1 billion with no significant changes projected to occur. The population of Asia
remains the highest throughout the century but shows a peak in population around the
year 2050 and then a fall in the population towards the end of the century. The population
of Africa, however, shows a steady rate of increase with the population projected to reach
over 4 billion by 2100. A lot of this population increase is expected to occur along the
already densely populated coastal region of southern West Africa, in particular in Nigeria
which accounts for just less than 50% of the total population growth in West Africa [199].

Although anthropogenic emissions are one of the major sources of pollution worldwide,
much of the emphasis of research on African air pollution has focused on its natural sources
from desert dust [74,227], biomass burning [102,152,270] and biogenic sources [185], with
anthropogenic pollution receiving less attention [23,162]. Emissions of anthropogenic
pollutants in Africa are forecast to rise significantly over the next century [141,151] as
a result of the extensive economic growth and rapid rates of urbanisation and industrial
development, together with the increasing population [199]. Much of this development
is expected to occur along the West African coastline [199]. Whilst the human health
impacts of anthropogenic pollutants have been widely studied throughout the world [63,
149,172,174,202,261], quantification of the adverse effects on the West African population
is difficult without observational data from the region.

An understanding of air quality in the present day is essential for quantifying the

impacts on health as well assessing the effects of future changes in emissions and concen-
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trations. This understanding is typically achieved through a combination of observational
and modelling studies. The observational system over West Africa (as is the case for
most of Africa) is limited [219] and, without verification, confidence in computer models
is low [91, 158].

Figure 1.12 illustrates the current sparsity of observational data for Africa [184]. An
extensive network of measurements can be seen across Europe and North America, as well

as across China and India. Measurements for Africa, however, are extremely limited.
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Figure 1.12: Map showing the locations of the most recently reported values of PMs 5
concentrations worldwide. Data from OpenA(Q) [184] accessed on 8th July 2019.

1.3 The Dynamics-Aerosol-Chemistry-Cloud Interac-
tions in West Africa (DACCIWA) project

It is evident that there is a significant lack of understanding and observational data relating
to atmospheric composition and air pollution in West Africa. This knowledge gap has been
somewhat addressed through the Dynamics-Aerosol-Chemistry-Cloud Interactions in West
Africa (DACCIWA) project, funded by €8.75 million from the European Commission’s
Framework 7 programme [135].

The DACCIWA consortium consisted of partner organisations from both European
and West African countries and included operational weather and climate services as well
as universities and research institutes [135]. The locations of the DACCIWA partner

organisations, along with collaborating institutes, are shown in Figure 1.13.
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Figure 1.13: Locations of the DACCIWA partners and collaborators.

Whilst previous programmes have investigated atmospheric conditions in West Africa,
such as the African Monsoon Multidisciplinary Analysis (AMMA) programme [205], the
DACCIWA project has focused, for the first time, on the densely populated southern West
African (SWA) coastal region [135,137]. The project aimed to improve scientific knowledge
of the region and provide data for use by operational centres and policymakers [135]. In

order to achieve this, the project covered seven key scientific areas (work packages):

1. Boundary Layer Dynamics
2. Air Pollution and Health

3. Atmospheric Chemistry
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4. Cloud-Aerosol Interactions
5. Radiative Processes
6. Precipitation Processes

7. Monsoon Processes

A final work package covered data management, dissemination of research findings
and knowledge transfer to non-academic partners. The different work packages of the
DACCIWA project are illustrated in Figure 1.14.
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Figure 1.14: Schematic overview of the DACCIWA project, illustrating the different work
packages of the programme.

Overall, the individual components of the project aimed to contribute to the following

key research objectives [135]:

e Determine the impact of multiple emission sources (natural and anthropogenic), as
well as mixing and transport processes, on atmospheric composition during the wet

season in southern West Africa.

e Assess the impact of pollutants at the surface (in particular particulate matter and

ozone) on human health, ecosystem health and agricultural productivity.

e Quantify two-way aerosol-cloud coupling with a focus on the characteristics and
distribution of cloud condensation nuclei and the impact on cloud characteristics

and aerosol removal by precipitation.
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e Identify the controls on the formation, persistence and dissolution of low-level clouds.
e Identify the meteorological controls on precipitation.

e Quantify the impact of aerosols and clouds on energy and radiation budgets, focusing

on the effects of aerosols on cloud properties.

e Evaluate meteorological, chemical and air quality models along with satellite re-

trievals of precipitation, radiation, clouds and aerosols.

e Analyse the effects of precipitation and cloud radiative forcing on the water budget

and West African monsoon circulation.

e Assess the socio-economic impacts of future changes in emissions, climate and land

use on human health, ecosystem health, agricultural productivity and water.

e Disseminate key findings to the general public, scientists, operational centres and

policymakers.

All modelling studies and data analysis discussed in this thesis predominantly fall
into the category of “Atmospheric Chemistry” (work package 3) with the main aims of
evaluating and optimising air quality modelling of the West Africa region and assessing
the impacts of air quality on human and ecosystem health and agricultural productivity.

As discussed in Section 1.2, one of the major factors limiting atmospheric research
in West Africa is a lack of observational data [218]. In order to address this issue, the
DACCIWA project conducted a major field campaign during the wet season (June-July)
in 2016 [86]. As well as a network of surface based instrumentation [62], the campaign also
involved coordinated flights from three research aircraft [86]: the British Antarctic Survey
(BAS) DHC-6 Twin Otter, the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) Falcon
20 and the Service des Avions Frangais Instrumentés pour la Recherche en Environnement
(SAFIRE) ATR-42. Figure 1.15 gives an overview of the locations of the research flights.
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Figure 1.15: Location of the DACCIWA campaign region, showing the flight tracks taken
by the three DACCIWA aircraft during the campaign in June-July 2016.

The three aircraft performed 50 research flights during the three week campaign period
(29th June to 16th July 2016) and covered areas of Cote d’Ivoire, Ghana, Togo and Benin.
Further details of the flight tracks and data collected are given in Chapter 2.

One of the objectives of the research flights was to obtain measurements of air pollution
in and around some of the major cities [86,137]. The DACCIWA flight tracks targeted the
cities of Abidjan (Cote d’Ivoire), Accra and Kumasi (Ghana), Lomé (Togo) and Cotonou
and Save (Benin). The locations of these cities, along with other key cities in West Africa

are shown in Figure 1.16.
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Figure 1.16: Locations of some of the major cities in West Africa.

Each aircraft was equipped with a similar payload of instrumentation for measuring
meteorological conditions, chemical concentrations as well as aerosol and cloud properties
[86,137]. Many of the measurements were taken in-situ on board the aircraft; however,

some offline analysis of samples collected in flight was also performed.
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Figure 1.17 shows the three DACCIWA aircraft (a, b, f and g) as well as the instru-
mentation on board the Twin Otter aircraft (¢ and d) and the set up for offline analysis

of volatile organic compound (VOC) samples collected in flight (e).

(a)

Figure 1.17: Photographs taken during the DACCIWA aircraft campaign: (a) BAS Twin
Otter aircraft; (b) SAFIRE ATR aircraft; (c¢) and (d) instrumentation on board the BAS
Twin Otter aircraft; (e) offline analysis of volatile organic compounds from the BAS Twin
Otter; (f) DLR Falcon aircraft; (g) BAS Twin Otter aircraft.

The DACCIWA aircraft data set, along with data from the ground based network,
provides a unique new set of observations for understanding the atmospheric processes in
the region during the wet season [62,86,137]. The DACCIWA partners have used this
data to address a wide range of research questions and the key findings of the project have
been disseminated to governments, operational centres and stakeholders [76].

Despite a large focus of the project being on meteorological conditions, a number of sig-
nificant conclusions relating to air quality and impacts on human health were found [62,76].

From the measurements that were made during the project, concentrations of fine particu-
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late matter (PMy 5) pollution were shown to be in exceedance of recommended limits and
these concentrations pose substantial risks to public health [62]. Significant uncertainties
have also been found in the available emission inventories for the region, resulting in mod-
elling studies being unable to accurately quantify the impacts of air pollution [128]. Whilst
the DACCIWA project has greatly expanded the current knowledge and understanding
of atmospheric conditions in West Africa, there are still many more research questions to
be answered and these largely depend upon the availability of more extensive long term

measurements in the region.

1.4 Computer simulations of air quality in West Africa

Despite the ground based and airborne campaign activities of the DACCIWA project, a
lack of observational data remains one of the major factors limiting air quality research
in West Africa [62,86,219]. The observational data sets from the DACCIWA project
cover only a small time period and spatial range [86] and therefore little information
about long term trends or transport patterns can be inferred from this data. Modelling
studies are therefore essential in helping to develop a better understanding of the processes
occurring and the concentrations of pollutants across the region. These modelling studies
are able to investigate diurnal, seasonal and interannual trends in pollutant concentrations
throughout the atmosphere for the entire region of interest. Modelling studies can also be
used to test the sensitivity of the atmospheric composition to different sources of pollution
and investigate the potential future trends in emissions and the impacts that the resulting
concentrations have on the population and environment. The outcomes of modelling
studies can be tested using existing observational data as well as new data from across the
region as it becomes available. It is important to note that little confidence can be placed
in conclusions drawn from modelling activities until simulation data has been evaluated
against observations.

Modelling studies of the West Africa region are becoming more common, with re-
searchers investigating both meteorological conditions [3, 38,56, 68,83,101] and chemical
composition [36,55,60,104,111,169,186] in the region using a range of different numerical
models. These meteorological investigations include modelling rainfall during the West
African Monsoon [68], the formation of low-level clouds [3,101], the impact of aerosols
on the cloud formation and atmospheric dynamics in the region [56] and evaluate op-
erational meteorological forecasts [83]. Chemical studies have included evaluating the
source, seasonality and spatial variability of aerosols over Africa for use in climate simula-
tions [104,111], improved modelling of emission sources specific to the region such as gas
flaring [55] and assessments of the influence of biomass burning activities on surface level
concentrations of pollutants in cities in the Gulf of Guinea [169]. Some of these studies
form part of the DACCIWA project and others are the result of the African Monsoon Mul-
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tidisciplinary Analysis (AMMA) research project [205]. For all studies of West African
atmospheric composition discussed in this thesis, the GEOS-Chem Classic chemical trans-
port model (version 11-01) is used [28,94]. The model configuration and emissions are
discussed in greater detail in Chapter 2; however, the basic model operation is described

below.
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Figure 1.18: Diagram illustrating the key features of the GEOS-Chem atmospheric chem-
ical transport model.

The GEOS-Chem model is a complex atmospheric chemical transport model but it can
be considered simply as four key processes: emissions, deposition, transport and chemical
reactions. These processes are illustrated in Figure 1.18.

Emissions within the GEOS-Chem model are configured at run time using the Harvard-
NASA Emissions Component (HEMCO) module [129]. GEOS-Chem incorporates emis-
sions of primary pollutants from a wide range of sources and this emission module enables
many different inventories to be handled and also allows diurnal profiles, scale factors and
masks to be easily applied to the inventories.

Standard anthropogenic inventories, such as the EDGAR inventory [70,182], are avail-
able globally and these include sources such as road transport, residential emissions, indus-
trial processes and energy generation. These inventories are superseded in the model by
regional inventories containing improved emission data and location specific sources where
this data is available. The National Emissions Inventory (NEI) is used over the United
States [243], the Criteria Air Contaminants (CAC) inventory is used over Canada [255],
the Big Bend Regional Aerosol and Visibility Observational study (BRAVO) inventory is
used over Mexico [139], European Monitoring and Evaluation Programme (EMEP) emis-
sions are used over Europe [255] and MIX is used over East Asia [147]. For all other parts
of the world the EDGAR inventory is used for anthropogenic emissions [70, 182].

As well as anthropogenic emissions, biomass burning emissions are also included from
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the Global Fire Emissions Database (GFED) inventory [9,18,97,204,253]. The Global Fire
Assimilation System (GFAS) inventory has also been added to the model and is discussed
in detail in Chapter 4 [126]. The model also incorporates emissions of dust [283, 284,
sea salt [10, 120], emissions from aircraft [231] and shipping [262], along with biogenic
emissions [98,113], soil emissions [116], marine emissions [35,142], volcanic activities [61,85]
and lightning [175].

The model includes a detailed O,-HO,-NO,-BrO,-VOC-aerosol tropospheric chemistry
scheme and uses the Kinetic PreProcessor (KPP) chemical solver [51]. This version of the
model contains 68 advected chemical tracers and over 500 chemical reactions. Aerosol
and gas phase compounds interact through heterogeneous chemistry [119], the effect of
aerosol extinction on photolysis rates [166] and gas-aerosol partitioning of semi-volatile
compounds. Sulfate (SO4%7), nitrate (NO3~) and ammonium (NH4") aerosols [189], car-
bonaceous aerosols (BC and OC) [265], dust [78] and sea salt [120] are all included.
Although primary organic aerosol is considered in these simulations, secondary organic
aerosol is not. Aerosol optical depths are also calculated in the model at user-specified
wavelengths [166,211].

As well as chemical reactions, concentrations of species within the model are influenced
by transport and deposition processes. Advection [150], convective transport [279] and
boundary layer mixing distribute pollutant concentrations between vertical levels and
across horizontal grid boxes. Wet deposition of gases [13] and water soluble aerosols [154]
is included, along with scavenging of aerosols by snow [264]. Dry deposition is based on
the scheme of Wesely [266,273]. The dry deposition module includes aerosol deposition
[85,120,285] as well as gravitational settling of dust [78] and of sea salt [10].

The model computes the changes in atmospheric composition as a result of the emis-
sions, chemistry, transport and deposition for each position in the horizontal and vertical
grid for each specified time step. This develops a comprehensive picture of the concentra-
tions of pollutants throughout the atmosphere on a global scale.

The GEOS-Chem model also offers the capability to run higher resolution regional
simulations in a nested configuration [267]. This enables the West Africa region to be sim-
ulated at higher spatial resolution as well as at higher temporal resolution, thus providing
more resolved fine detail on the distribution of pollutants. This in turn enables better
quantification of the impacts on specific populations or ecosystems within the region. The

newly developed West Africa regional model is described in full in Chapter 2.

1.5 Key research questions for improving current un-

derstanding of air quality in West Africa

The purpose of the research presented here is to address the following key questions relating

to air quality and atmospheric composition in West Africa:
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1. How representative are the default global anthropogenic emission inventories for use
in simulations of West African air quality? Are new regional-specific inventories
better able to simulate the atmospheric composition? Where are the remaining

uncertainties in the inventories?

2. How do the concentrations of policy relevant pollutants change throughout the year?
Are the concentrations of these pollutants within the guidelines recommended by the
World Health Organisation? What is the impact on the population and ecosystems

from concentrations in exceedance of these guidelines?

3. How is air quality in West Africa influenced by emissions from biomass burning?
What are the seasonal variations in location and magnitude of the biomass burning
emission sources as well as transport patterns? What is the interannual variability

in biomass burning events?

These questions are all addressed through the framework of the regional GEOS-Chem

model for West Africa in subsequent chapters.
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Chapter 2

Evaluation and optimisation of the
emission inventories for simulations
of atmospheric composition in West

Africa using the regional
GEOS-Chem model

Emission inventories are databases which contain information on the quantities and sources
of air pollutants emitted into the atmosphere over a given time period. They are an
essential component of atmospheric models and the accuracy with which atmospheric
composition can be simulated is highly dependent upon the emission inventories used. In
order to accurately simulate the system, the inventories must be representative of both
the magnitude and location of a range of emission sources for each species.

Simulations of the atmosphere over West Africa have historically been dependent on
emission inventories developed from a global perspective; however, continent-specific re-
gional inventories are now also becoming available [128,151,163]. The GEOS-Chem model
is used here in a regional configuration to evaluate the emission estimates from both global
and regional anthropogenic inventories. Using aircraft observations from the DACCIWA
campaign, the anthropogenic and biomass burning emission estimates are also optimised
to produce enhanced agreement for the West Africa region.

It is important to note that this assessment of the emission inventories uses only aircraft
data collected during a 3 week period in a single year (2016). The recommended adjust-
ments to the anthropogenic and biomass burning inventories discussed here are therefore
likely only valid for this time of year and for the area covered by the research flights. A
long term observational data set is required in order to fully assess the uncertainties in
the inventories and determine whether the scale factors calculated here hold true outside
the DACCIWA operational period.
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2.1 Development of a regional GEOS-Chem model
for West Africa

GEOS-Chem is a global, three dimensional chemical transport model [94], driven by as-
similated meteorological data from the Goddard Earth Observation System (GEOS) of
the NASA Global Modeling and Assimilation Office (GMAO) [28]. All simulations per-
formed in this work use GEOS-Chem Classic version 11-01. The model contains an O,-
HO,-NO,-BrO,-VOC chemistry scheme and a mass based aerosol module which advects
sulfate (SO,4%7), nitrate (NO3~), ammonium (NH,™), sea salt, dust, organic carbon (OC)
and black carbon (BC) aerosols [119,166, 189]. The model version used here includes pri-
mary organic carbon aerosol with no secondary organic aerosol (SOA) generation. The
model also includes advection and convective transport [150,279] as well as wet and dry
deposition [13,154,266,285].

Global model simulations are run at a horizontal resolution of 2° x 2.5° and 47 vertical
levels from the ground up to 0.01 hPa. For the West African region, the model grid
boxes at this resolution are equivalent to approximately 200 km x 250 km. These coarse
global model simulations are therefore unable to provide any fine detail of the atmospheric
composition in the region; however, the computational cost of increasing the resolution
globally is great.

In addition to the standard global simulations, the GEOS-Chem model can also be
run in a nested configuration [267]. The nested version of the model allows higher resolu-
tion, regional simulations to be performed using boundary conditions from coarser global
simulations. Several nested grid regions are currently integrated into the standard GEOS-
Chem model, covering North America, Europe, China and South East Asia. For this work,
an additional nested grid for the West Africa region has been added to the model. The
West Africa nested grid covers a domain from 6 °S to 16 °N and 18.123 °W to 26.875 °E at
a horizontal resolution of 0.25° x 0.3125° (Figure 2.1(b)), which equates to approximately
25 km x 30 km resolution in this region. All nested simulations in this work use 1-way
nesting; boundary conditions for West Africa are generated from global model simulations
at a horizontal resolution of 2° x 2.5°, with no influence from the nested domain back
onto the global domain. Global simulations use meteorological input from the Modern-
Era Retrospective analysis for Research and Applications Version 2 (MERRA-2), whilst
regional simulations use GEOS Forward Processing (GEOS-FP) meteorology. MERRA-2
is a reanalysis data set, produced at a native resolution of 0.5° x 0.625° (regridded to
the 2° x 2.5° resolution for global simulations) which is produced from 1979 to present
day. GEOS-FP is a "forward processing” operational meteorological product, produced
at a higher native resolution of 0.25° x 0.3125° from 2012 to present day. Both data
sets use the GEOS Data Assimilation System; however, GEOS-FP is an operational data

stream with inconsistencies in the data assimilation system version throughout the data
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set whereas the MERRA-2 reanalysis uses a consistent data assimilation system, incor-
porating more than 30 years of assimilated data. A limitation of the MERRA-2 data set
is that the native resolution of 0.5° x 0.625° means it is unsuitable for use in the higher

resolution resolution simulations at 0.25° x 0.3125°.

@1 g

Figure 2.1: Domains and resolutions used by the model: (a) global model domain illus-
trating the horizontal model resolution of 2° x 2.5° and the location of the West Africa
regional model domain (green); (b) West Africa regional model domain illustrating the
horizontal model resolution of 0.25° x 0.3125°.

Whilst model data is available for the entire West Africa domain (Figure 2.1(b)), two
key areas are considered in this work (Figure 2.2). Firstly, the “DACCIWA region”, which
is considered as the area covering Cote d’Ivoire, Ghana, Togo and Benin from 4.5 °N to
11.0 °N and 8.5 °W to 3.0 °E. The research flights performed by the three DACCIWA
aircraft lie within this domain and hence this is the region for which there are aircraft
observations for evaluating and constraining the model. Secondly, the “Guinea region”,
which is considered as the area from Senegal in the west to Cameroon in the east and
from just south of the West African coastline to the southern edge of the Sahara. This
region covers a domain from 3.0 °N to 15.0 °N and 15.0 °W to 15.0 °E and is used for an
assessment of the whole coastal region, rather than the more local DACCIWA operational

area.
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Figure 2.2: Location of the Guinea and DACCIWA regions of interest: (a) map of West
Africa highlighting the locations of these two regions of interest; (b) Guinea region (3
°N - 15 °N; 15 °W - 15 °E) with regional horizontal model resolution of 0.25° x 0.3125°
overlaid; (¢) DACCIWA region (4.5 °N - 11 °N; 8.5 °W - 3 °E) with regional horizontal
model resolution of 0.25° x 0.3125° overlaid.

The terms “DACCIWA region” and “Guinea region” are used throughout this work to

refer to the areas defined above.

2.2 Anthropogenic emission inventories for West Africa

Representative emission inventories are essential for producing accurate simulations of
atmospheric composition. The emission inventories need to be representative of both the
location and magnitude of the emission sources for each of the individual emitted species.
Both the default global anthropogenic inventories, and an Africa-specific anthropogenic
inventory are evaluated here and these emissions are further optimised for the DACCIWA

region using airborne measurements from the DACCIWA campaign.

2.2.1 Global anthropogenic emission inventories

The default anthropogenic emissions for West Africa in GEOS-Chem are from global emis-
sion inventories. Emissions of carbon monoxide (CO), nitric oxide (NO) and sulfur dioxide
(SO3) are from the Emissions Database for Global Atmospheric Research (EDGAR) ver-
sion 4.2 [70, 182], emissions of black carbon (BC) and organic carbon (OC) are from
the BOND inventory [29, 141] and emissions of non-methane volatile organic compounds
(NMVOCs) are from the RETRO inventory [112]. The EDGAR inventory provides an-
nual emission data from 1970 to 2008 at a horizontal resolution of 0.1° x 0.1°, whilst the
BOND and RETRO inventories both provide monthly emission data for the year 2000
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with BOND at a horizontal resolution of 1° x 1° and RETRO at a horizontal resolution
of 0.5° x 0.5°. All three of these inventories are therefore significantly outdated for simu-
lations of the DACCIWA campaign year (2016) and the coarser spatial resolutions of the
BOND and RETRO inventories makes them unsuitable for the high resolution regional
simulations of West Africa. In addition to this, these global emission inventories lack emis-
sion sources specific to the West Africa region such as biofuel cooking in homes, domestic
waste burning, oil extraction and flaring [55,62,151]. Emission factors are used to relate
activities to the quantity of pollutant released into the atmosphere; however, the lack of
observational data relating to emission factors in West Africa could also lead to inaccurate

emission estimates.

2.2.2 Africa-specific regional anthropogenic emission inventories

The Africa-specific DACCIWA anthropogenic emission inventory [125,135], developed as
part of the DACCIWA project, provides emissions of CO, NO, SO5, BC, OC and NMVOCs
from 1990 to 2015 at a horizontal resolution of 0.125° x 0.125°. This inventory has been
constructed using emission data specific to the continent and incorporates sources not
included in the EDGAR inventory such as flaring, domestic waste burning and wood
burning cook stoves in homes. The mean annual emissions from the DACCIWA inventory

for 2015 are displayed in Figure 2.3.
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Figure 2.3: Mean annual African anthropogenic emissions for the year 2015 from the
DACCIWA emission inventory at a horizontal resolution of 0.125° x 0.125°.

The distribution of emissions across the continent is similar for all species (following
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population), with the highest emissions generally seen along the northern coastline of
Morocco and Algeria, the countries surrounding Lake Victoria, South Africa and the West
African coastline (but most prominently Nigeria). These maps clearly highlight West
Africa as a region of significant anthropogenic activity. In order to quantify the regional
contribution to anthropogenic emissions in Africa, the continent can be divided into five
zones: north Africa (15 °N - 39 °N; 19 °W - 55 °E), west Africa (0 °N - 15 °N; 19 °W -
15 °E), east Africa (0 °N - 15 °N; 15 °E - 55 °E), central Africa (15 °S - 0 °N; 19 °W -
55 °E) and south Africa (37 °S - 15 °S; 19 °W - 55 °E). The mean annual emissions for
2015 for each of these regions are compared in Figure 2.4, along with the 2016 population
data for each of the regions. Population data is from the NASA Socioeconomic Data and
Applications Center (SEDAC) gridded population of the world data set (version 4) [47].
Population data for 2015 and 2020 has been linearly interpolated to obtain a population
estimate for 2016.
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Figure 2.4: Regional populations and mean annual anthropogenic emissions from the
DACCIWA emission inventory. The African continent is divided into five regions: north
Africa (15 °N - 39 °N; 19 °W - 55 °E); west Africa (0 °N - 15 °N; 19 °W - 15 °E); east
Africa (0 °N - 15 °N; 15 °E - 55 °E); central Africa (15 °S - 0 °N; 19 °W - 55 °E); south
Africa (37 °S - 15 °S; 19 °W - 55 °E). DACCIWA emission data is for the year 2015,
population data is for the year 2016.

With the exception of NO and SO,, emissions from the western African region are
found to be the highest (reflecting population), highlighting West Africa as an area of
large anthropogenic activity. Emissions of NO and SO, in southern Africa are higher
as a result of significant energy generation from coal fired power stations [40, 50, 58, 59].
Figure 2.4 therefore further emphasises the importance of developing a better knowledge
and understanding of the atmospheric composition in this region, and the impact that
pollutant concentrations have on the population.

As well as providing the total emissions of a given species, the DACCIWA inventory
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also contains a breakdown of the emissions from residential, traffic, industry, waste, energy,

flaring and other anthropogenic sources. The source composition of each emission species

S0, '

for the Guinea region is shown in Figure 2.5.

0 :NO
BC ’ Q NMVOC
Figure 2.5: Fractional contribution of different sources to the total emissions of CO, NO,

SO4, BC, OC and NMVOC:s for the Guinea region (3 °N - 15 °N; 15 °W - 15 °E). Emission
data is from the DACCIWA anthropogenic inventory for the year 2015.

Industry

Waste

‘ Energy
‘ Flaring
‘ Other

For CO, OC and NMVOCs, the largest emission source in the region from the inventory
is residential activities, followed by traffic and waste, with much smaller contributions
from other sources. Residential and traffic emissions are also the largest sources of NO;
however, there are substantial contributions from industry, waste and other sources as well
as small contributions from energy and flaring activities. BC emissions are dominated by
residential and waste sources with smaller fractions from traffic, industry, flaring and other
sources. For SO,, the largest emission sources are residential and industry, with traffic,
waste and energy also making up large fractions of the total emission along with smaller
contributions from flaring and other sources.

It is evident from the species source breakdowns that policy options for regulating
emissions and reducing pollutant concentrations in the region will vary depending upon
the species being considered. Although, residential, traffic and waste appear to be key
emission sources for all species.

The DACCIWA inventory contains anthropogenic NMVOC emissions which can be
used to replace the global RETRO emissions over Africa. These emissions need to be
speciated to incorporate them into the model. The EDGAR v4.3.2 inventory contains
emissions of 25 individual NMVOC species [114]. For the year 2012 (the most recent year of
EDGAR v4.3.2 emission data), the mean fractional contribution of each individual species
to the total NMVOC emission in the EDGAR inventory has been calculated for the African
continent and these speciation fractions have been applied to the DACCIWA inventory in
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order to separate the lumped NMVOCs into GEOS-Chem species. The speciation factors
applied to the DACCIWA inventory are detailed in Table 2.1.

Table 2.1: Speciation factors applied to the DACCIWA anthropogenic lumped NMVOC
emissions in order to assign the emissions to species within the GEOS-Chem model.

. Molecular GEOS-Chem NM\./O.C
EDGAR Species . Speciation
Formula Species
Scale Factor
Ethane CsHg C2H6 0.030
Propane CsHg C3H8 0.042
Butanes C4Hy ALK4 0.059
Pentanes CsHio ALK4 0.031
Hexanes and higher alkanes C,Hs, 12 (n >6) ALK4 0.097
Propene Cs3Hg PRPE 0.013
Isoprenes CsHg ISOP 0.00043
Methanal (formaldehyde) CH,O CH20 0.056
Other alkanals (aldehydes) R-CHO ALD2 0.12
Alkanones (ketones) R-C(=0)-R’ ACET 0.069
Benzene (benzol) CeHs BENZ 0.023
Methylbenzene (toluene) CrHs TOLU 0.023
Dimethylbenzenes (xylenes) CgH4(CHjs)o XYLE 0.018
Trimethylbenzenes CeH3(CHj)s3 XYLE 0.0039
Other aromatics C,Ha._6 XYLE 0.042
Monoterpenes CioHis MONX 0.0013
Other - - 0.37

“Other” refers to speciated EDGAR VOCs such as alcohols, acids and esters which are

not currently considered as emissions by the GEOS-Chem model.

2.2.3 Additional emission inventories

In addition to the anthropogenic emission inventories for West Africa, global simulations
use regional inventories for other parts of the world where this data is available. Over
the United States the National Emissions Inventory (NEI) is used [243], the Criteria
Air Contaminants (CAC) inventory is used over Canada [255], the Big Bend Regional
Aerosol and Visibility Observational study (BRAVO) inventory is used over Mexico [139],
European Monitoring and Evaluation Programme (EMEP) emissions are used over Europe
[255] and MIX is used over East Asia [147]. For all other parts of the world the EDGAR
inventory is used for anthropogenic emissions [70,182].

Biogenic emissions of VOCs use the Model of Emissions of Gases and Aerosols from
Nature (MEGAN) inventory [98,113], biogenic soil emissions of NO are from Hudman et
al. [116] and NO from lightning is described by Murray et al. [175]. Aircraft emissions
are from the Aviation Emissions Inventory Code (AEIC) [231], and shipping emissions of
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SOy, CO and NO are also included [262]. The model also incorporates marine emissions
of dimethyl sulfide (DMS) [35,142] as well as volcanic emissions of SO, from the Aerosol
Comparisons between Observations and Models inventory (AEROCOM) [61,85]. Dust
follows the work of Zender et al. [283,284], sea-salt of Alexander et al. and Jaeglé et
al. [10,120], natural emissions of ammonia (NHj3) are from the Global Emissions InitiAtive
(GEIA) and global biofuel emissions of OC and BC are from the BOND inventory [29,144].

Biomass burning emissions use the Global Fire Assimilation System (GFAS) emissions
from the European Centre for Medium-Range Weather Forecasts (ECMWF) [126] and
these emissions are discussed in greater detail in Chapter 4.

The impact of these emissions on the concentrations of pollutants over Africa is now

explored.

2.3 Spatial distribution of pollutant concentrations
during the DACCIWA campaign

The spatial distribution of primary pollutants across the continent is largely dependent
upon the location of the polluting activities, transport patterns and species lifetimes.

As pollutant concentrations are strongly influenced by the meteorology, a basic under-
standing of the meteorological conditions in the region is required. During the campaign
period (29th June to 16th July 2016), the prevailing winds were from the south / south
east to the north west, bringing air masses from the Gulf of Guinea across the West Africa
region (Figure 2.6). This follows the monsoonal annual cycle discussed in Section 3.1.1
of Chapter 3. There was also a band of rainfall over the land along the West African
coastline [12,68,194].
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Figure 2.6: (a) mean precipitation rates and surface wind stream functions in West Africa
during the DACCIWA aircraft campaign. GEOS-FP meteorological data averaged for 29th
June to 16th July 2016. Precipitation rates below 1 mm day ™' are masked (b) timeseries
of mean precipitation in the region during the DACCIWA campaign from the GEOS-FP
meteorological data displayed in (a).
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In addition to evaluating the model performance for pollutant concentrations, a sim-
ple evaluation of simulated meteorology can be done using some of the meteorological
measurements collected on board the aircraft. Figure 2.7 shows the comparison between
aircraft measurements and model data for temperature and wind speed from the DAC-

CIWA campaign.
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Figure 2.7: Vertical, latitudinal and longitudinal profiles of aircraft meteorological ob-
servational data (grey) and simulated meteorological data (red). Solid lines represent
the median, shaded areas represent the 25th to 75th percentile range. All data is from
altitudes below 1 km.

There is strong agreement between the model and observations for both temperature
and wind speed with model biases of -1.88 °C and -0.47 m s~! respectively. Whilst
this provides some confidence in the representation of the meteorological conditions in
the model, a more detailed analysis would be required to fully evaluate the simulated
meteorology for West Africa in the GEOS-Chem model.

Figure 2.8 shows the mean surface concentrations of key pollutants during the campaign
period (29th June to 16th July 2016) for the African continent (2° x 2.5° horizontal
resolution) and for West Africa (0.25° x 0.3125° horizontal resolution) calculated using
the GEOS-Chem model. These simulations use the default global EDGAR / BOND /

RETRO inventories for anthropogenic emissions.
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Figure 2.8: Mean surface concentrations of CO, NO,, SO, carbonaceous aerosols (OC +
BC), inorganic aerosols (SO4*~ + NH4 " + NO3;™) and dust averaged over the DACCIWA
campaign period (29th June 2016 to 16th July 2016). Left-hand panel shows the African
continent at 2° x 2.5° horizontal resolution, right-hand panel shows the West Africa region

at 0.25° x 0.3125° horizontal resolution. This simulation uses anthropogenic emissions
from the EDGAR, BOND and RETRO inventories.

Anthropogenic sources of pollutants are evident for species such as CO, NO, and SO,.
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High concentrations are visible over the industrialised regions of South Africa, along the
coastal cities of southern West Africa, around the Mediterranean and over the Arabian
peninsula. For SO,, elevated concentrations as a result of shipping can also be seen over
the ocean. Inorganic aerosols are visible from the industrialised regions of South Africa
and over the Sahara and Arabian deserts where their lifetimes are extended due to a lack
of rainfall.

In June-July, the largest biomass burning activities on the continent occur in central
Africa, whilst burning activities in West Africa are limited due to rainfall [21, 96, 212].
Biomass burning acts as a significant source of CO, NO,, SO, and carbonaceous aerosols
[126,152]. NO, and SO, have relatively short lifetimes in the atmosphere [71] and therefore
the elevated concentrations of these species are seen only in the vicinity of the burning
activities. CO and carbonaceous aerosols are longer lived [71] and therefore the prevailing
winds transport these species from central Africa across the Gulf of Guinea where they
contribute to the surface concentrations along the West African coastline [102,137].

High dust concentrations are located over the Sahara and Arabian deserts. During the
DACCIWA campaign period, there are low concentrations along the West African coast-
line, largely due to the prevailing south westerly winds preventing southwards transport
of the dust into the region (Figure 2.6).

Some of these continental scale features are visible on the regional scale; however, the
dominant feature over southern West Africa at this time of year are the anthropogenic
sources. Plumes of CO, NO, and carbonaceous aerosols are visible moving from the coastal
cities north eastwards inland, reflecting the prevailing wind direction [137]. Despite limited
biomass burning in the domain, transport of CO and carbonaceous aerosols from biomass
burning in central Africa gives an elevated background.

It is evident from this initial model analysis that there are many factors contributing
to the concentrations of pollutant species in West Africa and one of the most significant
factors is the location and magnitude of the emission sources. It is therefore critical for
accurate modelling studies to ensure that the emission inventories are providing represen-

tative estimates.

2.4 Evaluation of the emission inventories for West
Africa

Airborne measurements, taken during the DACCIWA aircraft campaign in June-July 2016,
are used to evaluate the emission inventories for West Africa. Three research aircraft were
involved in the DACCIWA aircraft campaign, based out of Lomé (Togo), with science
flights taking place from 29th June 2016 to 16th July 2016 inclusively [86,135,137]. The
British Antarctic Survey (BAS) DHC-6 Twin Otter, the Deutsches Zentrum fiir Luft-

und Raumfahrt (DLR) Falcon 20 and the Service des Avions Frangais Instrumentés pour
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la Recherche en Environnement (SAFIRE) ATR-42 performed a combined total of 50
research flights and collected data covering an area from 3.3 °N to 11.0 °N and 4.7 °W to
4.0 °E, flying at altitudes of up to 13 km [86]. The flight profiles of the three aircraft are

shown in Figure 2.9.

12 |
€ /_7# ! . BAS Twin Otter
~ 8 J |
S /# | . SAFIRE ATR
2,
o &
12
T
N
10
T ;
s <
-E,:j 6
4
| V
2

-4 -2 0 2 4 8 12
Longitude / degrees east Altitude / km

o
IS

Figure 2.9: Map showing the flight tracks taken by the BAS Twin Otter, DLR Falcon and
SAFIRE ATR aircraft during the DACCIWA aircraft campaign from 29th June 2016 to
16th July 2016.

Measurements of gaseous and aerosol species were made from each aircraft producing
a unique data set for the coastal region of southern West Africa. The aircraft data sets
provide observations of carbon monoxide (CO), nitrogen oxides (NO,), sulfur dioxide
(SO,) and ozone (O3) as well as sulfate (SO4%7), nitrate (NO3~), ammonium (NH,™),
black carbon (BC) and organic carbon (OC) aerosols and a range of volatile organic
compounds (VOCs). A summary of the aircraft observational data and instrumentation

used is given in Table 2.2.
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Table 2.2: Summary of the observational data and instrumentation on board the BAS
Twin Otter, DLR Falcon and SAFIRE ATR aircraft during the DACCIWA campaign.
Data is averaged on a 60 second time step. Final column indicates the number of 60
second data points collected.

Specios BAS DLR SAFIRE geatta

Twin Otter Falcon ATR .
Size

Carbon Monoxide Aerolaser SPIRIT Picarro G2401m 2989

(CO) AL5002 [95] Instrument [46]  [195]

. . Air Quality Thermo Fisher

1(\11\1]’5(1;0§en Oxides Design Fast NO, - Scientific TEI 42 5895

’ Instrument [8] CTL [238]
2B Technologies Thermo Fisher Thermo Fisher

Ozone (O3) 205 Instrument Scientific =~ TE Scientific =~ TE 8914
1] 49i [238] 49i [238]

Droplet ~ Mea- Droplet ~ Mea-
surement Tech- surement Tech-
nologies Sin- nologies Sin-

Black Carbon (BC) gle Particle - gle Particle 4543
Soot Pho- Soot Pho-
tometer (DMT tometer (DMT
SP2) [230] SP2) [230]

Aerodyne Com- Aerodyne Com-

Organic Carbon (OC) pact  Time-of- pact  Time-of- 4581

Sulfate (SO427) Flight  Aerosol Flight  Aerosol 4570

Nitrate (NO3™) Mass Spectrom- Mass Spectrom- 4424

Ammonium (NH,) eter (C-Tof- eter (C-Tof- 4516
AMS) [67] AMS) [67]

Formaldehyde i i Aerolaser 2456

(CH,0) AL4021 [6]

Offline Gas Offline Thermal
Desorption Gas
Chromatogra- Chromatog-

Isoprene (C5Hg) phy Flame Ion- - 120
.. raphy Mass
ization Detector Spectrometry
(GC-FID) [110] (TD-GC-MS)

Ethane (C,Hy) 8{?“ Gas 105

romatogra-

Propane (C3Hg) v Fl on. - ) 105

Alkanes > Cy Py blame fot 75

Alkenes > Cs ization Detector 16

(GC-FID) [110]
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The approach of this work has been to use observational data collected from all three
research aircraft. This introduces some additional uncertainty into the analyses as the
instruments used to measure each species varied between aircraft. In addition to this,
different instruments may have different limit of detection levels and not every species was
measured by all three aircraft which reduces the dataset size for some species. Measure-
ments of air pollutants from an aircraft platform are made challenging by the pitch, roll
and yaw of the aircraft as well as the changes in pressure, temperature and humidity which
could affect the performance of the instruments. Futhermore, in some cases, samples were
taken in flight to enable offline analysis; however, this introduces the risk of the sample
degrading over time and hence an inaccurate measurement of the pollutant concentration
at the time of sample collection.

Not all of the observational data collected by the three aircraft has been used in this
work. Measurements of sulfur dioxide (SO2) were made on board the BAS Twin Otter
and DLR Falcon; however, both data sets were below the instrumental limit of detection
for the majority of the flights. When they were observed it was often in narrow plumes
which made interpretation with a chemical transport model difficult. VOC measurements
were also made on board all three aircraft but the data set is limited to only a small
number of observations for each species which are insufficient to accurately assess the
concentrations and emissions of these species in the GEOS-Chem model. In addition to
this, the VOC observational data set from the French and German aircraft includes mainly
heavier weight VOCs which are not considered by the GEOS-Chem model. Finally, there
are significant differences between the Single Particle Soot Photometer (SP2) instruments
on board the BAS Twin Otter and the SAFIRE ATR, with the Twin Otter observations
being approximately 1 pug m~2 higher. There is no ready explanation for this difference
and it is not obvious which of these observations is closer to reality. These data sets are
combined in the analysis but it must be acknowledged that there is a large uncertainty in
these observations which places significant doubt upon the subsequent analysis of black
carbon in the region.

The ensemble of observational data from the three aircraft has been used to evaluate

the two different sets of emission inventories for the DACCIWA region:
1. the global EDGAR / BOND / RETRO inventories
2. the regional DACCIWA inventory

A comparison of the mean emissions from the DACCIWA region is shown in Figure 2.10
for these two emission scenarios. EDGAR emission data is for the year 2008, BOND and
RETRO data is for the year 2000 and DACCIWA emissions are for the year 2015.
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Figure 2.10: Mean annual anthropogenic emission rates of CO, NO, SO,, BC, OC and
NMVOC for the DACCIWA region for the two emission scenarios: EDGAR / BOND
/ RETRO global inventories and DACCIWA regional inventory. EDGAR emissions are
for the year 2008, BOND and RETRO emissions are for the year 2000 and DACCIWA
emissions are for the year 2015. NMVOC emissions include ethane, propane, alkanes >
Cy4, alkenes > Cg, isoprene, formaldehyde, acetaldehyde and acetone.

Uncertainties exist in both the activity data and emission ratios used to construct emis-
sion inventories [91,158,193]. These uncertainties are reflected in the significant differences
between the regional (DACCIWA) and global (EDGAR / BOND / RETRO) emission es-
timates. The DACCIWA inventory shows increased emissions of CO and NO relative to
the EDGAR inventory and decreased emissions of SO5. Emissions of OC and BC from the
DACCIWA inventory are an order of magnitude higher than the BOND inventory and an-
thropogenic NMVOC emissions in the DACCIWA inventory are approximately four times
higher than seen in RETRO.

In order to assess how well these inventories are able to replicate the atmospheric
conditions in the region, the West Africa GEOS-Chem model has been run for the period
of the aircraft campaign and simulated species concentrations have been output along the
flight tracks of each aircraft at 60 second time intervals. This enables direct comparisons
to be made between the model data and aircraft observations.

The ensemble of data from all three aircraft has been considered. No major differences
in conclusions were found by considering the aircraft individually, other than for black

carbon (due to instrument differences discussed previously).
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Data is filtered to select altitudes up to 1 km above sea level as the composition near the
surface is most heavily influenced by local emissions, thereby enabling the best assessment
of the inventories in this region. The relationship between the model and observations
are investigated for the vertical, latitudinal and longitudinal profiles in the region for the
two emission scenarios: EDGAR / BOND / RETRO (red) and DACCIWA (blue) (Figure
2.11). Both simulations use the GFAS emission inventory for biomass burning emissions.

Boundary conditions for all regional simulations of the DACCIWA campaign period are
generated from global model simulations (2° x 2.5° horizontal resolution) which are spun
up for one year (2016 used as the spin up year) before being run for the full year of 2016,
outputting boundary conditions for the West Africa nested grid. The regional simulations
are spun up for one week (22nd June 2016 to 29th June 2016) before simulations of the
campaign period are run from 29th June to 16th July 2016.
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For CO, the vertical profile is relatively flat and good agreement is seen for both in-
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Figure 2.11: Vertical, latitudinal and longitudinal profiles of aircraft observational data
(grey) and simulated concentrations using the EDGAR / BOND / RETRO and GFAS
inventories (red) and the DACCIWA and GFAS inventories (blue). Solid lines represent
the median, shaded areas represent the 25th to 75th percentile range. All data is from
altitudes below 1 km.



ventories (model biases of -13.98 ppbv and +3.94 ppbv for the EDGAR and DACCIWA
simulations respectively). Consistent with emissions from the coastal cities and the pre-
vailing wind (Figure 2.6), the concentration of CO increases from south to north across
the region and the highest concentrations are seen at longitudes which correspond to the
locations of the major cities of Abidjan (4.0 °W), Accra (0.2 °W), Lomé (1.2 °E) and
Cotonou (2.4 °E). NO, concentrations are low at altitudes up to 250 m, with concentra-
tions peaking just above this height and then decreasing. This reflects the operations of
the aircraft, where extended periods below 250 m were only made over the ocean where
concentrations are low due to the prevailing wind and the low emissions [86]. The concen-
trations show a peak at 6 °N - 7 °N in the latitudinal profile and peaks in the longitudinal
profile corresponding with the locations of the four largest coastal cities in the area. Both
inventories show under predictions in NO, concentrations, with the DACCIWA emissions
showing slightly better performance (model bias of -762.43 pptv compared with -955.28 for
the EDGAR simulation). The model substantially under estimates the inorganic aerosol
components (NO3~, SO42~, NH, ") under all conditions, with little difference in the under
estimate by either of the emission data sets. Black carbon concentrations are highest in
the region of 250 m - 500 m over the southern part of the domain. The different emission
scenarios show mixed ability to simulate this compound. This may reflect the differences
seen in the SP2 observations between the two aircraft (BAS Twin Otter and SAFIRE
ATR). Organic carbon shows a relatively flat vertical profile and increased concentrations
heading inland. The DACCIWA emission inventory over estimates the organic carbon
concentrations (model bias of +1.37 ug m~3) but simulates many of the features in the
profiles.

VOC observations from the DACCIWA aircraft are limited in number (Table 2.2).
Observing the regional structure from this limited data set is difficult. Instead, the entire
data set of observed concentrations at all altitudes is simply compared to the simulated

concentrations from the two emission scenarios (Figure 2.12).
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Figure 2.12: “Violin” plot (frequency distribution) showing VOC concentrations from air-
craft observational data (grey), and simulated concentrations using the EDGAR / BOND
/ RETRO and GFAS inventories (red) and the DACCIWA and GFAS inventories (blue).
All data is from altitudes below 1 km. The data set size is given for each species.

The RETRO inventory contains anthropogenic emissions of ethane, propane, formalde-
hyde, alkanes and alkenes but does not include anthropogenic emissions of isoprene. The
DACCIWA inventory includes emission data for the same VOCs as the RETRO inventory
but in addition contains anthropogenic emissions of isoprene. However, anthropogenic
isoprene emissions are insignificant compared to the biogenic sources.

[soprene concentrations are in relatively good agreement with both simulations, reflect-
ing the MEGAN biogenic inventory used by both simulations. The differences between the
two simulations may reflect the small difference in emissions as the DACCIWA simulation
includes anthropogenic emissions whereas the EDGAR / BOND / RETRO simulation
does not. Ethane concentrations are also relatively well simulated by both emission data
sets. The comparison with the other primary VOCs is poor. Very high concentrations of
alkanes and alkenes were observed which the models completely fail to represent. These
large disagreements are consistent with the study of Keita et al. [128] which suggests VOC
emissions in West Africa are under estimated by a factor of 50 in the EDGAR inven-
tory [70,182]. Most of the formaldehyde concentrations are reasonably reproduced by the
model, likely due to the ability of the model to predict isoprene. However, there is a
population at the top end of the distribution which is not simulated by the model, this is
likely due to the inability of the model to simulate the other short lived VOCs.

Due to the lack of VOC observational data available from the DACCIWA aircraft,
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it is not possible to quantify the uncertainties in the VOC emissions here. A more ex-
tensive observational data set would be required to adequately explain the discrepancies
seen between the model and observations, but it is evident that anthropogenic VOCs are

significantly under estimated.

2.5 Optimisation of the emission inventories for West
Africa

Although the comparisons between the model and the measurements show some level of
agreement there are some obvious failings: significant under estimates in NO,, NO3™,
SO42~ and NH;T, and over estimates in OC and BC are evident. Whilst simulations
using the DACCIWA inventory in general show improved agreement with the aircraft
observations over simulations with the EDGAR / BOND / RETRO inventories, there are
still many discrepancies between the model and observations that remain.

The differences between the model and measurements are interpreted as being due to
errors in the emission inventories. The discrepancies could also be due to differences in
the chemical lifetimes of the compounds or errors in the transport, including boundary
layer height or strength of convective mixing and horizontal flow. Given the paucity of
observational meteorological data that can be included in data assimilation schemes in
this region [136] it is likely that the quality of the meteorology used in this region is poor
compared to other regions. However, it is also likely that the quality of the emission data
sets is even poorer [91,158,193]. The emphasis here is therefore on uncertainties in the
emission inventories.

Two of the major sources of emissions in the DACCIWA region are from anthropogenic
and biomass burning activities. Independently switching off these two sources of emissions
in the model enables the contribution of each activity to the total species concentrations
to be determined. This approach assumes that the concentrations vary linearly as a result
of switching different emission sources off and does not consider the changes in chemistry
as a result of altering the composition of the atmosphere. Figure 2.13 shows the results of
the sensitivity simulations in which the percentage contributions from anthropogenic and
biomass burning activities to the surface concentrations of CO, NO,, SO,, BC and OC in
the DACCIWA region are determined.
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Figure 2.13: Percentage contribution of anthropogenic, biomass burning and other sources

to the surface concentrations of CO, NO,, SO,, BC and OC in the DACCIWA region.
Data is averaged for the period of the DACCIWA aircraft campaign (29th June 2016 to
16th July 2016). DACCIWA aircraft flight tracks are shown in white.

For all species, there is a clear contribution from anthropogenic sources to the surface
concentrations in the region. This is particularly evident for the large cities along the
coastline, where greater than 80% of the concentrations of NO,, SOy, BC and OC at
this time of year in Abidjan (Cote d’Ivoire), Accra (Ghana), Lomé (Togo) and Cotonou
(Benin) are attributable to anthropogenic sources. The long lifetime of CO means that
anthropogenic contributions are limited to city plumes.

During the period of the aircraft campaign, the major biomass burning activities were
located in central Africa (Figure 2.8) [21,96,212|, away from the DACCIWA region of
interest. The pollutants emitted from these fires have little influence on the concentrations
of NO, and SO, in West Africa due to the short lifetimes of these species. However, the

concentrations of CO, BC and OC, especially over the ocean, are strongly influenced by this
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biomass burning due to the transport of these compounds from central Africa across the
Gulf of Guinea. 30% - 50% of the CO concentration along the coastline can be attributed
to biomass burning sources.

As well as the anthropogenic and biomass burning sources, there is also a large con-
tribution from soil emissions to NO, concentrations, particularly to the north of the re-
gion [186]. There are also biogenic contributions to the concentrations of CO and OC, and
some influence on concentrations from air masses transported from outside the domain.

Based upon this assessment, it is evident that for CO, BC and OC there is a clear
influence from both anthropogenic and biomass burning sources on the concentrations
in the DACCIWA region during the campaign period; therefore, uncertainties in both of
these emissions have been considered. However, for NO, and SO, there is little influence
from biomass burning, hence for these species, only uncertainties in the anthropogenic
emissions have been considered.

In order to provide a simple optimisation of the emissions, the ensemble of 60 second
observational data from all three aircraft is considered. The data set is filtered to select
data at altitudes up to 1 km. This is the zone where the species concentrations are most
heavily influenced by local surface emissions. For any given modelled data point along a
flight track, the concentrations of a species attributable to anthropogenic, biomass burning
and other sources are determined from simulations in which these emission sources are
switched off for the region. The system is assumed to follow a linear relationship between
emissions and concentrations.

A cost function is calculated which is the root mean square difference between the mod-
elled concentration and the measured. A multiplier can be applied to the anthropogenic
and biomass burning contributions, and by minimising the cost function with respect to
these multipliers, an optimal multiplier is found.

NO, data is used to determine the uncertainties in NO emissions, and SO42~ is used
as a proxy for scaling SO, emissions given the paucity of useful SO5 observations (Section
2.4). For NO, and SO, where no biomass burning influences are found, the biomass
burning multiplier is not allowed to vary.

The error range associated with each of the optimum scale factors is determined by
considering a 5% deviation in the value of the cost function. The normalised cost functions
are shown in Figure 2.14. In each case, the orange dot indicates the optimum scale factors

determined.
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Figure 2.14: Impact of scaling anthropogenic (DACCIWA) and biomass burning (GFAS)
emissions on the normalised cost function for NO,, SO,2~, CO, BC and OC. The optimum
scale factors for each species are represented by the position of the orange dot. The range
of scale factors representing a 5% deviation from the optimum scale factor is represented
by the pink shaded region (NO, and SO,?~) and by the pink dotted line (CO, BC and
00C).

The optimum calculated scale factors are summarised in Table 2.3.

Table 2.3: Optimum scale factors calculated for anthropogenic (DACCIWA) and biomass
burning (GFAS) emissions for the DACCIWA region based on evaluation against DAC-
CIWA aircraft observations.

Emission Species DACCIWA Scale Factor GFAS Scale Factor

CO 0.7£0.2 1.1 £0.1
NO 25+ 1.7 -
SO, 14.0 £ 3.0 -
BC 02+£0.1 1.8 £0.3
oC 0.6 £ 0.1 0.8 £0.3

The most significant change in the DACCIWA emissions is for the emissions of SO,
(recommending a 14 fold increase on the DACCIWA emissions). A likely explanation

for the discrepancies is an under estimation in the sulfur content of liquid fuels. Most

68



developed countries use fuels with a sulfur content of 50 ppm or below; however, the
majority of African countries use higher sulfur content liquid fuels, with the West African
coastal countries typically using fuel containing 2000 - 5000 ppm of sulfur [246]. These
countries are active in reducing the sulfur in fuels [247], but uncertainties over the current
sulfur content of fuels used in these countries may explain the large increase in emissions
needed to reconcile the model with the observations.

Similarly, the required increase in NO emissions (factor of 2.5) may reflect uncertainties
in emission factors in the transport sector. Emission estimates for road transport are
calculated based upon fuel consumption statistics and emission factors from specific vehicle
types [19,125,151]. This data is commonly taken from large international databases
[118,248]. These statistics are often unable to account for poor fuel quality and the
increase in illegal smuggling of fuel, particularly from Nigeria to surrounding countries
including Togo and Benin [32,79]. Neither does the data account for poorly maintained
vehicles and the consequent changes in vehicle emission factors [100]. Therefore there are
many uncertainties in the emission estimates from road transport which could account for
the under predicted emissions of NO.

Over predictions of varying extents are seen for CO, BC and OC when the standard
DACCIWA + GFAS simulation output is compared to the aircraft observations (Figure
2.11). Concentrations of CO, BC and OC in the region at this time of year are influ-
enced heavily by both anthropogenic and biomass burning sources. Uncertainties in the
DACCIWA and GFAS inventories were therefore tested simultaneously. The optimum cal-
culated scale factors recommend lowering anthropogenic DACCIWA emissions for all three
species by factors of 0.7, 0.2 and 0.6 for CO, BC and OC respectively. Increases in biomass
burning emissions from the GFAS inventory by factors of 1.1 and 1.8 are recommended
for CO and BC respectively, whilst it is recommended that the OC GFAS emissions are
lowered by a factor of 0.8. Based upon comparisons to satellite data, it has been suggested
that biomass burning emissions of aerosols in the GFAS inventory are under predicted by
a factor of between 2 and 4 [126]; however, much smaller disagreements have been seen
here in the comparison to DACCIWA observations. It is important to note that the opti-
mum scale factors for the BC emissions are subject to considerable uncertainty due to the
large discrepancies seen in the observations from the BAS Twin Otter and SAFIRE ATR
aircraft.

A comparison of the optimised anthropogenic (DACCIWA) emissions to the default

global and regional emissions is shown in Figure 2.15.
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Figure 2.15: Mean annual anthropogenic emissions of CO, NO, SOy, BC and OC for
the DACCIWA region from three emission scenarios: EDGAR / BOND global invento-
ries (red); DACCIWA regional inventory (blue); optimised DACCIWA regional inventory
(green). EDGAR emissions are for the year 2008, BOND emissions are for the year 2000
and DACCIWA emissions are for the year 2015.

The optimised anthropogenic scale factors recommend reducing the DACCIWA CO
emissions to a level similar to the EDGAR emissions. The optimised emissions of NO and
SO, are significantly higher than both the global and regional standard inventories. Whilst
anthropogenic BC and OC emissions are reduced relative to the DACCIWA emissions, the
optimised emissions remain significantly higher than the global BOND emissions.

These optimum scale factors are calculated solely based upon the DACCIWA aircraft
observations. This data set is limited to only a short time period during the West African
wet season and whilst it gives some information on the vertical profile of concentrations,
there is little information on the surface concentrations. Surface level measurements are
ideal for optimising the emission inventories as concentrations at the surface experience
the largest influence from the emission sources and are therefore most suited for evaluat-
ing and optimising the inventories. A long term ground based observational network of
measurements in the region is required to formally optimise the inventories for the whole

region over an extended time period [103,122, 138, 187].
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2.6 Impacts of scaling the emission inventories on
pollutant concentrations in the DACCIWA re-
gion

The calculated scale factors have been applied to the DACCIWA and GFAS emission
inventories within GEOS-Chem, allowing the impact of the optimised emissions to be
assessed. The agreement between the optimised inventories and aircraft observations is
assessed (Section 2.6.1) along with the wider impact on surface concentrations of primary
pollutants in the region (Section 2.6.2) and the impact on policy relevant concentrations
of fine particulate matter (PM, 5) and ozone (O3) (Section 2.6.3).

2.6.1 Evaluation of the agreement with DACCIWA aircraft ob-

servations

The comparison of the optimised simulation output to the aircraft observations is shown

in Figure 2.16.
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Figure 2.16: Vertical, latitudinal and longitudinal profiles of aircraft observational data
(grey) and simulated concentrations using the optimised DACCIWA and optimised GFAS
inventories (green). Solid lines represent the median, shaded areas represent the 25th to
75th percentile range. All data is from altitude below 1 km.



bias of -3.21 ppbv) and NO,, (optimised model bias of -192.53 pptv) observations, matching
both the profiles and concentrations well. The model still under predicts NO, in the
south east of the flight area which is over the ocean to the south of Nigeria. The shipping
emissions of NO have been investigated; however, these are not found to be the cause of
the disagreement. A possible cause may be an under representation of flaring emissions
from the oil industry which are extensive in this region [55,66]. Agreement for SO4%~ is
also significantly improved by the 14 fold increase in the emissions (from a model bias
of -1.33 pg m~3 to -0.26 ug m~3), with the distribution and concentrations well matched
throughout the region. The agreement for NH,™ is also improved (from a model bias of -
0.68 g m~3 t0-0.32 ug m=3), although some under predictions remain, and NO3~ remains
significantly under predicted (optimised model bias of -0.31 ug m~3). An increase in the
ammonia (NH3) emissions would help remediate both the remaining under estimate in the
NH," and significantly improve the NO3~ simulation. However, it is unclear whether this
uncertainty in NHj emission is present in the anthropogenic, biomass burning or natural
emissions (or a combination of these). Southern West Africa has been shown to be a
hot spot for ammonia from satellite studies [251,269]. Previous studies [27] have shown
modelled ammonia concentrations to be under represented in other parts of the world;
however, there is little information on NHj3 concentrations in Africa. Agreement between
modelled and observed BC and OC concentrations is also greatly improved with model
biases reduced in the optimised simulation, although some over prediction of BC remains
above 500 m altitude. This may represent the different representation of data from the
BAS Twin Otter and SAFIRE ATR aircraft in the 0 m to 500 m and 500 m to 1 km
region. Although some differences remain between the measurements and the model, the

increased emissions have significantly improved the simulation.

2.6.2 Impact of emission scaling on the surface level concentra-
tions across the DACCIWA region

Whilst the aircraft observations enable model simulations to be evaluated, the observations
along the flight tracks give little information on the wider pollutant concentrations at the
surface. Changes in the emission inventories influence the atmospheric composition within
the model across West Africa, and hence impact the estimates of pollutant concentrations
that the population is exposed to. The distribution of pollutants across the DACCIWA
region, calculated by the model during the campaign period, are shown in Figure 2.17 for
the global, regional and enhanced regional emission scenarios, along with the percentage

change between the default global inventory and enhanced regional inventory simulations.
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Figure 2.17: Surface concentrations of CO, NO,, SO,, BC and OC during the DAC-
CIWA aircraft campaign period from simulations using the EDGAR + GFAS inventories,
DACCIWA + GFAS inventories and optimised DACCIWA + GFAS inventories. The
percentage change between the EDGAR + GFAS and optimised DACCIWA + GFAS
simulations is shown in the final panel.

CO concentrations are increased between the EDGAR and DACCIWA simulations;
however, the optimised scale factors reduce the DACCIWA emissions to a level which is
similar to the EDGAR inventory. Overall, there is only a small change between the default
global inventories and the optimised regional inventories.

For NO and SO, anthropogenic emissions are significantly increased between the
EDGAR simulation and the enhanced simulation, leading to increased surface concen-
trations of NO, and SO, across the region. The biggest increases are seen around the
large coastal cities where the majority of the emissions occur. The percentage change in
surface concentrations for both species is in exceedance of 100% for many locations.

For both BC and OC, the anthropogenic emissions are increased between the EDGAR
and DACCIWA simulations and subsequently decreased by the optimisation. Overall,
there is an increase in anthropogenic emissions between the EDGAR and optimised simu-
lations, leading to increased concentrations of BC and OC over the land. The concentra-
tions over the ocean are influenced largely by transported biomass burning from central
Africa at this time of year. For BC, there is an increase in concentrations over the ocean
as a result of increasing the biomass burning emissions. Whereas for OC, there is a slight
decrease in concentrations over the ocean as a result of decreasing the biomass burning

emissions.
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2.6.3 Impact of scaling the emission inventories on the concen-

trations of policy relevant species

In addition to the direct effects that scaling the inventories have on the emitted species
themselves, the combined changes in emissions have effects on secondary pollutants such
as ozone (O3) and fine particulate matter (PMs 5). The adverse health effects of these
compounds are well known (see Chapter 1) [23,63,64,149,172,280], and as such they are
subject to regulation by law in many countries [274]. Figure 2.18 shows the comparison
between the modelled and measured O3 and PMs 5 from the DACCIWA aircraft.
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Figure 2.18: Vertical, latitudinal and longitudinal profiles of aircraft observational data
(grey) and simulated concentrations using the EDGAR / BOND / RETRO and GFAS
inventories (red), the standard DACCIWA and GFAS inventories (blue) and the optimised
DACCIWA and optimised GFAS inventories (green) for O3 and PMj 5. Solid lines rep-
resent the median, shaded areas represent the 25th to 75th percentile range. All data is
from altitudes below 1 km. PM; 5 concentrations shown here do not account for the mass
of dust or sea salt, or the uptake of water to the aerosols.

It should be noted that the calculated PM, 5 concentrations in Figure 2.18 account
for the mass of BC, OC, SO,2~, NO3~ and NH,*; however, they do not include dust or
sea salt as no measurements of these were taken on board the aircraft. Neither do the
concentrations account for additional mass due to uptake of water to the aerosols.

For PM, 5, the simulated concentrations using the EDGAR / BOND / RETRO and
GFAS inventories show large under estimates (model bias of -4.68 pug m™3), whereas sim-
ulated concentrations from the standard and enhanced DACCIWA and GFAS inventories
match observational profiles well and show good agreement with the concentrations (model
biases of -0.93 ug m~2 and -1.52 pug m~3 respectively). Concentrations simulated using
the DACCIWA inventory are increased by a factor of approximately 2 compared to the
EDGAR simulation.
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The O3 concentrations simulated by the EDGAR / BOND / RETRO and GFAS in-
ventories are found to be in relatively good agreement with the observations (model bias
of -0.29 ppbv), yet both the standard and enhanced DACCIWA and GFAS simulations
over predict O3 concentrations (model biases of +3.78 ppbv and 8.24 ppbv respectively),
particularly at the higher latitudes. This is likely to be due to the increase in NO emis-
sions in the DACCIWA inventory relative to EDGAR, and further increase in emissions
(factor 2.5) as a result of the optimisation. Whilst the observations show decreasing O3
concentrations moving northwards, the model has a tendency to give increasing Os. De-
spite improved representation of NO, and CO concentrations, together with evidence of
VOC concentrations being consistent with or smaller than those observed (Figure 2.12),

this is surprising.
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Figure 2.19: Simulated ozone deposition rates (a) spatial distribution for the West Africa
region and (b) latitudinal profile for the West Africa region. Ozone deposition rates
averaged during the period of the DACCIWA aircraft campaign (29th June 2016 to 16th
July 2016).

One potential explanation for the over estimate involves the deposition of O3 to veg-
etation. The latitudinal profile of ozone deposition in the DACCIWA region during the
period of the aircraft campaign (Figure 2.19(b)) shows a sharp decrease in deposition rate
from approximately 0.4 cm s™! at 6 °N to 0.25 cm s~! at 8 °N. This corresponds with
the latitudinal range where the model data shows an increase in O3z concentration which
deviates from the observational data. Compared to the available observational data ozone
deposition is generally considered well constrained in the GEOS-Chem model [226]; how-
ever, there is little understanding or evaluation of these rates for African vegetation due
to a lack of observational data [218]. The work of Silva and Heald [226] suggests that
ozone concentrations over the land in West Africa during the summer months may be
under predicted as a result of bias in the ozone deposition rates. Travis and Jacob [242]
though found over predictions in modelled ozone concentrations within GEOS-Chem and
attribute some of the cause of this to the ozone deposition velocities being too low, espe-
cially on wet surfaces (such as may be present during the monsoonal wet season). Under

predictions in modelled O3 deposition could therefore be a cause of this model-observation
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disagreement for O3 and this requires further investigation.

The mean surface concentrations of O3 and PMs 5 within the DACCIWA region during
the aircraft campaign period are shown in Figure 2.20, along with the percentage change
in concentrations between the default EDGAR and GFAS simulation and optimised DAC-
CIWA and GFAS simulation. Note that the PMs 5 concentrations in Figure 2.20 include
dust, sea salt and water uptake to the aerosols.

For both species, the concentrations show an increase between the EDGAR simulation
and the optimised simulation. For Og, the concentrations are increased by approximately
50% across the region, whilst for PM, 5, increases of over 100% are seen around the large

urban areas.
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Figure 2.20: Surface concentrations of O3 and PMs 5 during the DACCIWA aircraft cam-
paign period from simulations using the EDGAR + GFAS inventories, DACCIWA +
GFAS inventories and optimised DACCIWA + GFAS inventories. The percentage change
between the EDGAR + GFAS and optimised DACCIWA + GFAS simulations is shown
in the final panel.

Despite the disagreements seen between the observed and simulated O3 concentrations
using the optimised emission inventories (Figure 2.18), the average surface O3 concentra-
tions in the DACCIWA region (using the optimised emissions) during the campaign period
are below 45 ppbv. Even with some over predictions present in the model, the simulated
concentrations indicate that there were few exceedances of the World Health Organisation
(WHO) 8 hour mean limit of 100 ug m~2 (51 ppbv) [274] during this time. Although this
suggests O3 concentrations are not a significant concern for the region during this season,
understanding the reasons for the over estimate in O3 concentrations in this region should
be subject to future research.

The concentrations of PMs 5 in the enhanced simulation are, however, significantly
above the WHO annual mean limit of 10 ug m~3 [274] for much of the region, with
higher concentrations observed in areas surrounding the major coastal cities. During the
DACCIWA campaign, modelled PM; 5 concentrations frequently exceeded the WHO 24
hour limit of 25 ug m™3 [274] around these urban locations, indicating that PM, 5 is
an important health consideration for the southern coastal region of West Africa. The

exceedances of air quality standards are discussed in more detail in Section 3.6 of Chapter
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2.7 Concluding remarks on the emission inventories

for simulating West African air quality

Accurate modelling studies of air quality in West Africa are dependent upon many factors
but one of the key components is the emission inventories. These emission inventories
must be accurate representations of the sources, locations and magnitudes of emissions
throughout the region. Rapid population change and economic development in West
Africa means that the sources and quantities of pollutants emitted into the atmosphere
are constantly changing [141,151,199]. Emission inventories must therefore also be up to
date.

Simulations of the West African atmosphere have been historically dependent upon
global emission inventories which often lack emission sources specific to the region [70,182].
Recently, however, more research into African emission factors has led to the development
of Africa~specific inventories [128,151,163]. Both the global and regional anthropogenic
emission inventories have been evaluated for West Africa using airborne observations from
the DACCIWA aircraft campaign [86]. This analysis has found the regional inventory to
generally show improved agreement over the global inventory yet many discrepancies still
remain, particularly in the simulation of NO, and secondary aerosols (notably sulfate).

Two of the main sources of emissions in West Africa, and hence major sources of un-
certainty, are biomass burning and anthropogenic activities. The anthropogenic emissions
from the DACCIWA inventory, along with the biomass burning emissions from the GFAS
inventory, have been optimised for the DACCIWA region using the aircraft observations.

Modelled CO concentrations are reasonably consistent with the observations, with the
optimisation suggesting adjusting the anthropogenic and biomass burning emissions by
factors of 0.7 and 1.1 respectively. Biomass burning does not significantly impact the
concentrations of NO and SO, during the campaign period; however, the anthropogenic
emissions were found to be considerably under represented by factors of 2.5 and 14.0
respectively. Carbonaceous aerosols are over estimated in the model and the results of the
optimisation recommend anthropogenic scale factors of 0.2 and 0.6 and biomass burning
scale factors of 1.8 and 0.8 for BC and OC aerosol emissions respectively. There are,
however, large uncertainties associated with the BC scale factors due to discrepancies
between the data from the Twin Otter and ATR aircraft. A lack of observational data
prevented VOC emissions being formally optimised; however, comparisons of available data
to the model suggest significantly under represented VOC emissions in the inventories. The
emission evaluation also indicated that NHj emissions may be under predicted; however,
there is no observational data to constrain these emissions.

This evaluation indicates that the global inventories are unsuitable for use in West
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African air quality simulations, and that whilst the new regional inventory shows improved
agreement, there are still some prominent failings. These conclusions are, however, based
exclusively on the DACCIWA aircraft observations and the results from a single chemical
transport model. This data set is limited to only a small time period and spatial range
therefore more extensive long term observations are required to fully investigate the emis-
sion estimates for the region. A sparse network of long term, ground based measurements
are available for West Africa and these are used in Chapter 3 to support assessments of the
seasonal variability of pollutant concentrations in West Africa and the resulting impacts
on health.
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Chapter 3

Seasonal variability in regional

atmospheric composition over West
Africa

The DACCIWA aircraft campaign collected a unique observational data set of pollutant
concentrations for the West Africa coastal region. These observations have been used in
Chapter 2 to evaluate the anthropogenic and biomass burning emission inventories for
the region within the framework of the high resolution regional GEOS-Chem model for
West Africa. Whilst these observations provide a detailed picture of the atmospheric
composition during the aircraft campaign (the wet season), they give no insight into the
pollutant concentrations in the region throughout the rest of the year, in particular during
the dry season.

The observational network of atmospheric pollutants over West Africa is limited [184,
219], therefore modelling studies are essential for understanding the full annual cycle of
pollutants and assessing the impact that these pollutants have on human and ecosystem
health. The GEOS-Chem West Africa model has been used here to investigate the me-
teorological and emission drivers that control the composition of the atmosphere in the
region and examine the seasonal changes in the sources and concentrations of pollutants
throughout the year. As the emission inventories for West Africa have only been evalu-
ated and optimised for the period of the aircraft campaign (Chapter 2), all simulations
analysing the seasonal changes in pollution use the standard DACCIWA (anthropogenic)
and GFAS (biomass burning) emission inventories with no optimisation applied. The

potential implications of this are discussed later.
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3.1 Factors influencing the seasonal composition of

the atmosphere over West Africa

There are two key factors which influence the seasonal change in atmospheric composition

over West Africa: meteorology and emissions. A summary of these are given here.

3.1.1 Meteorological conditions in West Africa

The meteorological conditions in West Africa play a large role in influencing the at-
mospheric composition. The speed and direction of the winds controls how pollutants
are dispersed from emission sources, whilst precipitation rates affect the loss of pollu-
tants through wet deposition. The pollutants themselves can also influence the formation
and albedo of clouds which in turn can influence photolysis reactions as well as deposi-
tion processes [31,208]. These physical processes are therefore fundamental in influenc-
ing pollutant concentrations; however, they show large seasonal variations. The West
African coastline experiences a monsoon climate with a distinct wet season and dry sea-
son [12,68,164,167,194,206]. Figure 3.1 shows the monthly precipitation and wind patterns
in West Africa, with monthly mean surface temperatures and precipitation rates for the

region shown in Figure 3.2.
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Figure 3.1: Annual pattern of surface wind stream functions and rainfall in West Africa.
Monthly mean GEOS-FP meteorological data for the year 2016. Precipitation rates below
1 mm day~! are masked.
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Figure 3.2: Monthly mean surface temperature and precipitation for the year 2016 for the
Guinea region (3 °N - 15 °N; 15 °W - 15 °E) from GEOS-FP meteorological data.
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The wet season typically covers the months of May to October, whilst the dry season
covers the period from November to April [92]. As is typical of a tropical monsoon climate,
the surface temperatures across the region remain relatively consistent throughout the
year, with temperatures typically in the range of 25 °C to 30 °C [214]. Within this range,
higher temperature occur during the dry season with lower temperatures during the wet
season. The key features of the dry and wet seasons can be clearly seen for the months of

January and July respectively (Figure 3.3).

(a) Dry Season (January)

Figure 3.3: Monthly mean surface wind stream functions and rainfall in West Africa for
January 2016 and July 2016, illustrating the key features seen during the dry and wet
seasons respectively. Monthly mean GEOS-FP meteorological data for the year 2016.
Precipitation rates below 1 mm day~! are masked.

During the dry season there is little rainfall over the land, with a band of rainfall
remaining to the south of the region over the ocean. This rainfall is associated with the
Inter Tropical Convergence Zone (ITCZ) which is a region near the equator which circles
the Earth and is where the Northern and Southern Hemispheres come together. Intense
heating in this region, combined with the convergence of winds from the two hemispheres,
results in rising air parcels which release the accumulated moisture as they cool and often
result in intense thunderstorms. The predominant wind direction over the land during
this season is from the north east, meeting a weaker flow from the south over the Gulf of
Guinea. This results in a convergence zone of relatively weak flow along the coastal area
with little rain.

During the wet season, the pattern of rainfall spreads across the West African countries
and the flow of air is reversed. The predominant wind direction is from the south / south
east to the north east, bringing air from the Gulf of Guinea across the region.

When used throughout this work, “dry season” and “wet season” refer specifically to

the West African seasons discussed here.
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3.1.2 Seasonal changes in regional emissions in West Africa

As well as the meteorological factors, the concentration of a given species in the region
throughout the year is heavily dependent upon the magnitude of the emission sources and
the seasonal variations in these emissions. The emission inventories used in the GEOS-
Chem West Africa simulations are described in detail in Section 2.2. The seasonal varia-
tions in the emissions from different sources covering the Guinea region (Figure 2.2) are

shown in Figure 3.4 for a range of species.
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Figure 3.4: Annual cycle of model emissions in the Guinea region (3 °N - 15 °N; 15 °W - 15
°E). Emission data averaged weekly for the year 2016 from the surface to the tropopause.

As with all of the DACCIWA emissions, the anthropogenic CO emissions are constant
throughout the year [125,135] as there is a diurnal scale factor but not seasonal scale factor
applied to the emissions. There is, however, a strong seasonal pattern in biomass burning
emissions (from the GFAS inventory [126]) with higher emissions during the dry season
(November to April) and insignificant emissions during the wet season (May to October).
NO also shows uniform emissions from terrestrial anthropogenic sources, shipping [262]
and aircraft [231] activities. The signature from biomass burning sources is the same
as seen for CO; however, there are also large seasonal emission sources from soils [116]
and from lightning [175]. The soil emissions are highest during the dry season, whereas
the lightning emissions (most of which are emitted outside the boundary layer [175])
show inter-season maxima with the highest emissions in May, June and October. The
anthropogenic and biomass burning emissions of SO, follow the same patterns seen for

CO and NO; however, SO, emissions throughout the year also show a large contribution
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from shipping sources and volcanic activity [61,85]. NHj shows uniform anthropogenic
emission and strong seasonal patterns in biomass burning, with approximately a third of
the total emissions being attributable to natural sources. OC and BC follow very similar
profiles with contributions from biofuel [29,144] and biogenic sources (OC only) adding to
the anthropogenic emissions and seasonal biomass burning emissions. Isoprene emissions
are almost exclusively from biogenic sources (MEGAN inventory [98,113]) and show peaks
in the emissions between the wet and dry seasons in April and October. Dust emissions
are lowest during the wet season months and the highest peaks in emissions are present in
January and February whilst the sea salt emissions are generally highest during the wet
season months in July and August, reflecting wind speeds [10,120, 283, 284].

Based upon evaluation against aircraft observations from the DACCIWA campaign,
significant uncertainties were identified in the anthropogenic (DACCIWA) and biomass
burning (GFAS) inventories for West Africa (Section 2.4). Anthropogenic NO and SO,
were found to be under represented by factors of 2.5 and 14.0 respectively whilst anthro-
pogenic emissions of CO, BC and OC were found to be over estimated and optimisation
recommended lowering these emissions by factors of 0.7, 0.2 and 0.6 respectively. Although
constraints on the central African biomass burning were much weaker, optimisation of the
GFAS inventory recommended scaling the biomass burning emissions of CO, BC and OC
by factors of 1.1, 1.8 and 0.8 respectively. Large under estimations of VOC emissions
were found; however, the observational data was thought insufficient to constrain these
emissions. It was also suggested that the NH3 emissions in the model are under estimated,
although it is unclear what the source of this under estimation is.

These uncertainties in the emission inventories have only been quantified for the pe-
riod of the aircraft campaign (29th June to 16th July 2016). Figure 3.4 shows that the
emissions of all species (except sea salt) are typically lowest during these months. The
DACCIWA campaign period is therefore unrepresentative of the full annual cycle of emis-
sions in the region and the optimised scale factors for the emissions, calculated based upon
these aircraft observations, cannot be applied with confidence to simulations outside this
period. Therefore, the standard DACCIWA and GFAS inventories are used for all model

assessments of the seasonal composition of the atmosphere over West Africa.

3.2 Evaluation of modelled seasonal surface concen-
trations of pollutants using ground based mea-

surement data

Observational data sets of pollutant concentrations in the region are sparse [219]. The
DACCIWA aircraft campaign collected measurements of gases and aerosols during a three

week operational period, yet it is unable to provide any detail on the seasonal variations
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in composition and hence is unrepresentative for making assessments of the long term
impacts of pollutant concentrations in the region.

Whilst long term measurements in the region are sparse, some observations of gaseous
and aerosol species are available from a number of ground sites in the region. These mea-
surement sites include those which are part of the Aerosol Robotic Network (AERONET)
(Section 3.2.1), the International Network to study Deposition and Atmospheric composi-
tion in AFrica (INDAAF) programme (Section 3.2.2), as well as a number of DACCIWA
ground sites which were operational from 2015 to 2017 as part of the programme (Section

3.2.3). The locations of these ground sites are shown in Figure 3.5.
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Figure 3.5: Locations of the AERONET, INDAAF and DACCIWA ground measurement
sites in the Guinea region.

3.2.1 AERONET sites

Ground based total column aerosol optical depth (AOD) measurements are available from
the Aerosol Robotic Network (AERONET) for fifteen sites within the Guinea region of
interest. These sites are in varied locations including close to airports (Zinder Airport,
Niamey), in agricultural land (Savé, Djougou, Banizoumbou, Cinzana) and in the grounds
of research institutes in towns or cities (Ilorin, Bamenda, Ouagadougou). AOD gives an
indication of the concentration of aerosol from the surface to the edge of the atmosphere.
Level 2 (quality assured) data, recorded at 675 nm from these AERONET sites [177] is
compared to simulated AOD values at this wavelength from the GEOS-Chem model. The
AERONET data is averaged over a time period from 1995 to 2018 whilst the GEOS-Chem

data is taken from a simulation of the year 2016.
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Figure 3.6: Comparisons between seasonal patterns in aerosol optical depth (AOD) from
AERONET sites in the Guinea region and equivalent GEOS-Chem model data. AOD
recorded at 675 nm. For the observational data (grey), solid lines represent the mean
and shaded regions represent one standard deviation. Model data is coloured by species.
Model data is for the year 2016, observational data is averaged over the period 1995 to
2018. Model bias calculated using monthly data is shown on the figures for each site.

The GEOS-Chem model has a tendency to under predict AOD at all locations with

model biases ranging from -0.08 to -0.25, yet the seasonal patterns are well matched.



The under predictions in the AOD suggest that aerosol species in the model may be under
represented. This is consistent with the findings in Chapter 2 (Figure 2.11) where inorganic
aerosols (NO3~, SO4%~ and NH,; ") were shown to be under predicted in the DACCIWA
anthropogenic inventory relative to DACCIWA aircraft observations. Dust makes up a
large fraction of the modelled AOD. This is very difficult to accurately simulate given the
uncertainties in emissions and sinks [211]. Some of the under predictions may also be
accounted for by the lack of secondary organic aerosol (SOA) in the model version used.

The modelled AOD data is broken down into the individual components: BC, OC,
inorganic aerosols, sea salt and dust. For all AERONET sites, the model data indicates
that OC and dust are the two largest sources of aerosol in the region throughout the
year. The dust also shows a strong seasonal pattern with higher concentrations during
the dry season (November to April) and lower concentrations during the wet season (May
- October). Due to the prevailing transport, this seasonality is strongest at the sites
further south and less prominent at the sites in the north of the region due to the constant
influence from dust from the Sahara desert. Inorganic aerosols, BC and sea salt show very

small contributions to the AOD at all sites in the Guinea region.

3.2.2 INDAATF sites

The International Network to study Deposition and Atmospheric composition in AFrica
(INDAAF) programme operates a long term monitoring network comprising of eight sites
in west and central Africa [117]. The locations of these sites were chosen to be representa-
tive of the major ecosystems and the West African sites include both wet and dry savanna
sites. Four of these sites fall within the Guinea study region: Banizoumbou, Niger (13.5
°N, 2.5 °E, dry savanna); Djougou, Benin (9.7 °N, 1.9 °E, wet savanna), Katibougou, Mali
(12.9 °N, 7.5 °W, dry savanna); and Lamto, Cote d’Ivoire (6.2 °N, 5.0 °W, wet savanna).
Passive sampling techniques using Teflon filters exposed for a period of one month are
used to measure the atmospheric concentrations of gases at these sites. Automatic aerosol
samplers are used to collect Teflon filters for mineral analysis and Quartz filters for carbon
analysis which are analysed using ion chromatography at the Laboratoire d’Aerologie in
Toulouse, France to determine chemical composition [4,5,41,81]. Monthly measurements
of gases (O3, NOo, SOy, NHj) and aerosols (NO3~, SO4*~, NH, ") are available at the
West African sites for the periods of 1997 - 2013 and 1996 - 2005 respectively. No aerosol

measurements are available for the site at Djougou in Benin.
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The modelled NO, data replicates some of the seasonal variability, yet the concen-

trations are under predicted in general. In particular, the concentrations at the sites of
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Katibougou and Banizoumbou (which are furthest north), between approximately April
and September, are lower than the observations with model biases of -0.90 ppb and -1.56
ppb respectively. Anthropogenic NO emissions have been shown to be under estimated
during the wet season months (Section 2.5) which may account for some of the disagree-
ments, whilst another explanation may be under represented soil emissions in this typically
more vegetated region [186].

SO, and NHj3 concentrations are under predicted at all four sites throughout the year
by factors of approximately 2.3 and 8.8 respectively (from averaged data across all sites).
This is also consistent with the findings in Section 2.5 where anthropogenic SO5 emissions
were found to be under predicted by a factor of 14. Under estimates in NH3 emissions were
suggested to be the cause of remaining under predictions of inorganic aerosol concentra-
tions (Section 2.6.1). It is unclear whether the uncertainties in the ammonia emissions are
present in the anthropogenic, biomass burning or natural sources, although the consistent
under predictions throughout the year would suggest the seasonal biomass burning activ-
ities are not the major cause of uncertainty. Concentrations of NO3~ and SO4%~ are also
under predicted at all sites which may be expected as a result of NO and SOs emissions
being too low. In contrast to the under predictions seen in the NH3 concentrations, NH,*
concentrations are over predicted at all sites with model biases of between +0.16 pug m™3
and +0.50 pg m~3. This is surprising given the under estimate in sulfate and nitrate and
requires further investigation to identify the cause of this behaviour.

For all sites, large discrepancies can be seen between the model and observations for
O3. O3 observations are very low (0 to 20 ppb) whereas modelled Oy is significantly higher
(20 to 60 ppb). Whilst the model is able to replicate some of the seasonal patterns in O3
concentrations, the modelled concentrations are significantly higher than those observed,
with model biases of between +20.13 ppb and +33.56 present in all locations. Similar over
predictions of approximately 15 ppbv were also seen in the comparisons to DACCIWA
aircraft data (Section 2.6.3), and it is suggested that some of the discrepancies may be a
result of uncertainty in dry deposition rates, particularly over the more vegetated inland
regions. Further research is required in order to understand and resolve this model failing.

In general, the conclusions about the composition of the atmosphere gained from mod-
elling the DACCIWA flights are consistent with those found from modelling the INDAAF
data. With the suggestion being that under estimates in the emissions of SOy and NO,
along with problems with the NHj; emissions, then manifest in uncertainties in the SO42~
/ NO3~ / NH4 ™ aerosol system.

3.2.3 DACCIWA ground sites

As part of the DACCIWA project, fortnightly measurements of fine particulate matter
(PM; 5) were made at roadside locations in the cities of Abidjan (Cote d’Ivoire) and

Cotonou (Benin) as well as at a waste burning site in Abidjan from 2015 to 2017 [62].
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Figure 3.8: Comparisons between seasonal patterns in PM, 5 concentrations from three
DACCIWA ground sites in Abidjan (Cote d’Ivoire) and Cotonou (Benin) and equivalent
GEOS-Chem model data. Solid lines represent the mean, shaded regions represent one
standard deviation. Model data for the year 2016, observational data averaged over the
period 2015 to 2017. Model bias calculated using monthly data is shown on the figures
for each site.

Modelled data shows some agreement to the observations at all three sites with the
mean annual model bias ranging from +10.33 pug m~3 to +18.67 ug m~3. From November
to February, the PM, 5 concentrations are over predicted in all three locations, in contrast
to the AERONET data. For the two sites in Abidjan, the model also predicts higher
concentrations during July and August than observed. The cause of these discrepancies is
hard to identify as the measurement sites are situated in the immediate vicinity of large
emission sources whilst the corresponding model data is taken from a grid box of approx-
imately 25 km x 30 km horizontal resolution which is inherently unable to identify these
highly localised sources well. However, the over estimate in the dry season is likely to be
due to uncertainties in the transport of dust as this is the major source of PM, 5 during

this season.

Comparisons to AERONET observations suggest modelled aerosol concentrations are
under predicted, whilst comparison to DACCIWA ground sites suggests that the aerosol
concentrations are over estimated. Despite this, comparisons for both AERONET and
DACCIWA ground sites show close agreement within the variability range and therefore
provide confidence in the model predictions of particulate matter. The comparison to
INDAAF measurement sites suggests that there are some under predictions in NO, SO,
and NHj3 emissions, this is in agreement with the evaluation in Chapter 2. The main issue
highlighted by the comparison to the INDAAF sites is the very large over predictions of
O3 concentrations throughout the region (of ~20-30 ppbv). It is therefore important to
consider this when assessing the impacts of ozone in the region on human and ecosystem
health.

Now that some assessment of the performance of the model against observations has
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been made, the geographic and seasonal distribution of pollutants within the model can

be investigated.

3.3 Seasonal patterns in surface level pollutant con-

centrations

As discussed in Section 3.1, the seasonal concentrations of pollutants are governed largely
by emissions and meteorology. Figure 3.9 shows the mean surface level concentrations of
CO, NO,, SO, O3 and PM, 5 for the region for the dry season (January 2016) and the
wet season (July 2016).
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Figure 3.9: Seasonal surface level concentrations of CO, NO,, SOy, O3 and PMs 5. Left
hand panel shows mean dry season (January 2016) concentration, right hand panel shows
mean wet season (July 2016) concentration. Monthly mean surface wind stream functions
from GEOS-FP meteorological data for the year 2016.
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The surface level concentrations of all of these species are highest during the dry season.
CO, NO, and SOy show a distinct pattern of high concentrations along the coastline
surrounding the major cities during the dry season and lower concentrations with more

defined plumes towards the north east from these cities during the wet season. Figure 3.4
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shows that the emissions of these species are highest during the dry season and lowest
during the wet season. Furthermore, during the dry season, the convergence zone of weak
flow along the coastline concentrates the pollutants further in this region. During the
wet season, the flow of typically cleaner air from the Gulf of Guinea across the region
to the north east disperses the pollutants and produces well defined plumes. During the
dry season there is also an additional contribution to the concentrations of these species
from biomass burning activities. Emissions of CO, NO and SO, from biomass burning
during the dry season months are greater than the emissions from anthropogenic sources
which significantly increases the concentrations of these pollutants. During the dry season,
precipitation along the coastline suppresses the burning and hence pollutant concentrations
are reduced. Ogj concentrations also follow the pattern of high dry season concentrations
and lower wet season concentrations, as precursor concentrations are highest in this season.

Finally, fine particulate matter (PMj 5) concentrations are higher in the dry season
than the wet season. This is largely due to dust from the Sahara desert being brought
down to the coastline by strong winds from the north east during the dry season. During
the wet season, however, the flow of air from the south / south west disperses the par-
ticulate pollution from the cities and prevents dust from the Sahara moving southwards
towards the coastline. Increased precipitation also increases the removal of soluble aerosol
by wet deposition, overall resulting in lower concentrations across the region. Increased
anthropogenic and biomass burning sources also contribute to the high concentrations of

PM,; 5 during the dry season.

3.4 Annual cycle of surface composition in West Africa

It is evident that a range of different sources play a key role in determining surface con-
centrations of pollutants in the region. The contributions of these different sources to the
concentrations of key pollutant species in the region is explored here. A series of model
simulations have been performed in which the different emission sources are independently
switched off, enabling the impact of the individual sources to be quantified. This approach
assumes that the concentrations vary linearly as a result of switching different emission
sources off and does not consider the changes in chemistry as a result of altering the com-
position of the atmosphere. The seasonal variations in the concentrations of gases (Section
3.4.1), aerosols (Section 3.4.2) and fine particulate matter (Section 3.4.3) are considered
for two locations: (a) the average for the Guinea region (Figure 2.2); (b) the average
for the coastal cities of Abidjan (Cote d’Ivoire), Accra (Ghana), Lomé (Togo), Cotonou
(Benin) and Lagos (Nigeria).
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3.4.1 Gaseous species

The annual concentrations of carbon monoxide (CO), nitrogen oxides (NO,), sulfur dioxide
(SO2) and ozone (Os) are considered here, all of which are subject to standards and
regulations in many parts of the world due to the widely studied adverse effects on human
health [149,153,172,188,198, 202,221,241, 250, 261].

(a) Guinea Region (b) Coastal Cities
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Figure 3.10: Seasonal variations in weekly mean surface level CO, NO,, SO, and Og
concentrations for the year 2016. Concentrations are divided into the contributions from
different sources taken as a mean of the grid boxes. Model data averaged at surface
level for: (a) the Guinea region; (b) the coastal cities of Abidjan (Cote d’Ivoire), Accra
(Ghana), Lomé (Togo), Cotonou (Benin) and Lagos (Nigeria). ”Other” refers to sources
of concentrations which are not attributable to any of the other emission categories listed;
this includes chemical production.

Throughout the Guinea region, the average CO concentrations are around 150 - 200

ppbv. There is a consistent contribution from anthropogenic and biogenic sources (both
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direct emissions and as a result of oxidation of isoprene and other VOCs emitted from the
MEGAN inventory) throughout the year as well as a seasonal contribution from biomass
burning activities during the dry season (November to April). In the coastal cities, the
anthropogenic source is significantly increased with CO concentrations reaching up to 600
ppbv during the dry season. Being closer to the sources results in higher concentrations
and reduced dispersion of CO during the dry season enables concentrations to build up in
the coastal cities.

The concentrations of NO,, in the coastal cities throughout the year are higher than the
regional average by a factor of approximately 5, reflecting the anthropogenic sources and
short lifetime. For the Guinea region, the anthropogenic contribution to the concentrations
is consistent throughout the year, in agreement with the emissions seen in Figure 3.4.
There is also a seasonal contribution from biomass burning activities during the dry season
months and a large contribution from soil emission sources which is also largest during
the dry season. For the city locations, the concentrations are dominated almost entirely
by anthropogenic sources.

SO, concentrations are also significantly higher in the cities, with anthropogenic sources
greatly increased relative to the regional average. Biomass burning activities show a
greater contribution during the dry season to the regional concentrations. Concentrations
from shipping are higher in the urban areas, due to the cities being coastal with large port
infrastructure.

Whilst Oj is a secondary pollutant, and is not emitted directly from these sources,
switching off different emission sources in the simulations enables the ozone formation
from these different sources to be quantified to some extent. Both the regional and ur-
ban concentrations are relatively similar, with both areas showing contributions from a
range of different sources. The largest contributing sources to ozone formation are anthro-
pogenic, biogenic and soil emissions of precursor compounds with seasonal contributions
from biomass burning activities. During the wet season, the coastal cities show limited
sensitivity to the local emissions, with the “Other” category making up most of the ozone
concentration. This reflects the transport of air at this time of the year from the Gulf of
Guinea. In the dry season, the local emissions make a larger contribution to the concen-
tration as the flow of air from the north combined with low wind speeds along the coastline

means that precursor emissions have time to react and create ozone.

3.4.2 Aerosol species

The contributions of the different emission sources to the concentrations of BC, OC, NO3~,

SO,2~ and NH,T aerosols are displayed in Figure 3.11.
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Figure 3.11: Seasonal variations in weekly mean surface level BC, OC, NO3~, SO42~ and
NH, " concentrations for the year 2016. Concentrations are divided into the contributions
from different sources taken as a mean of the grid boxes. Model data averaged at surface
level for: (a) the Guinea region of interest; (b) the coastal cities of Abidjan (Cote d’Ivoire),
Accra (Ghana), Lomé (Togo), Cotonou (Benin) and Lagos (Nigeria). ”Other” refers to
sources of concentrations which are not attributable to any of the other emission categories

listed; this includes chemical production.

For the Guinea region, anthropogenic sources provide a consistent contribution to the

concentrations of BC and OC throughout the year.
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tion from biogenic sources and, for both species, biomass burning activities contribute
to higher concentrations in the region during the dry season. For the coastal cities, the
seasonal contribution from biomass burning sources is also seen, along with much higher
concentrations attributed to anthropogenic sources.

For NO3~, the concentrations are made up of influences from anthropogenic, natural,
soil and biomass burning sources. These sources are seen both for the regional average
and for the coastal cities, with the urban locations showing much stronger peaks in con-
centrations (up to 4 pg m~3) during the dry season.

SO,%~ concentrations are influenced by anthropogenic, shipping and biomass burning
sources, with some smaller impact from volcanic activities. For the Guinea region the
concentrations are highest in October and November, whilst for the city locations the
concentrations are highest from December to February.

Concentrations of NH,4 T consist of contributions from anthropogenic, shipping, soil and
natural sources and also show a strong seasonal signature from biomass burning. Concen-
trations are typically higher when considering the regional average, with the exception of
some large peaks in the urban concentrations during December and January as a result of
increased anthropogenic activity.

Whilst all aerosol concentrations show influences from anthropogenic activities and
seasonal biomass burning, the largest differences between the regional and city data is
seen for the carbonaceous aerosols. Anthropogenic concentrations of BC and OC aerosol
are noticeably increased when considering the city weighted average, suggesting that an-
thropogenic sources of these aerosols are likely to be a major factor influencing the impacts

on human health.

3.4.3 Fine particulate matter (PMs 5)

Modelled fine particulate matter (PMs 5) concentrations take into account the mass of all
the aerosol tracers (sulfate, nitrate, ammonium, black carbon, organic carbon, dust and
sea salt) and also include the additional mass due to uptake of water to these aerosols.
The equation used to calculate PMs 5 concentrations in the GEOS-Chem model is shown
below [165].

PM25 = 1.51(NH4 + NIT + SO4) + BCPI + BCPO
+21(0OCPO +1.24(OCPI)) + DST1 + 0.38DST2 + 2.42SALA

Where NH4 is ammonium aerosol (NH,), NIT is nitrate aerosol (NO3™), SO4 is sulfate
aerosol (SO4%7), BCPI and OCPI refer to hydrophilic black and organic carbon aerosol
respectively whilst BCPO and OCPO refer to hydrophobic BC and OC aerosol, DST1 and

DST?2 refers to dust aerosols with an effective radius of 0.7 and 1.4 microns respectively
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and SALA is accumulation mode sea salt aerosol. The numbers included in this equation
are factors which account for aerosol water, assuming a relative humidity of 50%.

The concentrations of PMj 5 for both the Guinea region (Figure 3.12(a)) and the West
African coastal cities (Figure 3.12(b)) show a clearly defined seasonal pattern with high

concentrations during the dry season and much lower concentrations during the wet season.
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Figure 3.12: Seasonal variations in weekly mean surface level PM, 5 concentrations for the
year 2016. Total concentration is divided into the contributions from different sources.
Model data averaged at surface level for: (a) the Guinea region of interest; (b) the coastal
cities of Abidjan (Céte d’Ivoire), Accra (Ghana), Lomé (Togo), Cotonou (Benin) and
Lagos (Nigeria). ”Other” refers to sources of concentrations which are not attributable
to any of the other emission categories listed; this includes chemical production. World
Health Organisation (WHO) air quality annual mean guideline value indicated by dashed
line and 24 hour mean guideline value indicated by dotted line.

For the Guinea region, the anthropogenic source of PMj 5 remains largely consistent
throughout the year (at around 10 pg m™3) whilst the biomass burning contribution
increases during the dry season due to local burning events. The largest source of PMy 5
in the Guinea region in the model though is dust. During the wet season, the contribution
from dust is small. During the dry season, there is a large influx of dust to the region
from the Sahara to the north and this dominates the seasonal cycle.

For the coastal cities, the anthropogenic source of PMs 5 is dominant, with consistent
concentrations (of around 25 g m~3) throughout the wet season and higher concentrations
(of up to 80 ug m~3) during the dry season. The impact of biomass burning in the cities
themselves is small; however, there is still a large contribution from dust during the dry
season.

The World Health Organisation (WHO) air quality guidelines propose an annual mean
limit of 10 ug m~3 and a 24 hour mean limit of 25 ug m=3 for PMy 5 [274]. In Figure 3.12,

the recommended annual mean limit (10 ug m~2) is exceeded both for the Guinea region
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and for the coastal cities. Whilst the daily mean limit (25 ug m™?) is also exceeded for
both locations for the majority of the year. Dust is a major source of PMs 5 in this region
and it would be challenging to control through policy changes. Anthropogenic sources may
more easily be regulated on local scales [236] and the large contribution of these activities
to PM, 5 concentrations in urban regions (where population is typically highest) is evident
in Figure 3.12(b).

3.5 Contributions of different emission sources to species

concentrations in West Africa

Whilst the analysis in Section 3.4 gives an insight into the concentrations of pollutants
in the Guinea region and coastal cities throughout the year, it is hard to identify the
concentrations that a typical location or member of the population will be exposed to at
the surface and what the most dominant sources influencing these concentrations are.
The area weighted (Guinea region) annual mean concentrations of both gaseous and
aerosol species have been calculated along with the average contributions of different
emission sources to these concentrations (Figure 3.13 - left hand bar labelled ” Area”). The
equivalent model data from a population weighted perspective is shown in the right hand
bar labelled ”Population”. The population weighted mean is calculated by considering
each model grid box in the region individually. The mean annual concentration in each grid
box is multiplied by the population within the box [47]. These values are added together
for all grid boxes within the region and then divided through by the total population to

achieve the population weighted value.
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Figure 3.13: Contribution of different emission sources to the mean area weighted (left
hand bar) and population weighted (right hand bar) surface concentration in the Guinea
region. Note that the PMs 5 concentrations include additional mass due to uptake of water
whereas concentrations of other aerosol species do not.

The first difference to note is that the population weighted concentrations are higher
than the area weighted concentrations. For example, the concentrations of NO,, SO, and
carbonaceous aerosols experienced by a typical member of the population are approxi-
mately double the area weighted average, whilst PM, 5 concentrations are approximately
30% higher.

CO concentrations show a large influence from residential activities as well as from road
traffic, biomass burning and biogenic sources in both the area and population weighted
concentrations. The population weighted concentration shows a larger fractional contribu-
tion from residential and traffic sources and a smaller fractional contribution from biomass
burning relative to the area weighted concentration.

The area weighted concentration of NO, is dominated by the contribution from soil
emission sources, accounting for approximately 40% of the concentration. The concen-

tration is also influenced to a large extent by biomass burning and traffic emissions with
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smaller contributions from residential activities, industry and waste. From a population
weighted perspective, the fractional contribution of the anthropogenic sources (traffic, res-
idential, industry and waste) are increased whilst the contributions from soils and biomass
burning are reduced.

SO, concentrations exhibit contributions from a wide range of sources. For the area
weighted average, the largest contributions are from biomass burning and shipping. Whereas,
from a population weighted perspective, the fractional contribution from biomass burning,
shipping, traffic, residential, industry and waste sources are more equal.

Inorganic aerosol (NH;*, NO3~ and SO4%7) concentrations are influenced by a wide
range of activities. For all three species, the composition of the different sources remains
largely unchanged when considering the area weighted versus population weighted con-
centrations.

Natural, soil and biomass burning sources contribute to NH4* concentrations along
with anthropogenic contributions from shipping, traffic, residential, waste and industry.
These anthropogenic contributions are larger when considering the population weighted
concentration.

NO3~ concentrations are influenced by a similar set of emission sources as NH,* con-
centrations. From an area weighted perspective, natural, soil and biomass burning emis-
sions are dominant, whilst from a population weighted perspective, the contribution from
anthropogenic sources (predominantly residential and traffic) is increased.

SO,4%~ concentrations show both a similar magnitude and similar source composition
for both scenarios. Shipping and biomass burning are the dominant sources, with smaller
contributions from other sources.

BC and OC concentrations show a similar source composition. Considering the area
weighted concentrations first, anthropogenic emission sources are dominant with large
contributions from residential, waste and road traffic. Biomass burning also influences
the concentrations of both species whilst approximately 7.5% of OC concentrations are
attributable to biogenic sources. From a population weighted perspective, the composition
remains largely the same although the residential contribution is increased and biomass
burning contribution is decreased for both species.

The dominant contribution to PMs 5 concentrations, whether on an area or population
basis, is from dust (53% (population weighted) to 66% (area weighted)). This is followed by
a key contribution from residential activities, which may be expected considering the large
contribution this sector makes to concentrations of inorganic and carbonaceous aerosols.
PM,; 5 concentrations are influenced to a smaller extent by waste, industry, road traffic
and biomass burning activities.

It is evident that anthropogenic activities play a key role in influencing the concen-
trations of pollutants experienced by the population in the Guinea region. In particular,

residential activities along with road traffic are leading factors influencing the pollutant
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concentrations and may be suitable sectors to target when developing policies to reduce
pollutant concentrations and mitigate the impacts of pollution on the West African pop-

ulation.

3.6 Estimate of the impact of air quality on human
health

A variety of pollutants are either known or suspected to be harmful to human health as
well as to the environment [7,23,80,149,215,234] (see Section 1.1). These pollutants can
come from a wide range of sources and have impacts both in the immediate vicinity of
these sources as well as across vast areas due to transport of these species [2,107,109,134,
218,229, 277].

The exposure of the population to gaseous pollutants (CO, NOy, SO, and O3) (Section
3.6.1) and fine particulate matter (Section 3.6.2) above recommended limits can be assessed

from the annual simulation data.

3.6.1 Human exposure to gaseous pollutants in West Africa

Four of the main gaseous pollutants that pose a threat to human health are carbon monox-
ide (CO), nitrogen dioxide (NO,), sulfur dioxide (SO5) and ozone (O3) [149,153,172, 188,
198,202,221,241,250,261]. All four of these play a role in exacerbating respiratory and car-
diovascular diseases and the World Health Organisation (WHO) provides guideline values
for each of these species (except CO) [75,274]. The population weighted concentrations
of these pollutants in the Guinea region are considered, along with the concentrations in
five of the main coastal cities. For each location, the major sources contributing to the
concentrations are also shown.

Whilst the WHO does not provide guideline values for CO, the European Union (EU)
air quality standard for CO is 10 mg m™3 (8.6 ppmv) maximum daily 8 hour mean [75].
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Figure 3.14: Annual cycle of surface level CO concentrations for 2016 (a) weighted by pop-
ulation for the Guinea region (b-f) for five of the main coastal cities. Total concentration
is divided into the contributions from different sources. Data is averaged weekly:.

It is clear that whilst CO concentrations are heavily influenced by anthropogenic emis-
sions in all locations as well as biogenic and biomass burning sources, the concentrations
are well below the 10 mg m™3 (8.6 ppmv) objective. The population weighted weekly con-
centrations in the region do not exceed 350 ppbv, whilst the concentrations in the cities
rarely exceed 500 ppbv. Based on this, the outdoor concentrations of CO in West Africa
do not appear to be a health concern at present. Of bigger concern is likely the indoor
concentrations that the population is exposed to from sources such as wood burning for
domestic cooking and heating.

The WHO guideline values for NOy are 40 ug m~3 (21.3 ppbv) annual mean and 200
pg m~3 (106.4 ppbv) 1 hour mean [274].
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Figure 3.15: Annual cycle of surface level NOy concentrations for 2016 (a) weighted by
population for the Guinea region (b-f) for five of the main coastal cities. Total concentra-
tion is divided into the contributions from different sources. Data is averaged weekly.

Considering the average concentrations that the population in the region is exposed
to at the surface (Figure 3.15(a)), there are no exceedances of either of the WHO limits
in the model data for 2016. The population weighted annual mean concentration of NOg
in the Guinea region is 1.4 ppbv whilst the highest hourly mean concentration observed
in the model data over the year is 4.3 ppbv. Taking into account the factor 2.5 under
prediction in NO emissions calculated in Chapter 2, the NO, concentrations are still
below the guideline values. The same is true when considering the concentrations in the
five coastal cities. As the modelled outdoor NOs concentrations are below the WHO
recommendations, NOy does not appear to currently be a health concern for the West
African population. However, the regional GEOS-Chem model is still a coarse resolution
(~25 km grid) so it is unable to simulate the steep concentration gradients often observed
at street scale. Neither is it able to give any indication of the indoor concentrations.

For SO, the WHO guideline recommends that the 24 hour mean concentration does
not exceed 20 pg m~3 (7.6 ppbv) [274].

104



(a) Population Weighted (Guinea Region)  (b) Abidjan, Céte d’lvoire (c) Accra, Ghana
1.0 1.0 1.0

> 0.8 > 0.8 > 0.8
Q Ke] Q

o Qo Q.
Zo.6 So.6 206
~ ~ ~
~0.4 ~0.4 ~0.4
o) o) o

V0.2 0.2 V0.2

007" MAM] ] ASOND 007 FMAM) ] ASOND 00 FMAM) J ASOND
(d) Lomé, Togo (e) Cotonou, Benin (f) Lagos, Nigeria
1.0 1.0 1.0
> 0.8 > 0.8 > 0.8
2 2 2
206 206 206
~ ~ ~
~0.4 ~0.4 ~0.4
@) @) @)
V0.2 V0.2 V0.2
00 FMAM)] JASOND 00 FMAM] JASOND 00 FMAM] J ASOND
M Anthropogenic (DACCIWA) [l Biomass Burning (GFAS) M Volcano (AEROCOM) [ Other
B Shipping (ARCTAS /ICOADS) M Biogenic (MEGAN) M Lightning (Murray et al. 2012)
Aircraft (AEIC) M Soil (Hudman et al. 2012) Dust (Zender et al. 2003)
[ Biofuel (BOND) Natural (GEIA) M Sea Salt (Alexander et al. 2005; Jaeglé et al. 2011)

Figure 3.16: Annual cycle of surface level SO concentrations for 2016 (a) weighted by pop-
ulation for the Guinea region (b-f) for five of the main coastal cities. Total concentration
is divided into the contributions from different sources. Data is averaged weekly:.

The maximum 24 hour mean SO, concentration seen in the population weighted re-
gional average is 0.41 ppbv which is within the WHO guideline. Considering the factor
14 under prediction calculated in Chapter 2, SOy concentrations may actually be close to
the 7.6 ppbv limit. The concentrations in the cities are, in general, higher than seen in
the population weighted average. Monitoring of SO, concentrations in the region is rec-
ommended in order to better assess whether the concentrations are within the guideline
values.

The 8 hour mean guideline value for O3 from the WHO is 100 ug m~2 (51.0 ppbv) [274].
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Figure 3.17: Annual cycle of surface level O3 concentrations for 2016 (a) weighted by pop-
ulation for the Guinea region (b-f) for five of the main coastal cities. Total concentration
is divided into the contributions from different sources. Data is averaged weekly:.

Whilst the concentrations of CO, NO; and SO, are considerably lower than WHO
guidelines, O3 concentrations are much closer to the recommended limit when consider-
ing the regional weekly averaged concentrations (Figure 3.17(a)) and exceed the limit on
occasions for some of the cities (Figure 3.17(b-f)). When 8 hour mean concentrations are
calculated, the WHO limit is found to be exceeded on at least one occasion for all locations
within the Guinea region. Most of the region experiences these high O3 concentrations less
than 10% of the time, with the areas most affected spending around 30% of the time above
the recommended limit. The majority of these exceedances occur during the dry season
(November to April) when the O3 concentrations are at their highest. Oj is therefore a
health concern for the population in the Guinea region and is an important considera-
tion when designing pollution reduction policies for the protection of human health. It
must however be noted that comparisons of model data to aircraft observations from the
DACCIWA campaign (Section 2.4) and ground based measurements from INDAAF sites
(Section 3.2.2) found modelled ozone concentrations to be over predicted. It is therefore
likely that the modelled ozone concentrations discussed here are higher than the true val-
ues. More work is necessary to understand this model problem. Improved monitoring of
ozone concentrations in the region is also recommended in order to better assess whether

concentrations are in exceedance of the guideline limits.
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3.6.2 Human exposure to PM, ; in West Africa

Fine particulate matter, which includes particles up to 2.5 ym in diameter, is one of the key
species when considering the impacts of air quality on human health due to its damaging
effects on the respiratory system [2,23,33,63,64,280]. Exposure to high concentrations can
exacerbate cardio-vascular and respiratory conditions with children and the elderly being
most susceptible to these health impacts [216]. Unlike most other pollutants, PMjy 5 is
made up of many different components (black carbon, organic carbon, inorganic aerosols,
dust and sea salt) and therefore the concentrations are influenced by a wide range of
sources. These sources can vary greatly depending on location and time of year. This
makes PM, 5 a challenging pollutant when developing policy options for best mitigating

the impacts on human health.

The influence of seasonal emission sources on PM, 5 concentrations in West
Africa.

PM,; 5 concentrations across the Guinea region are not uniform and concentrations vary
greatly depending upon location and upon season (Section 3.3). This is largely due to the
wide range of species and sources which contribute to PMs 5 concentrations, as well as
seasonal changes in meteorological processes (Section 3.1.1). As shown in Figure 3.12, the
annual PMs 5 concentrations and sources can be classified into two key seasons: the wet
season and the dry season. The mean surface level concentrations of PMj 5 from the major

sources are shown in Figure 3.18 for the dry season (January) and wet season (July).
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Figure 3.18: PMj 5 surface level concentrations from anthropogenic, biomass burning,
dust and other sources. Model data averaged for January 2016 (dry season) and July 2016
(wet season). Monthly mean surface wind stream functions from GEOS-FP meteorological
data.

Higher concentrations of anthropogenic PM, 5 are seen during the dry season when
there is little rainfall in the region, resulting in less wet deposition, and the area of weak
air flow along the coastline causes less dispersion of pollutants. During the wet season
concentrations are lower as the flow of air from the Gulf of Guinea brings typically cleaner
air masses to the region and disperses the PMs 5 towards the north east producing well
defined city plumes.

The concentrations from biomass burning are strongly influenced by the location of
the burning activities [96,212]. During the dry season burning activities take place in
the West African coastal countries leading to high local emissions and increased PMs 5
concentrations. During the wet season the biomass burning is located to the south east
of the region in central Africa. As the predominant wind direction during this season is
from the south to the north east, longer lived species are transported to the West African
coastline and cause slightly elevated biomass burning PM, 5 concentrations in the south
of the region.

The dust contribution is influenced almost entirely by the wind. The prevailing wind

from the north during the dry season brings high concentrations of dust down from the
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Sahara to the West African coastline. During the wet season, the flow of air is reversed, so
the dust remains in the north of the region and has little impact on PM, 5 concentrations
at the coast.

Anthropogenic, biomass burning and dust are the major sources of PMs 5 in the Guinea

region and the contribution from other sources is very small at all times of the year.

Exposure of the West African population to PM, 5 concentrations above rec-

ommended limits

WHO air quality guidelines propose an annual mean limit of 10 g m~ and a 24 hour
mean limit of 25 pug m™=3 for PMy 5 [274]. Modelled PM, 5 concentrations in the Guinea
region are related to these WHO guidelines by considering the proportion of time that
the concentrations exceed the recommended 24 hour limit. A moving 24 hour mean is
calculated throughout the year and the accumulated exceedances are used to determine

the percentage of time over the limit.

(@)

Figure 3.19: Percentage of 24 hour running mean PM; 5 concentrations above the WHO
24 hour limit of 25 ug m=3 from modelled data for 2016. (a) total exceedances; (b)
exceedances attributable to anthropogenic sources; (c¢) exceedances attributable to biomass
burning sources; (d) exceedances attributable to dust sources.

For much of the region, the recommended limit is exceeded at least 50% of the time
(Figure 3.19(a)). Considering each of the three key sources (anthropogenic, biomass burn-
ing and dust) individually enables the causes of these exceedances to be identified.

Anthropogenic sources alone (Figure 3.19(b)) cause the WHO limit to be exceeded
along the coastal strip where many of the large cities are located and where population
density is highest (Figure 1.10). This is particularly clear for the large Nigerian cities where
anthropogenic sources cause the PM, 5 limit to be exceeded up to 100% of the time. The

influence from biomass burning (Figure 3.19(c)) is less distinctive but this source still
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contributes to the exceedances across the Guinea region. Exceedances attributable to
dust (Figure 3.19(d)) show a well defined north-south gradient with a high number of
exceedances to the north of the region, closer to the Sahara desert, and fewer exceedances
to the south.

The distribution and density of the population across the region must be considered
when assessing potential impacts on human health. Figure 1.10 (Chapter 1) shows the
population density across the Guinea region for the year 2016, extrapolated linearly from
gridded population data for 2015 and 2020 from the NASA Socioeconomic Data and
Applications Center (SEDAC) [47].

Across much of the region, the population density is below 100 people km~2. The main
exceptions to this are the the urban regions along the coastline. Population densities of
1000 people km~2 and above can be seen in the cities of Abidjan (Cote d’Ivoire), Accra
(Ghana), Lomé (Togo) and Cotonou (Benin), as well as for substantial areas of Nigeria,
predominantly around the large urban centres of Lagos and Port Harcourt on the coast
and Abuja and Kano inland.

From a human health perspective it is important to consider the concentrations the
population is exposed to. The simulation data presented in Figure 3.19 can therefore be
considered from a population weighted perspective and Figure 3.20 displays an accumu-
lated count of the population exposed to PMs 5 concentrations above the daily guideline

value.

0 1 2 3 4 5
billions of limit exceedances per grid box

Figure 3.20: Accumulated population count of exposure to PMs 5 concentrations above
the WHO 24 hour limit of 25 ug m~2 for running mean 24 hour time periods for 2016.
Statistics calculated by multiplying the population in each grid box by the accumulated
number of 24 hour mean time periods over the WHO 24 hour limit. One person in
continuous exceedance of the limit would produce a value of 8760.

Whilst Figure 3.19 suggests that dust has the largest influence on high PMs 5 concen-

trations across the whole Guinea region, Figure 3.20 considers the concentration from a
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population weighted perspective and highlights the large impact of anthropogenic sources
on human exposure. The biggest effects of these anthropogenic sources are seen for the
regions of high population density in Nigeria (mainly around the cities of Lagos, Port Har-
court, Abuja and Kano) as well as some of the large coastal cities in the region including
Abidjan (Cote d’Ivoire). When population distribution is considered, it is clear that fewer
people are affected by dust than by anthropogenic sources with the main impacts from
dust being in the cities in the north of the region including Bamako (Mali), Ouagadougou
(Burkina Faso), Niamey (Niger) and Kano (Nigeria). Biomass burning has a much smaller

impact on the population than either dust or anthropogenic sources.

Sources contributing to high PM, ; concentrations in West Africa

It is evident from Figures 3.19 and 3.20 that dust and anthropogenic activities are the two
largest sources contributing to the PMs 5 concentrations in exceedance of WHO guideline
values. However, these sources are not exclusively responsible for the limit exceedances
and high PM, 5 concentrations may be the result of a combination of two or more different
sources. The different combinations of sources leading to high PM, 5 concentrations in
the Guinea region is further assessed here.

PM, 5 concentrations can be divided into two key categories: concentrations which
exceed the WHO limit and concentrations which are within the WHO limit. Of the
concentrations that exceed the limit, these can be further categorised into the different
combinations of sources that are attributable to these exceedances. These sources are
considered for both the Guinea region (Figure 3.21(a)) and for the population within this
region (Figure 3.21(b)).
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Figure 3.21: Pie charts showing the number of exceedances of the WHO PM, 5 24 hour
limit of 25 ug m~3 in the year 2016 and associated causes of the exceedances. Causes of
exceedances calculated as (a) area weighted for the Guinea region; (b) population weighted
for the Guinea region.

For the area weighted Guinea region (Figure 3.21(a)), the PMs 5 concentrations are in
exceedance of the limit approximately 60% of the time. The largest single cause of these
exceedances is from dust (approximately 47% of all exceedances). There is also a large
impact from anthropogenic sources (approximately 10% of all exceedances) as well as the
combination of anthropogenic and dust sources (around 8% of all exceedances). Biomass
burning has a much smaller impact (1% of exceedances); however, the combination of
all three of these key sources makes up a significant fraction (approximately 25%) of the
total exceedances. Around 5% of the exceedances are attributed to “other” causes which
is the combination of dust, anthropogenic and biomass burning sources along with other
contributing sources such as sea salt.

Considering the same simulation from a population weighted perspective (Figure 3.21(b)),
the impact from dust alone decreases (to around 27% of all exceedances) and anthro-
pogenic activities become the largest source of the high PMs 5 concentrations (31% of
all exceedances). Exceedances attributed to the combination of anthropogenic and dust
sources are increased (to over 16% of exceedances), and exceedances attributed to the com-
bination of all three key sources remains a major contribution (around 20%). When the
data is weighted by population rather than by area, the percentage of time that the PMy 5
concentrations are within the WHO limit is decreased (from approximately 42% of the
time to just 23% of the time). This emphasises the large impact that PM, 5 concentrations
have on the population.

With the projected increases in population [199] and increases in anthropogenic emis-
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sions [141,151] forecast for West Africa the issues surrounding high levels of PM, 5, par-
ticularly in urban areas, are likely to become worse. It is therefore important that policies
to reduce the concentrations of particulate matter and hence minimise the health impacts
on the population are considered by the local governments. Dust has been found to be
the largest source of PM, 5 in the region; however, this is a complex challenge to regulate
as it would require continental scale strategies involving methods such as irrigation and
vegetation of the Sahara desert which has the potential to dramatically change the West
African climate [34,88]. Anthropogenic sources, in particular emissions from residential
and road transport sectors, have also been shown to significantly contribute to the concen-
trations of PMs 5. Emissions from these sectors may be regulated on a more local scale and
therefore policies designed to reduce dependence on residential wood burning for cooking
and heating as well as reduce emissions from vehicle exhausts could significantly reduce
PM, 5 concentrations, particularly in centres of high population density, and hence reduce
the impact on human health [228,236].

3.7 Estimates of the impact of air quality on ecosys-
tem health

In addition to the impacts on human health, ecosystems are also affected by high con-
centrations of pollution. In particular, high concentrations of ozone can result in adverse
effects on vegetation such as reduced root growth and crop yields, leaf damage and reduced
drought tolerance [7,54,170,234,256,276].

The Food and Agriculture Organisation (FAO) of the United Nations (UN) provides
country level crop production data for 173 different crops [90]. Crops in West Africa are
categorised into eight key groups and the annual production rates across the Guinea region

are shown in Figure 3.22.
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Figure 3.22: Crop production maps for the Guinea region for the year 2016. Data taken
from the UN Food and Agriculture Organisation [90]. Grey regions indicate no available
data.

Crop production totals in the region are dominated almost entirely by roots and tu-
bers, with the highest production rates in Ghana and Nigeria [181]. The UN FAO Crop
Calendar provides information on planting and harvesting schedules for more than 130
crops in specific agro-ecological zones [89]. The 2016 planting and harvesting schedules
are presented in Figure 3.23 for three of the key roots and tubers in West Africa: cassava,

sweet potato and yam.

114



(a) Cassava

Cote d'lvoire - Guinea Zone
Benin - Cotton Producing Northern Zone

Cote d'lvoire - Sudano Guinea Zone 1

Cote d'lvoire - Sudano Guinea Zone 2
Ghana - Coastal Savannah Zone
Benin - Cotton Producing Central Zone
Ghana - Guinea Savannah Zone

Benin - Barre Land Zone

Benin - Depression Zone

Ghana - Rainforest Zone

Benin - Fishing Zone

Benin - Northwest Atacora Zone
Ghana - Transitional Zone

Benin - Food Producing South Borgou Zone

(b) Sweet Potato
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Figure 3.23: Crop planting and harvesting schedules for cassava, sweet potato and yam in
16 different agro-ecological zones in Cote d’Ivoire, Ghana and Benin for the year 2016 [89].

Within the Guinea region, planting and harvesting schedules are available for sixteen
different agro-ecological zones in Ghana, Cote d’Ivoire and Benin [89]. For cassava, plant-
ing typically occurs between April and July with harvesting in Benin taking place from
August to October and from November to February in Cote d’Ivoire and Ghana. The
majority of sweet potato planting occurs between May and August with the harvesting
season from September to January. Whereas planting of yam crops typically occurs from

January to March with harvesting between July and October. The irrigation method in



West Africa is predominantly rain fed and therefore the planting and growing periods of
most crops coincide with the wet season [260)].

Ozone can impact on crop growth and productivity (7,54, 170, 234, 256, 276] there-
fore the concentrations of O3 must be considered for the growing seasons. Figure 3.24

shows the monthly mean O3 concentrations during daylight hours (06:00 to 18:00) when

photosynthesis occurs and O3 concentrations have the largest impact on plant growth.
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Figure 3.24: Monthly mean surface level O3 concentrations for the year 2016. Data aver-
aged between the hours of 06:00 and 18:00 (daylight hours).

The highest O3 concentrations are seen during the dry season (November to April).
During November and December high concentrations are seen over Ghana and Togo as
well as to the east of the region over Cameroon. During January and February the high
O3 concentrations remain over Cameroon, whereas during March and April the highest
concentrations are seen in the west of the region over Guinea and Sierra Leone. During
the wet season, the O3 concentrations are much lower with concentrations rarely exceeding
50 ppbv.

A number of metrics exist to assess the impact of ozone on plant health [143]. One of
the simplest is the AOT40 index which is the accumulated exposure over a threshold of 40
ppb [244]. The accumulated monthly AOT40 values for the Guinea region are presented
in Figure 3.25. These values are calculated using ozone concentrations during daylight
hours (06:00 to 18:00).
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Figure 3.25: Monthly accumulated AOT40 for the year 2016. AOT40 calculated between
the hours of 06:00 and 18:00 (daylight hours).

The European Union (EU) target for the protection of vegetation is 18000 ug m~2 h
for May to July (the European growing season) [237]. Scaling this target to a monthly
timescale suggests a monthly accumulated AOT40 target value of ~6000 ug m~3 h. In
Figure 3.25, green areas represent AOT40 values below this target whilst brown represents
AOT40 values above this target. It should be noted that little research has been performed
to quantify safe exposure limits specific to the crop types grown in West Africa.

For the coastal countries in the Guinea region, the AOT40 values are below the EU
target value during the wet season (May to October) which is the main growing season for
root and tuber crops. Exceedances of the EU target AOT40 values are seen throughout
the dry season along the coastline, with particularly high exceedances over Guinea and
Sierra Leone during March and April and over Cameroon during November and December,
corresponding to the regions of high O3 concentration seen in Figure 3.25.

Evaluation of the model data against ground based observations suggested over pre-
dictions in ozone concentration (Sections 2.6.3 and 3.2.2). It is therefore likely that ozone
concentrations are not high enough at present to cause concern for crop production rates
in the region, particularly during the wet season. If artificial irrigation were to become
more common in West Africa, enabling crops to be grown throughout the dry season, then
ozone levels may be high enough to impact on agricultural productivity which could sig-
nificantly impact the ability of this region to produce sufficient crops to feed the growing
population. Previous studies have quantified the impacts of ozone on agricultural crop

yields; however, many of these studies have focused on crops such as rice, wheat and
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maize [7,54,170,234,276|. Little information is available on the impact on crops grown in
the West African region such as yam and cassava [108,254]. Future investigation into the
ozone concentrations in the model is also needed before confidence can be placed in the

conclusions made regarding the impact of O3 on crop productivity in West Africa.

3.8 Concluding remarks on the seasonal changes in

pollutant concentrations and sources in West Africa

The seasonal variability of pollutant concentrations in West Africa has been shown to be
heavily dependent upon emissions and meteorology. During the West African dry season,
strong winds from the north east bring large quantities of dust from the Sahara down
into the region. Local biomass burning also takes place within the West African countries
and a zone of low air flow along the coastline concentrates pollutants in this coastal area.
The lack of precipitation reduces the loss of pollutants through wet deposition and overall
these factors lead to higher pollutant concentrations. During the West African wet season,
winds from central Africa to the north east prevent the southward transport of dust and
transport biomass burning emissions from central Africa to the West African coastline.
Precipitation across the region increases the loss of pollutants through wet deposition
and the prevailing winds disperse pollution from the large cities. Concentrations of both
gaseous and aerosol species are therefore typically lowest during the wet season.

Whilst the concentrations of gaseous pollutants are rarely found to exceed the air
quality guidelines defined by the World Health Organisation, fine particulate matter con-
centrations in the region are often above these guideline values. PMs 5 concentrations in
the region are influenced by many different sources but three of the most significant influ-
ences in West Africa are anthropogenic, biomass burning and dust sources. Anthropogenic
sources contribute to PMs 5 concentrations in the region throughout the year and have a
large impact on the population due to the close proximity of most of the population to
these emission sources. Dust and biomass burning, however, show much stronger seasonal
variations in their impact. Concentrations from both of these sources are highest during
the dry season when local biomass burning activities take place across the region and dust
from the Sahara is brought down to the coastal area by the prevailing winds. Whilst the
impact from biomass burning is comparatively small, the contribution of dust to PMs 5
causes the concentrations to be multiple times in exceedance of the WHO guidelines dur-
ing the dry season. The different sources affecting the concentrations also vary depending
on the metric used. When considering the area weighted concentrations, dust and biomass
burning have a more profound impact, whereas when population weighted concentrations
are considered the large impact of anthropogenic sources is evident. PMs 5 is a major
health concern for the region and the wide range of different sources must be considered

when investigating the best strategies for reducing the concentrations.
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Crop production in the region follows a seasonal pattern due to the fact that arable
farming is largely dependent upon rainfall rather than artificial irrigation systems. Crops
can be damaged by high ozone concentrations, resulting in a reduced yield, which may
be a concern for regions such as West Africa which rely on these crops to feed a rapidly
growing population. Ozone concentrations in West Africa are highest during the dry
season when few crops are grown and lowest during the wet season when much of the
agriculture occurs. Exposure to ozone concentrations during the main growing season is
rarely above the European Union target value, suggesting that the ozone concentrations are
not currently a large cause for concern. Evaluation against the available observations have
however found ozone concentrations to be over predicted by the model. It is therefore likely
that the simulated ozone vegetation metrics are over estimated which further supports the

conclusion that ozone is not a large concern for agricultural productivity at present.
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Chapter 4

The impact of biomass burning on

atmospheric composition over West
Africa

Biomass burning is a major source of aerosols and trace gases in the atmosphere [18]. Tt
is the dominant source of carbonaceous aerosols globally [30], as well as contributing sig-
nificantly to the emissions of carbon monoxide (CO) and nitrogen oxides (NO,) [183,275].
Although biomass burning occurs throughout the world, Africa is the largest continental
source [17,252,272].

As well as covering vast areas and emitting large quantities of pollutants, the biomass
burning activities in Africa also show strong seasonal variability [96,212]. The location of
the biomass burning events has been discussed briefly in Chapter 3 and has been shown to
vary largely according to precipitation rates. During the West African dry season, biomass
burning occurs throughout West Africa whereas during the wet season, biomass burning
occurs in central Africa due to high precipitation rates along the West Africa coastline
which inhibit the burning [12, 68, 164].

In this chapter, two different biomass burning emission inventories are compared: one
which contains only surface level emissions (GFED) and one which incorporates injection
altitudes (GFAS). The impact of changing the vertical emission profile on surface level
concentrations in the region is also investigated. Biomass burning emissions have already
been shown to vary throughout the year (Chapter 3) and this seasonal variability is in-
vestigated further here, along with changes in transport patterns, in order to explore the
impact of the burning on atmospheric composition. Finally, the interannual variability in
West African biomass burning is explored to determine whether the DACCIWA campaign

year (2016) is representative of the typical burning events experienced in the region.
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4.1 Emission inventories for biomass burning

The default emission inventory for simulating biomass burning activities in the GEOS-
Chem model is the Global Fire Emissions Database (GFED) version 4 [9,18,97,204,253].
This inventory is constructed based upon vegetation productivity and burnt data from
satellites and provides gridded monthly emissions of gaseous species, carbonaceous aerosols
and volatile organic compounds at a horizontal resolution of 0.25° x 0.25° for the years
1997 to 2016. The inventory does not include small fires which cannot be seen from the
satellite data. The inventory also includes scaling factors which enable higher temporal
resolution emissions to be calculated (daily), and these scale factors have been used in all
simulations performed using the GFED inventory. An alternative inventory, based on simi-
lar methodology, for representing biomass burning activities is the Global Fire Assimilation
System (GFAS) inventory from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) (generated using Copernicus Atmospheric Monitoring Service (CAMS)
information) [126]. As part of this project, the GFAS inventory has been incorporated into
GEOS-Chem for use in both global and regional simulations. Details of its implementation

in GEOS-Chem are now given.

4.1.1 The Global Fire Assimilation System (GFAS) biomass burn-

ing emission inventory

The GFAS inventory is constructed using observations of Fire Radiative Power (FRP) from
the Moderate Resolution Imaging Spectroradiometer (MODIS) on board NASA’s Terra
and Aqua satellites [178-180], coupled to information about land types, emission factors
and fire characteristics [126]. It provides emissions on a daily time step at a horizontal
resolution of 0.1° x 0.1° from 2003 to present day [126]. The inventory contains emission
data for 40 compounds and groups of compounds; however, not all of these species are
present in the GEOS-Chem model. GFAS emissions are assigned, where possible, to

corresponding species within the model and these assignments are listed in Table 4.1.
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Table 4.1: Assignment of emission species within the GFAS biomass burning inventory to
species within the GEOS-Chem model.

GFAS . GEOS-Chem
Species Code GFAS Description Species
cofire Wildfire flux of Carbon Monoxide CO

noxfire Wildfire flux of Nitrogen Oxides NO

so2fire Wildfire flux of Sulfur Dioxide SO2

nh3fire Wildfire flux of Ammonia NH3

bcfire Wildfire flux of Black Carbon BCPI + BCPO
ocfire Wildfire flux of Organic Carbon OCPI + OCPO
c3hb6ofire Wildfire flux of Acetone ACET
c2h4ofire Wildfire flux of Acetaldehyde ALD2
hialkanesfire Wildfire flux of Higher Alkanes (C,,Hg, 12, C > 4) ALK4
hialkenesfire Wildfire flux of Higher Alkenes (C,Hs,, C > 4) PRPE
c3h6fire Wildfire flux of Propene PRPE
c2h6fire Wildfire flux of Ethane C2H6
c3h8fire Wildfire flux of Propane C3H8
ch2ofire Wildfire flux of Formaldehyde CH20
c2hdfire Wildfire flux of Ethene C2H4
cbh8fire Wildfire flux of Isoprene ISOP
c2h6sfire Wildfire flux of Dimethyl Sulfide DMS
c7h8fire Wildfire flux of Toluene TOLU
c6hb6fire Wildfire flux of Benzene BENZ
c8h10fire Wildfire flux of Xylene XYLE

GFAS emission species which are not incorporated into the GEOS-Chem model include
alcohols such as methanol and ethanol.

The GFAS inventory is able to account for smaller fires than the GFED inventory as the
detection of active fires (as used to construct GFAS) is more sensitive than the detection
of burnt area (as used to construct GFED) [14]. The GFAS inventory is however unable
to account for all fires as some smaller fires are not detectable from the satellite data. The
inventory also makes assumptions to link the observed fire radiative power to emissions
based upon land cover and vegetation type which is another source of uncertainty in the
inventory.

One of the key species emitted from biomass burning is carbon monoxide (CO). The
monthly mean emissions of CO for West Africa are shown in Figure 4.1 to illustrate the

seasonal changes in the locations of the burning activities.
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Figure 4.1: Monthly mean emissions of CO from the GFAS biomass burning emission
inventory for the year 2016.

Biomass burning emissions along the Guinea coastline are highest from December
to February, with a band of burning activities stretching across the region during these
months [96, 152,212]. Areas of particularly high emissions during these months can be
seen in Guinea, the Central African Republic and the Democratic Republic of the Congo,
as well as in central Ghana and Cote d’Ivoire (see Figure 1.16). During March, April and
May, large burning events can still be seen in Guinea and Sierra Leone in the far west of
the region, as well as in the south of the region in the Democratic Republic of the Congo.
From June to September (the wet season along the Guinea coast), there is little burning
in the Guinea region [96,152,212]. High rates of precipitation in the countries along the
West African coastline limit the burning during this period (Figure 3.1) [12,68,164]. Large
burning events during this time instead take place in central Africa [21,152] (see Section
4.3). During October and November, biomass burning activities begin again inland from
the Guinea coast.

The seasonality of the burning activities is further illustrated in Figure 4.2 which
highlights the winter (December to February) maximum in the north of the domain and

the summer (June to August) maximum in the south.
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Figure 4.2: Month of peak CO emissions from biomass burning activities. Monthly mean
emission data from the GFAS biomass burning emission inventory for the year 2016.

Biomass burning events in the north of the region, along the southern edge of the
Sahara, are highest during October, November and December. These events then move
southwards to the coastline during January and February, with the western edge of the
region (Guinea, Sierra Leone and Liberia) experiencing large biomass burning events dur-
ing March and April and into May. From June to September the burning activities are
strongly focused in central Africa across Gabon, the Republic of Congo and the Demo-
cratic Republic of the Congo. Figure 3.3 (Chapter 3), shows monthly mean precipitation
for 2016 and it can be seen that the locations of the burning activities correspond with
areas of little or no rainfall. The location of the biomass burning events therefore appear
to be largely dominated by the seasonal changes in precipitation. The DACCIWA cam-
paign took place during June and July when the strongest burning events took place in
central Africa, to the south east of the DACCIWA region.

4.1.2 Effect of emission altitude on the vertical distribution of

pollutant concentrations

The GFAS emission inventory contains data on the altitudes of the emission plumes as well
as on the quantity of each species emitted. Emission altitudes for the GFAS inventory are
computed by a plume rise model [207]. These emission altitudes have been incorporated
into the GEOS-Chem model, enabling the biomass burning emissions of each species to
be evenly distributed between the surface and the mean altitude of maximum injection.
For each day, the emission data for each species is read into the model along with

the mean altitude of maximum injection. The GEOS-Chem model level corresponding to
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the maximum injection altitude is calculated, and the total emission for each species is
divided evenly between the surface level and the calculated maximum level. This results
in less emission released at the surface and some emitted into higher levels which in theory
facilitates better representation of the behaviour of these large biomass burning plumes.
The monthly mean injection altitudes from the GFAS inventory for 2016 are shown in

Figure 4.3.
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Figure 4.3: Monthly mean altitude of maximum injection for biomass burning emissions
from the GFAS inventory for the year 2016.

The highest injection altitudes (of around 1500 m) are seen in Guinea and Sierra
Leone during April and May as well as in Chad and the Central African Republic during
November and December. These high injection altitudes correspond with the regions of
most intense burning and also highest emissions (Figure 4.1). For the region, larger fires
typically have higher emissions and taller plumes injecting further into the atmosphere,
whereas smaller fires have lower emissions and the upwards transport of these plumes is
reduced.

In order to assess the impact of incorporating emission injection altitudes on surface

concentrations of pollutants two simulations have been performed:

1. simulation in which the GFAS emissions are released only at surface level

2. simulation in which the GFAS emissions are distributed evenly between the surface

level and mean altitude of maximum injection
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The percentage difference in the surface level concentrations of key pollutants between

these two simulations is shown in Figure 4.4.

Percentage Difference

Figure 4.4: Annual mean percentage change in surface level concentrations between the
simulation in which GFAS biomass burning emissions are emitted at the surface versus
incorporation of emission altitudes. Difference calculated as [surface concentration when
emissions are spread across emission altitudes| - [surface concentration when emissions are
emitted only at surface level]. Annual mean data for 2016.

The surface level concentrations of CO, NO,, SOy and PM; 5 are decreased across most
of the region, with the largest decreases in the locations corresponding to the highest
biomass burning emissions (Figure 4.1). Incorporating the injection altitude into the
emissions results in smaller emissions at the surface and larger emissions higher up the
vertical column, thereby resulting in a decrease in surface level concentrations between
the two simulations. Surface level O3 concentrations are marginally increased as a result.
One of the chemical mechanisms for ozone destruction in the lower troposphere is the
reaction with NO [53,172]. Reducing the concentrations of NO at the surface (Figure
4.4(b)) therefore results in a reduction in the chemical destruction rates and hence an
increase in the ozone concentration. These increases are largest in the locations of the
large burning events where the reduction in surface level NO is the greatest. For most
of the region, the change in O3 concentration is less than 10% and the area of change is
much smaller than for NO,.

During the large burning events, strong upward pyro-convection, combined with exist-
ing convective activity, results in rapid vertical mixing of pollutant concentrations. This
pre-existing quick vertical mixing results in the surface concentrations being affected to
only a small extent by the shape of the vertical emission profile. When considering the
locations of the major cities in the region, there is very little difference between the two

simulations. This indicates that the concentrations that the majority of the population

126



are exposed to changes little with a vertical change in the biomass burning emissions. This
finding is in agreement with the work of Menut et al. [169].

The differences between the two simulations are emphasised further in Figure 4.5.
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Figure 4.5: “Violin” plot (probability distribution) showing the ratio of surface concen-
trations between the simulation incorporating injection altitudes and the surface level
emission simulation. Hourly data for 2016 accumulated from all grid boxes in the domain
shown in Figure 4.4 (5 °S to 15 °N; 15 °W to 25 °E). Dashed line indicates a ratio of 1
showing no difference between the two simulations. Data for each species only includes
the 1st to 99th percentile points.

This figure shows the ratios of the concentrations between the two simulations. A ratio
of 1 indicates no change between the two emission configurations. Ratios of less than 1
indicate surface concentrations are lower as a result of incorporating injection altitudes,
whereas ratios of greater than 1 indicate surface concentrations are higher.

For CO, NO,, SOy and PMs 5, the dominant pattern is a reduction in surface concen-
trations when injection altitudes are incorporated, whilst for O3 the surface concentrations
are increased. In general, the majority of data points are close to a value of 1, further
supporting the conclusion that changing the vertical profile does not have a substantial
impact on the surface concentrations.

Consistent with previous studies, incorporating the injection altitudes into the model
emissions only has a small impact on surface concentrations. It does, however, provide a
better representation of the behaviour of biomass burning plumes and therefore has been

included in all simulations using the GFAS inventory.
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4.1.3 Comparisons of the Global Fire Emissions Database (GFED)
and Global Fire Assimilation System (GFAS) biomass burn-

ing emission inventories

Simulations of West Africa within GEOS-Chem can be performed using either the stan-
dard GFED inventory [9,18,97,204,253] or the newly incorporated GFAS inventory [126]
(Section 4.1.1). GFED emissions are available on a monthly time resolution (with scale
factors used to increase the resolution to daily emissions) and at a spatial resolution of
0.25° x 0.25° whilst the GFAS emissions are available at a higher spatial resolution of 0.1°
x 0.1° and at a finer native time resolution of daily emissions. The annual mean emissions
of some of the key species emitted from biomass burning events are compared for these

two inventories in Figure 4.6.
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Figure 4.6: Mean annual biomass burning emissions of CO, NO, SO,, BC, OC and
NMVOC for the Guinea region from two emission inventories: GFED and GFAS. Data
from both emission inventories is for the year 2016. NMVOC emissions include ethane,
propane, alkanes > Cy, alkenes > Cjs, formaldehyde, acetaldehyde and acetone.

For all of these species, the emissions from GFAS are higher than those from GFED for
the Guinea region. The DACCIWA aircraft observations (Section 2.4) are used to evaluate
the model performance using these two different inventories. The agreement between the

two simulations and the observations from the DACCIWA aircraft is shown in Figure 4.7.
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As discussed in Section 2.5, during the period of the DACCIWA aircraft campaign the
main biomass burning events were taking place in central Africa with few burning activi-
ties along the West African coastline [96,152,212]. This is largely due to the location of
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Figure 4.7: Vertical, latitudinal and longitudinal profiles of aircraft observational data
(grey) and simulated concentrations using the GFED biomass burning inventory (orange)
and the GFAS biomass burning inventory (purple). Both simulations use the DACCIWA
anthropogenic emission inventory. Solid lines represent the median, shaded areas repre-
sent the 25th to 75th percentile range. All data is from altitudes below 1 km. PMs 5
concentrations shown here do not account for the mass of dust or sea salt, or the uptake
of water to the aerosols. The bias for each simulation is shown alongside the plots for each
species.



the burning activities being governed by rainfall. As a result of this, the concentrations
of pollutants observed by the aircraft experienced little recent influence from biomass
burning activities. Thus, little difference is seen between the two different inventories
when considering the concentrations of NO,, BC and OC. CO has a longer lifetime in
the atmosphere [71] and therefore transport of CO from the biomass burning events in
central Africa, across the Gulf of Guinea to the West African coastline, resulted in CO
concentrations in the DACCIWA region being influenced by these burning activities. Some
differences can therefore be seen between the two inventories in the comparison for CO.
Whilst both simulations follow very similar trends in the shapes of the profiles, the con-
centrations simulated using the GFAS inventory show closer agreement to the observations
from the aircraft (bias in GFED simulation of 17.12 ppbv compared with a bias in the
GFAS simulation of 3.94 ppbv). Both PMjy 5 and O3 concentrations show little difference
between the two inventories for the DACCIWA flight tracks.

As well as showing a slight improvement in the agreement with observations compared
the the GFED inventory, the GFAS inventory is available at higher spatial resolution
(0.1° compared with 0.25°) and higher native time resolution (native resolution of 1 day
compared with 1 month) as well as being available up to present day at near real-time. The
GFAS inventory also includes plume injection heights which offers the ability to include
vertical distribution of the emissions in the model, enabling the plumes to be better
represented. The GFAS inventory was therefore chosen to represent biomass burning
emissions for all simulations of West Africa within both the global and regional GEOS-
Chem model.

4.2 The impact of biomass burning activities on pol-

lutant concentrations in West Africa

In Chapter 2, biomass burning events were found to have only a small impact on pollutant
concentrations in the DACCIWA region during the dry season. However, the question
remains about its influence in other seasons.

Simulations for the whole of 2016 have been performed with the GFAS biomass burning
inventory switched both on and off. The difference between these two simulations enables
the impact of biomass burning on pollutant concentrations to be quantified, assuming a
linear relationship between emissions and concentrations. The percentage contribution
that biomass burning events make to the mean concentrations of pollutants during the
dry season (January) is shown in Figure 4.8 and during the wet season (July) is shown
in Figure 4.9. For both seasons, the contribution is shown for three different altitudes to

illustrate the changing patterns in the vertical column.

130



Dry Season (January)
1 km

CcO
NOy

SO, N 4 -
e b
£57 A 2 4 o

S w%@ e

Carbonaceous
Aerosols

Inorganic
Aerosols

PMa 5

Biomass Burning Contribution / %

Figure 4.8: Percentage contribution of biomass burning activities to the concentrations of
CO, NO,, SO,, O3, carbonaceous aerosols (BC + OC), inorganic aerosols (NO3~ + SO,42~
+ NH;") and PM, 5 in West Africa. Model data averaged for the dry season (January)
at model levels corresponding to altitudes of 0 km, 1 km and 2 km. Monthly mean wind
stream functions at each of the levels are from GEOS-FP meteorological data.

During the dry season (Figure 4.8), at the surface, strong winds from the north east
meet weaker winds from the south resulting in an area of weak flow along the coastline
(as discussed in Section 3.1.1). A similar pattern is also seen at 1 km. However, at this
altitude, the flow from the north east over the land becomes stronger and the convergence
zone moves further south over the ocean. At 2 km altitude, the flow of air is dominated
by strong winds from the north east to the south west, moving from the continent across
the Gulf of Guinea and Atlantic Ocean.

During the dry season, biomass burning takes place across West Africa; however, the
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contribution of this burning to the pollutant concentrations varies greatly between species.

For CO, contributions of around 80% from biomass burning can be seen at the surface
in the vicinity of the fires, particularly in Guinea to the west and the Central African
Republic to the east. The high concentrations at the surface are concentrated along the
coastal region due to the convergence of the winds. At higher altitudes, the flow of air
transports some of the CO produced from biomass burning out over the ocean, with up
to 50% of the concentration over the ocean being attributable to the burning.

Both NO, and SO, concentrations follow a very similar pattern as CO, with the trans-
port of the burning emissions at higher altitudes (particularly at 2 km) being clearly visible
when considering the concentrations of SOs,.

Although Oj is not directly emitted from biomass burning, its concentration is in-
fluenced by the concentrations of precursor species such as CO, NO, and VOCs which
are directly emitted from the burning. The contribution of biomass burning to O3 con-
centrations can be seen to coincide with the locations of the burning events with Ogj
concentrations being influenced by around 20% in these areas.

The concentrations of carbonaceous aerosols (BC + OC) are strongly influenced by
biomass burning. During the dry season, around 90% of the carbonaceous aerosol in
Guinea and the Central African Republic is from the biomass burning within the countries
themselves. The contribution from biomass burning can be seen to be much lower around
the large cities in the region where anthropogenic sources are the dominant contribution
to the pollutant concentrations. Concentrations over the ocean are influenced by up to
approximately 80% as a result of transported biomass burning emissions.

A similar pattern is also seen for the inorganic aerosols (NO3~ + SO,?~ + NH;T),
although the contribution from biomass burning is much smaller than seen for the car-
bonaceous aerosols and there is little influence from biomass burning over the ocean.

The fine particulate matter (PMs 5) concentrations are influenced by up to around
50% during the dry season around the locations of the large biomass burning events, with
concentrations over the ocean also being influenced downwind of these burning sources.
However, the large source of dust in the north overwhelms the biomass burning source

which makes the impact of biomass burning relatively small.
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Figure 4.9: Percentage contribution of biomass burning activities to the concentrations of
CO, NO,, SO,, O3, carbonaceous aerosols (BC + OC), inorganic aerosols (NO3~ + SO,42~
+ NH4T) and PM; 5 in West Africa. Model data averaged for the wet season (July) at
model levels corresponding to altitudes of 0 km, 1 km and 2 km. Monthly mean wind

stream functions at each of the levels are from GEOS-FP meteorological data.

During the wet season (Figure 4.9), both at the surface and at 1 km, the prevailing
winds are from the south over the ocean to the north east over the land resulting in a
continuous flow of air from central Africa across the Gulf of Guinea and over West Africa
towards the Sahara. At 2 km, the pattern of flow changes. The flow of air from central

Africa is to the west, out over the Atlantic Ocean, whereas the movement of air over the

land in West Africa shows strong winds following a predominantly east to west flow.

Rainfall throughout West Africa during the wet season (Figure 3.3) inhibits biomass

burning along the coastline and the main burning during this season takes place in central
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Africa [96,152,212].

Due to its long lifetime in the troposphere [71], the surface CO concentrations along
the West African coastline are influenced by around 50% due to central African burning
emissions being transported across the Gulf of Guinea. Similar influences can also be seen
at the higher altitudes.

Both NO, and SO, have short lifetimes (~ hours) [71]. During the wet season, the
surface level concentrations are strongly influenced by biomass burning in the vicinity of
the fires (south east of the domain), but there is little transport of these species to the
West African coastline. At 2 km altitude, however, NO, and SO, from the central African
burning are transported to the west over the Atlantic Ocean, where they have a strong
impact on the concentrations.

The impact of biomass burning on O3 concentrations is largely unchanged and small
between seasons. The contribution from biomass burning is highest in central Africa, close
to the fires, yet the contribution remains below around 30%.

Around 90% of the carbonaceous aerosol at the surface in central Africa during the
wet season is attributable to biomass burning. Transport from this region to the west
results in close to 100% of the concentrations over the ocean being attributed to biomass
burning for all three altitudes shown here, clearly defining the West African coastline.
This transport also results in concentrations along the southern coast of West Africa
experiencing a significant influence from biomass burning.

Inorganic aerosols follow a similar pattern to carbonaceous aerosols, although the im-
pact on concentrations over the ocean is lower.

Finally, PMs 5 concentrations at the surface in central Africa consist of up to 100%
contribution from biomass burning and the concentrations over the ocean are also strongly
influenced by the biomass burning emission sources. Around 20% of the PMj 5 concentra-
tions in the West African coastal countries are attributed to the biomass burning sources
in central Africa as a result of transport across the Gulf of Guinea by the prevailing
winds [102].

In general it can be seen that biomass burning activities have the largest impact on
the Guinea region during the dry season when the burning events are occurring locally.
For all species the impacts of the burning are greatest close to the emission sources with
much lower impacts around the large cities in the region where other sources, likely an-
thropogenic, dominate the concentrations.

In Chapter 3, PM, 5 was identified as one of the major concerns for human health in
the Guinea region. The mean annual contributions of the major sources of PMs 5 to the
concentrations in five of the large cities along the West African coastline are considered in
Figure 4.10. These contributions have been calculated by performing a set of equivalent

simulations in which each source is independently switched off.
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Figure 4.10: Annual mean modelled surface level PM, 5 concentrations for the cities of
Abidjan (Cote d’Ivoire), Accra (Ghana), Lomé (Togo), Cotonou (Benin) and Lagos (Nige-
ria). Annual mean concentrations broken down into the contributions from biomass burn-
ing, anthropogenic, dust and other sources (such as sea salt). Dashed line indicates WHO
annual mean limit and dotted line indicates WHO 24 hour mean limit.

For all five of these key cities in the region, anthropogenic and dust sources are the
major contributors to PMs 5 concentrations, with the contribution from biomass burning
making up only around 3 - 4 ug m~3 of the total concentration (Figure 4.10). Whilst
all of the cities exceed the World Health Organisation (WHO) recommended guidelines,
removing the contribution from biomass burning would not bring the concentrations to
within the limits. Although biomass burning is an important consideration for the region,
the anthropogenic and dust sources of PMs 5 are significantly higher.

Figures 4.8 and 4.9 show that the impact of biomass burning on concentrations in
these cities varies greatly throughout the year. The annual cycle of biomass burning

contributions to PMs 5 concentrations for these five cities is considered in Figure 4.11.
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Figure 4.11: Seasonal variations in the contribution of biomass burning activities to surface
level concentrations of PMy 5 in Abidjan (Cote d’Ivoire), Accra (Ghana), Lomé (Togo),
Cotonou (Benin) and Lagos (Nigeria). Data averaged daily for 2016.

Although the annual mean concentrations of PM; 5 from biomass burning in the cities
are low (Figure 4.10), when the full annual cycle is considered, the concentrations from
biomass burning alone can be seen to exceed the WHO annual mean limit of 10 ug m=3 on a
number of occasions and occasionally breach the 25 g m~3 24 hour limit. For all five of the
cities, the concentrations from biomass burning are highest during the dry season months
(November to March) as a result of local (West African) biomass burning events. The
concentrations from biomass burning are also increased during June, July and August as
a result of transported biomass burning emissions from central Africa. Whilst the impact
of biomass burning on the concentrations is much smaller than from anthropogenic or
dust sources, Figure 4.11 highlights that emissions from biomass burning can have large
impacts on PMs 5 concentrations at certain times of the year and should therefore still
be taken into consideration when assessing the different pollutant sources impacting on
human health in the region. The work of Haslett et al. [102], based on observational
data collected during the DACCIWA campaign, suggests that the contribution of biomass
burning pollution to aerosol mass loading in the region could be greater than suggested
by the GEOS-Chem model and further observations of biomass burning in the region are
required in order to better quantify the contribution. The long range transport of biomass

burning components outside the West Africa domain over the year are now investigated.

4.3 Transport of pollutants from biomass burning ac-
tivities
One of the key factors that controls how the concentrations of pollutants are influenced

by biomass burning is the transport of the emissions from the burning region to other

areas. The concentrations of a given species attributed to biomass burning emissions
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is diagnosed as the difference between two equivalent global simulations - one in which
the biomass burning emissions are switched on and another in which they are switched
off. These simulations have been run at a horizontal resolution of 2° x 2.5° in order to
investigate concentrations across the whole continent. By considering the concentrations
of CO from biomass burning, the transport patterns of the pollutants emitted from the

burning activities can be investigated on a continental scale.
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Figure 4.12: Monthly mean surface carbon monoxide concentrations from biomass burning
for the African continent at 2° x 2.5° horizontal resolution for 2016.

During the West African dry season (December to February), pollutants emitted from
the burning activities in the Guinea region are concentrated along the West African coast-
line and in the Central African Republic and northern Democratic Republic of the Congo
due to the weak flow resulting from the convergence of winds along the coastline (Figure
4.8). There is some dispersion of the pollutant concentrations to the west resulting in a
relatively narrow plume extending out over the ocean to the west of Guinea and Sierra
Leone, south of Cape Verde.

During the wet season (June to August), large biomass burning events occur in central
Africa, predominantly in the Democratic Republic of the Congo and northern Angola.

These burning activities cause elevated concentrations in the vicinity of the fires and, due
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to the flow of air to the north west from central Africa across the ocean, the concentrations
from biomass burning can also be seen to spread out across the Atlantic Ocean and up
to the West African coastline covering a latitudinal range of approximately 10 °N to 10
°S [102].

The transport of CO can be analysed in more detail by considering the vertical profile
of concentrations throughout the year as a function of latitude and longitude (Figure 4.13).
The domain considered is from 5 °S to 15 °N and 15 °W to 25 °E which encompasses the
Guinea region and an additional area to the south and east of this region in order to

capture the biomass burning in central Africa.
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Figure 4.13: Monthly mean altitude-latitude cross section charts (left hand panel) and
altitude-longitude cross section charts (right hand panel) showing the concentration of
CO from biomass burning. Latitude data averaged over a longitude range of 15 °W to 25
°E. Longitude data averaged over a latitude range of 5 °S to 15 °N.

The prominent features of the biomass burning events in Africa are the large fires in
central Africa during June, July and August (approximately 5 °S to 0 °N; 15 °E to 25

°E) and the fires along the West African coastline in December, January and February
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(approximately 4 °N to 8 °N; 10 °E to 20 °E).

Considering firstly the fires along the West African coastline. From December to
February, high concentrations of CO from biomass burning can be seen at the surface in
both the latitudinal (Figure 4.13a) and longitudinal (Figure 4.13b) cross sections. These
high concentrations are located at latitudes between approximately 4 °N and 8 °N and
longitudes of around 10°E to 20 °E. This corresponds with the position of the West African
coastline and the location of the largest fires from the maps in Figure 4.12. The latitudinal
profile (Figure 4.13a) shows vertical transport of CO to an altitude of approximately 3 km
followed by a southwards transport. This corresponds with the transport pattern seen in
Figure 4.8 where CO concentrations from biomass burning are transported to the south
west, off the western coast of Africa. The longitudinal profile (Figure 4.13b) also shows
this vertical transport and some dispersion of concentrations to the west.

From Figure 4.12 it can be seen that the largest burning events during the wet season
lie outside of West Africa. During June, July and August, the latitudinal profile (Figure
4.13e) shows high concentrations of CO attributed to biomass burning moving northwards
into the region at an altitude of around 1 to 3 km. This follows a similar regime to the fires
along the west African coastline where pollutant emissions from the burning are lifted to
higher altitudes and then transported in the direction of the prevailing wind. During this
season, the prevailing winds at the surface are from the central African region northwards
towards the West African coastline, whereas at 2 km altitude there is a strong flow from
central Africa over the ocean to the west (see stream functions in Figure 4.9). Transport
to the west as a result of these easterly winds at around 2 km can be clearly seen in the
longitudinal profile (Figure 4.13f). These transport patterns during the wet season result
in large contributions from biomass burning to concentrations of CO across the ocean and
along the Guinea coast, despite the burning events taking place thousands of kilometres
away. Biomass burning events therefore not only influence pollutant concentrations in the
vicinity of the fires but also thousands of kilometres from the emission sources [102,218].

The transport of CO has been considered in Figures 4.12 and 4.13 as it is one of
the key species emitted from biomass burning and its long lifetime in the atmosphere
allows the transport patterns to be easily traced. There are, however, many other species
emitted from the burning activities and the lifetimes and transport patterns of these
different species vary. The Hovmoller diagrams in Figure 4.14 show the latitudinal trends
in transport of CO, NO,, SO,, O3 and PM, 5 at the surface throughout the year.
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Figure 4.14: Hovmoller diagrams showing latitudinal patterns in surface level concentra-
tions of CO, NO,, SOy, O3 and PMs 5 from biomass burning for the year 2016. Concen-
trations averaged for longitudes between 15 °W and 25 °E.

The transport patterns discussed above for CO are clearly visible in Figure 4.14(a).
During December, January and February the biomass burning is concentrated between
approximately 3 °N and 10 °N with some transport towards the south. During June,
July and August strong northwards transport of CO can be seen from the central African
burning events with high concentrations of CO (around 100 ppbv) extending into the
coastal countries along the Guinea coast (~ 5 °N).

For NO, and SO,, little transport of the pollution is seen, with concentrations remain-
ing in the vicinity of the burning events. Concentrations are highest between 5 °N and
10 °N from December to February, whilst the high concentrations from biomass burning
in central Africa are not transported above approximately 2 °S during June, July and
August.

O3 and PM; 5 both follow a pattern more similar to that of CO with pollutants emitted
from the biomass burning in central Africa being transported up to the West African
coastline.

As the main focus from a human health perspective is on PMs 5, the latitudinal trans-
port of PMs 5 is considered further in Figure 4.15. The monthly mean concentrations,
averaged between longitudes of 15 °W and 25 °E, are shown for the four major sources of

PM,; 5: anthropogenic, biomass burning, dust and other.
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Figure 4.15: Monthly latitudinal cross sections of surface level PM5 5 concentrations. Data
averaged between longitudes of 15 °W and 25 °E for the year 2016. PM; 5 concentra-
tions divided into the contributions from anthropogenic, biomass burning, dust and other
sources. Dashed line indicates WHO annual mean limit and dotted line indicates WHO
24 hour mean limit.

The anthropogenic component of the PMj 5 concentrations throughout the year (Figure
4.15) is highest between 5 °N and 15 °N which corresponds with the countries along the
Guinea coast, in particular with the locations of the largest cities in the region. The
anthropogenic concentrations are highest during the dry season months (November to
February) due to reduced dispersion caused by the meteorological convergence and low
deposition due to low precipitation.

The seasonal changes in concentrations from dust are extreme. During the dry season
months, the PMs 5 concentrations north of the equator are dominated by dust sources.
During the wet season, the dust concentrations are significantly reduced with a relatively

small contribution remaining between 10 °N and 15 °N.
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During the dry season, when biomass burning activities take place along the Guinea
coastline, enhanced concentrations from the burning can be seen from 0 °N to 10 °N,
whereas during the wet season, when biomass burning activities take place in central
Africa, the high concentrations from biomass burning are seen between 5 °S and 5 °N.

The WHO recommended limits of 10 g m ™3 annual mean and 25 g m™2 24 hour mean
are also illustrated on the cross section charts [274]. The annual mean limit is exceeded
throughout the year in almost all locations whilst the 24 hour mean limit is exceeded over
the land in West Africa (approximately 5 °N to 15 °N) during the dry season when large
concentrations of dust from the Sahara move southwards into the region. The biomass
burning contribution alone is seen to be in exceedance of the 10 ug m~3 along the West
African coastline during the dry season and in central African during the wet season.
This emphasises that whilst dust and anthropogenic sources might be dominant, biomass
burning still remains a significant source of pollution in the region. The contribution from
biomass burning is larger when considering the regional average, rather than the major
cities (Figure 4.11), as many of the large scale biomass burning events take place outside
urban areas.

This analysis has focused on the year 2016 (the year of the DACCIWA campaign).

The interannual variability in biomass burning emissions in West Africa is now evaluated.

4.4 Interannual variability in West African biomass

burning

The biomass burning emissions and transport patterns have been investigated for 2016
(the DACCIWA campaign year). Whilst the impact of the burning during this year has
been assessed in detail, it is unclear whether 2016 is representative of typical burning
activities. Figure 4.16 shows the annual mean emissions of CO from biomass burning for

the Guinea region from 2003 to 2018, using data from the GFAS inventory.
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Figure 4.16: Annual mean emissions of CO from biomass burning in the Guinea region
(3°N - 15 °N; 15 °W - 15 °E). Emission data from the GFAS biomass burning inventory
for the years 2003 to 2018. Dashed line represents the overall mean emission in the region
from 2003 to 2018.

There is no distinct interannual trend in the emissions, although in general the biomass
burning emissions may appear to show a decrease from the start of the century to present
day [15,69,286]. Between 2003 and 2009, emissions were above the 16-year average, whilst
from 2010 to 2018 the emissions were below this average value, with the exception of 2016.

2016 is amongst the highest years for biomass burning emissions in this 16 year period,
with the mean annual emission approximately 80% higher than in 2018. Considering the
lower emissions in 2017 and 2018, it is likely that conclusions drawn from the 2016 data
regarding the impacts of biomass burning may over estimate the importance for these
subsequent years.

Interannual differences in the seasonal variability of the biomass burning have also

been investigated (Figure 4.17).
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Figure 4.17: Seasonal variability in CO biomass burning emissions for the years 2003
to 2018 over the Guinea region. Daily emission data from the GFAS biomass burning
inventory.

For all years, emissions from June to October are negligible in West Africa. This is the
period of the West African wet season, when rainfall in the region inhibits burning and
hence minimises emissions. During the dry season, the emission patterns vary between
different years. In general, at the beginning of the dry season, the biomass burning emis-
sions increase steadily over a couple of months (October to January) and the emissions
then show more variability in February through to May, with emissions then decreasing
between May and June.

For 2018, which is the lowest year for biomass burning emissions, the mean CO emis-
sions do not exceed 5 kg m~2 s~! throughout the dry season. Whereas for 2009, which
is the year of highest emissions, the daily emissions of CO frequently exceed 10 kg m~2
s71. As well as the magnitude of the emissions, there is also variability in the timing of
the peak emissions. For some years the highest emissions are seen in December (2003 and
2006), for some years the emissions peak in March (2007 and 2015), for some years the
emissions peak in April (2009, 2016 and 2017), whereas for other years the emissions are
more evenly distributed throughout the dry season (2011 and 2018).

The interannual variability in the biomass burning activities may be largely governed
by variations in meteorology [12,68,96,164,212]. The burning is predominantly regulated
by precipitation and therefore rainfall and the monsoonal transitions in the region play
a key role in influencing the timing, location and magnitude of the burning events. As
wildfires are influences by a wide range of factors including precipitation, temperature

and deforestation the interannual variability is high and it is difficult to predict future
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trends [87,272]. However, current climate change, increased carbon dioxide levels, warmer
temperatures and changing precipitation patterns are suggested to be contributing to
increases in frequency and intensity of biomass burning events [87,130].

Considering the time period from 2010 to present day, 2016 shows the highest biomass
burning emissions in West Africa. The impact that the 2016 burning has on pollutant
concentrations has been calculated for the entire West Africa region. For any years where
the biomass burning emissions are lower than in 2016, the impacts of the biomass burning
are also likely to be lower. Whilst this means that 2016 is not representative of a typical
year in this decade, the conclusions drawn from the 2016 data do act as an assessment for

an anomalously high year of biomass burning emissions.

4.5 Concluding remarks on the biomass burning in
West Africa

Two different biomass burning emission inventories have been evaluated for the region.
The GFAS inventory has been implemented in the GEOS-Chem model and is favoured due
to the higher temporal resolution of the emissions, ability to incorporate injection altitudes,
and its improved agreement with DACCIWA aircraft observations. Whilst incorporating
injection altitudes into the emissions resulted in little change in the surface pollutant
concentrations, it likely provides a better representation of the system.

Using the GFAS inventory, pollutant concentrations in West Africa have been shown
to have strong seasonal influences from biomass burning. The location of the biomass
burning is largely dependent on meteorology, with burning taking place in central Africa
during the West African wet season and in West Africa during the dry season reflecting the
rainfall distribution across the region throughout the year. This results in higher biomass
burning pollutant concentrations along the Guinea coastline in the dry season when local
burning is taking place. During the wet season, the concentrations from biomass burning
are lower due to a lack of local sources; however, prevailing winds from the south east
bring pollutants emitted from the central African burning across the Gulf of Guinea to
the West African coastline. This transported pollution contributes to concentrations of
long lived species such as CO, carbonaceous aerosols and fine particulate matter in the
coastal area.

As well as seasonal variability in emissions, biomass burning also varies between years.
West African biomass burning emissions in 2016 have been shown to be the highest in this
decade. Biomass burning emissions and subsequent impacts on pollutant concentrations
across the region and ultimately impacts on human health are therefore likely to be reduced

in years when the biomass burning emissions fall below those of 2016.
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Chapter 5

Summary and future research

questions for West African air quality

West African air quality has historically been understudied and a lack of observational data
for the continent significantly limits our knowledge and understanding of the atmospheric
composition [184,219]. This thesis aims to make a contribution towards addressing this
information deficit. Based on the large EU funded DACCIWA programme [135], the main
findings from this research are summarised below in Sections 5.1 to 5.3. Many research

questions remain and these are discussed in Sections 5.4 and 5.5.

5.1 Assessment of the emission inventories for West
Africa

Historically, improvements in air quality have come from understanding which emission
sources are contributing the most to the air pollution problem and then targeting controls
on the most significant sources. This relies upon having confidence in the veracity of
emission inventories. For West Africa, confidence in the emission inventories is low [128,
151,163] and so efforts to assess the quality of these emission inventories are important.
In this thesis, the emission inventories for West Africa have been evaluated against field
observations collected from the DACCIWA aircraft campaign [86] and these observations
have then been used to perform a simple optimisation of the emissions. The evaluation

and optimisation process is summarised in Figure 5.1.
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Figure 5.1: Overview of the key findings from the evaluation and optimisation of the
anthropogenic and biomass burning emission inventories for West Africa.

This evaluation found serious failings in the ability of the model to simulate concentra-
tions of key pollutants such as NO,, and inorganic aerosols (50,2~ NO3~, NH,T) (Figure
2.11), which is attributed to failures in the emission inventories.

In general, within the GEOS-Chem chemical transport model, the Africa specific DAC-
CIWA emissions performed better than the global EDGAR / BOND / RETRO anthro-
pogenic inventories when compared to observations. A simple optimisation of the DAC-
CIWA anthropogenic and GFAS biomass burning emission inventories attempted to bring
together the model and the observations. Anthropogenic emissions (DACCIWA inventory)
of NO and SO, were found to be under estimated by factors of 2.5 and 14.0 respectively.
The model performance for CO was shown to be more consistent with the observations,
with optimisation suggesting an anthropogenic scale factor of 0.7 and a biomass burning
scale factor of 1.1. Carbonaceous aerosols show some model over estimation when com-
pared to the aircraft observations, requiring a scaling of the anthropogenic emissions by
0.2 and 0.6 for black carbon and organic carbon respectively, and biomass burning factors
of 1.8 and 0.8, again for black carbon and organic carbon respectively. It should be noted
that no secondary organic carbon aerosol was included in these model simulations and so it
would be likely that the reductions in organic carbon emissions would need to be larger in
reality. In addition to this, large differences existed between the two black carbon instru-
ments on board the DACCIWA aircraft (SAFIRE ATR and BAS Twin Otter) during the
campaign which affects the scale factors calculated for black carbon. Although there are
insufficient observations to quantify the disagreement, the evaluation also suggests that

emissions of VOCs may be significantly (factors of greater than 10) under represented by
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the current inventories. Due to a lack of observations, emissions of ammonia could not
be evaluated. However, analysis of inorganic aerosol concentrations suggests that these
emissions may too be under predicted by the current inventories.

These findings indicate that care should be taken when using the current generation
of global inventories for modelling air quality in West Africa; and that whilst regional
emission estimates are more representative of the pollution sources, they still show dis-
crepancies when compared to observations of key primary pollutants such as NO, and
SO,. These uncertainties manifest in a profound impact on the modelled surface con-
centrations of many species, notably particulate matter. The standard global emissions
(EDGAR / BOND / RETRO) predict approximately half the PMs 5 mass loading com-
pared with that observed, and also simulated by the DACCIWA emissions. Similarly, O3
concentrations increased with the optimised primary emissions. However, this made the
model less consistent with the observations, with the simulations now over estimating O3

concentrations. The reasons for these over estimations are unclear.

5.2 Seasonal influences on atmospheric composition

over West Africa

The evaluation of the GEOS-Chem model performance took place for the period of avail-
able DACCIWA observations, which was essentially just one month of one year. Chap-
ter 3 evaluated the model performance on an annual scale. The three most significant
sources of emissions in West Africa are anthropogenic, dust and biomass burning and
these vary depending on geographical location and season. The monsoonal climate in
West Africa means that precipitation rates and wind directions vary greatly between
seasons and also play a key role in influencing the pollutant concentrations in the re-
gion [12,22,68,164,194,220,245,271,281]. The key factors influencing the seasonal changes

in concentrations of pollutants in the West Africa region are summarised in Figure 5.2.
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Figure 5.2: Overview of the seasonal variations in factors controlling air quality in West
Africa.

Using the available observational data (AERONET [177], INDAAF [117] and DAC-
CIWA [62] ground sites), the model (run with the uncorrected DACCIWA and GFAS
emissions) is evaluated. Comparisons to the AERONET and DACCIWA ground sites
showed reasonable agreement between the model and observations for particulate matter;
however, the comparisons to INDAAF measurement sites suggest that there are some un-
der predictions in NO, SOy and NH3 emissions which is in agreement with the evaluation
in Chapter 2.

In general, the air quality over a year can be separated into the dry season (October
to March) and the wet season (April to September), driven by the monsoon flow [12,68,
164,167,194,206].

During the West African dry season, the scarcity of rainfall along the coastline reduces
wet deposition of pollution which in turn contributes to higher atmospheric concentrations.
The lack of rainfall also promotes biomass burning events throughout the region, leading
to increased emissions of pollutants. Strong winds from the north / north east bring
dust from the Sahara down to the coastline, resulting in a massive increase in particulate
matter concentrations. Low wind speeds along the coastal region reduces dispersion of
pollutants from anthropogenic sources and further concentrates the pollutants along the
densely populated coastal region.

During the wet season, rainfall across the region increases the loss rates of atmospheric
pollutants through wet deposition. It also inhibits biomass burning activities in the West
African countries. The prevailing winds from central Africa flow across the Gulf of Guinea
to the north east bringing pollutants from the large scale biomass burning events in central
Africa to the West African coastline. These winds then move northwards, dispersing

pollutants from the major cities inland and prevent the southward transport of dust from
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the Sahara to the coastline. Overall, these processes lead to reduced concentrations of
pollutants during the wet season.

From a human health perspective, this modelling study indicates that the concentra-
tions of gas phase pollutants (CO, NOy, SO, and Oj) are rarely found to be in exceedance
of the World Health Organisation guideline values [274]. PM,; 5, however, is a signifi-
cant health risk [23,63,149,174,280] and its modelled concentrations exceed the annual
mean guideline (10 pug m~3) throughout the year for many locations in West Africa, with
exceedances of the 24 hour mean limit (25 pug m™?) common in many places.

The horizontal resolution of the new West African regional model is a large improve-
ment over the global model resolution. It is, however, important to note that the model
resolution remains too coarse for studying health impacts in detail or considering exposure
of the population at street level scale. It is also unable to provide any assessment of the
impacts of indoor air pollution on health in the region. The conclusions drawn from this
study may therefore not be representative of the true health impacts of air pollution felt
by the West African population.

PM,; 5 is a complex combination of different components, sources and production path-
ways and the concentrations are influenced to varying extents by these different factors
throughout the year [2,16,82,176,268]. Although dust and biomass burning sources are
major influences on concentrations in the region, they cannot be managed on a local scale
and instead require regional and continental scale strategies. Analysing the model results
for the region by both area and population provided different insights into the dominant
drivers of the PM, 5 exceedances. From an area perspective, desert dust is the dominant
concern for the region. However, when weighted by the population in each location, this
perspective changes, with anthropogenic emissions becoming more significant. Care should
therefore be taken when evaluating the dominant source of human exposure to pollutants
to ensure that the correct metrics are being used.

The most prominent anthropogenic sources of PMs; 5 are residential activities such as
wood fired cook stoves as well as road traffic emissions from a varied vehicle fleet [62,140,
176]. These sources may provide suitable targets for policymakers to begin considering
when assessing the best areas to focus pollution reduction strategies on. The wide range
of sources and secondary production pathways means that PMs 5 will remain a complex
challenge for governments to manage.

From the perspective of agriculture and crop production, the main pollutant of con-
cern is ozone. Arable farming in the region is predominantly fed by rainfall and therefore
planting, growing and harvesting schedules follow a well defined seasonal pattern [89,260].
As the highest ozone concentrations correspond with the dry season when few crops are
grown, ozone does not currently appear to exhibit high enough concentrations to signif-
icantly impact on productivity. As with the health impact assessments, this conclusion

is drawn based upon relatively coarse model data. Alternate conclusions regarding the
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impacts on crop production may therefore be found if considering data at a finer resolution.

5.3 The role of biomass burning in air quality over
West Africa

Unlike most of Europe and North America, the pollutant concentrations in West Africa
experience a strong seasonal influence from biomass burning [96,152,212]. The evaluation
of biomass burning (Chapter 4) focused mainly on the comparison between two commonly
used biomass burning inventories: GFED and GFAS.

The GFAS biomass burning inventory [126] was implemented in the GEOS-Chem
model. This inventory shows improved agreement between the model and the DACCIWA
airborne observations compared to the default GFED inventory [9,18,97,204,253]. Unlike
the GFED system, the GFAS inventory also provides information regarding the biomass
burning plume injection altitudes. Incorporating this information into the model had lit-
tle impact on the concentrations of pollutants at the surface, consistent with previous
studies [169]. The active vertical mixing inherent in the region means that the injection
of biomass burning emissions at altitude has little impact compared to injection at the
surface.

Biomass burning shows strong seasonal trends in emissions, driven by the monsoonal
meteorology and rainfall patterns in the region [96,152,212]. During the West African
dry season, burning events along the West African coastline release pollutants directly
into the local atmosphere. During the wet season, the burning activities take place in
central Africa with some transport of pollutants across the Gulf of Guinea into the West
African region. As a result, pollutant concentrations from biomass burning are highest in
West Africa during the dry season, although transport from central Africa across the Gulf
of Guinea results in concentrations of longer lived species such as carbon monoxide and
particulate matter being elevated by biomass burning during the wet season.

The key seasonal patterns of biomass burning emissions and transport in West Africa

are summarised in 5.3.
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Figure 5.3: Overview of the impact of biomass burning on the West Africa region.

The modelled concentrations of PMy 5 from biomass burning alone in West Africa
are rarely in exceedance of the WHO annual mean guideline value (10 pug m™2) [274],
particularly in urban locations. Consequently, whilst biomass burning is a key source of
pollution in the region, anthropogenic and dust emissions have a greater impact on the
concentrations experienced by the general population.

In Chapter 4, the emissions and transport patterns of biomass burning were investi-
gated for the DACCIWA campaign year of 2016. A comparison with all of the years of
GFAS data (2003 to 2018) showed that 2016 was the second highest year of burning in
the past decade for the West Africa region. Despite this, the biomass burning in 2016 has
not been found to have a large impact on the concentrations of PMs ;5 experienced by the
population. It is therefore likely that biomass burning is not a large health concern for a
typical member of the population in the region compared to anthropogenic sources and
dust.

5.4 Current limitations of modelling studies for as-

sessing air quality in West Africa

Whilst this research has addressed some key questions regarding air quality in West Africa
and its representation in a chemical transport model there are still many limitations to
the modelling studies.

Firstly, the evaluation and optimisation of the African anthropogenic emission inven-
tory (DACCIWA) and biomass burning inventory (GFAS) relied solely on aircraft observa-
tions from the DACCIWA campaign. Whilst the aircraft campaign collected an extensive

data set of airborne measurements during the wet season, at the onset of the monsoon
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period, it provides no information on how pollutant concentrations vary across the wider
West Africa region, or how they change throughout the year. The conclusions drawn from
the emission evaluation and optimisation are therefore only valid for the time period of the
campaign, for the geographical range covered by the aircraft and for the species measured
on board [86]. In order to perform a more rigorous assessment of the emissions, more data
are required.

Whilst aircraft observations provide useful information about the vertical profiles of
concentrations, it is often hard to relate these concentrations back to point sources of
emissions at the surface. Observations from ground based sites are therefore most suited
to evaluating emissions, as these sites are closest to the emission sources. The current
network of available air quality observations is considerably limited with only a few sites
in West Africa. One issue may be a poor knowledge of activities occurring in the region.
City, regional and national agencies may be collecting observations but not making them
readily available to the research community. However, it seems more likely that in many
places no observations are being made.

A network of ground based measurement sites covering the West African region would
therefore be highly desirable. This network should cover a wide range of environments
to allow the different sources of emissions to be evaluated and to create a representative
assessment of the inventories. These environments should include city centres, urban
areas, industrial regions, road side locations, residential areas, agricultural land, vegetated
regions and deserts. However, this list is not exhaustive.

From the modelling undertaken here, Nigeria is seen to be the largest source of anthro-
pogenic emissions in the region, yet no observational data could be obtained from Nigeria
during the DACCIWA project. Nigeria is also forecast to experience massive popula-
tion growth and urbanisation, with the United Nations projecting a doubling of Nigeria’s
population by 2050 [199]. It is therefore important that any future network of measure-
ment sites is able to obtain observational data from Nigeria in order to fully evaluate the
emission sources in the region.

Future networks should focus on ensuring that the most useful measurements are made,
rather than assuming that copying Western networks is appropriate. For example, VOCs
are monitored in only a few locations in the UK, as the primary concerns are NOy, PM and
O3. However, it would appear that there are significant concentrations of VOCs in West
African cities. Similarly, SOy concentrations are so low in Western Europe and the United
States that it is only sparsely monitored. It would appear that the high sulfur content of
fuel currently used in West Africa results in a need to monitor SO, concentrations.

However good a surface network is, it cannot monitor all compounds in all locations.
As a complement to a future surface network, satellite data could be used to evaluate the
emissions and concentrations in cases where ground based observational data is lacking.

The new Tropospheric Monitoring Instrument (TROPOMI) shows a capability to mea-

154



sure many compounds at relatively high spatial resolution globally [258]. Geostationary
satellites also hold promise although it should be noted that the Sentinel 4 mission, whilst
situated over Africa, will only provide geostationary observations for Europe [24].
Finally, the chemical species and reactions incorporated into the GEOS-Chem model
are not exhaustive. Two notable shortcomings in the model version used here are the
lack of secondary organic aerosol (SOA) and a lack of halogen chemistry. Primary organic
aerosol has been shown to be one of the major components of PM, 5 in West Africa;
however, SOA (which is also a component of particulate matter) is not included in the
simulations. Incorporating SOA into the model simulations would produce a more accurate
representation of the chemistry and would in turn alter the concentrations and optimised
scale factors for primary organic aerosol [161,201]. Halogens can impact the oxidative
capacity of the atmosphere and in particular can destroy ozone through a series of catalytic
reactions 26,192,222 223]. Oceans provide a large source of halogens to the atmosphere,
meaning that the impacts of halogen chemistry are greater in coastal regions than inland
[222,223]. The work of Sherwen et al. [222,223] suggests that surface ozone concentrations
along the West African coastline could be reduced by around 10% to 15% as a result
of this chemistry. Incorporating this chemistry into the model would provide a better
representation of the system and may help alleviate some of the remaining discrepancies

seen in the model when compared to observational data.

5.5 Future projections of air quality in West Africa

The modelling studies discussed in this work have a strong focus on present day air quality
in West Africa. Whilst it is important to understand the present day emissions, concen-
trations and impacts of pollutants in the region it is imperative to have an understanding
of how the emissions and concentrations may change in the future and the resulting effects
on the health of the population and the environment in order to design and implement
policies for regulating the emissions and mitigating the consequences.

Emissions of pollutants have been shown to change dramatically throughout the year
depending upon meteorological conditions and seasonal changes in emission activities
(Chapter 3). Emissions are also subject to ongoing change as a result of population
growth as well as economic development [199]. West Africa is currently experiencing
rapid population growth which is accompanied by increased urbanisation and industrial
development [151,199]. Air pollution in the region is largely unregulated therefore these
changes are leading to large increases in emissions from anthropogenic sources [141, 151].
Estimates of these changes can be made, but it is hard to determine the resulting impacts
on air quality without the use of modelling studies.

There are many different approaches that can be taken when simulating future air

quality in West Africa. Three different approaches that may be easily incorporated into
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GEOS-Chem modelling studies are:

1. Scale the emissions from anthropogenic inventories according to the projected rate

of population change for the region

2. Scale the emissions based upon the Representative Concentration Pathways (RCPs)

developed by the Intergovernmental Panel on Climate Change (IPCC)

3. Use West Africa specific future scenarios based upon realistic changes expected in

the region

One of the most simple approaches is to scale the present day anthropogenic emissions
by the rate of population growth. This simple approximation makes the assumption that
each member of the population is responsible for an equal share of the anthropogenic
emissions. The population change between present day and the desired future date can
then be used to scale the anthropogenic emissions. Gridded projections of population
change also enable the emission scaling to vary spatially, allowing better representation
of the region [47]. For example, if population growth rates are projected to be higher in
urban locations and lower in rural locations then the anthropogenic emissions in these
urban areas will be scaled by higher factors than in the rural areas. Whilst this option
provides a simple way of estimating the future changes in air quality, it does not reflect
any future implementations of policies or new technologies.

A more complex approach is followed by the Intergovernmental Panel on Climate
Change (IPCC). This has developed a set of four different Representative Concentration
Pathways (RCPs) which consider different climate futures [65,124,173,210,217,239,257].
These scenarios provide projected emissions from 2000 to 2100 globally. This approach was
used by the ETH Zurich group as part of their contribution to the DACCIWA programme.
They found that these predictions suggested reduced concentrations of pollutants by 2050
due to uptake of new, lower emitting technologies in the region producing a greater impact
than the increase in population and industrialisation. One of the problems with the RCP
approach is that it often has to use the same factors globally. It may be that in developed
western countries air pollution mitigation is an important policy resulting in reduced
emissions, but it may not be the case for West Africa.

The third option is to use emission scenarios specifically designed for the West Africa
region. These emission scenarios are being developed as part of work package 2 (Air
Pollution and Health) of the DACCIWA project but are not currently completed. These
scenarios will provide predicted future emissions for both 2030 and 2050. One scenario
will provide “business as usual” emissions. This assumes that the emissions will vary as
a function of the population growth but that technologies in the region will remain the
same. For example, no regulation of industrial emissions will be applied, the vehicle fleet

will remain the same and wood fired cooking in homes will continue. The second scenario
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will provide “improved” emissions for the region. This scenario will take into account
the population change but will also incorporate improvements in domestic cook stoves,
improvements in charcoal production, the movement of waste burning sites out of the
densely populated urban areas and an upgrade of the vehicle fleet. These scenarios reflect
more realistic factors for West Africa than the IPCC approach, that influence air quality
and are specific to the region.

Ideally, simulations of future air quality in the region should be based upon realis-
tic scenarios reflecting changes in population, land use and industrial development whilst
also incorporating changes in technologies and regulations for reducing pollutant emis-
sions. It is therefore recommended that future air quality is investigated in the regional
GEOS-Chem model using these regional specific future scenarios when the data becomes
available. The outcomes of these studies should be disseminated to local governments and
policymakers in West Africa in order that this data may help influence the development
of policies for reducing concentrations of pollutants and mitigating the impacts on human

and ecosystem health.

5.6 Concluding remarks

Pollutant emissions and air quality in West Africa is a complex and constantly evolving
issue. Emissions in the region vary greatly depending on the sources, location and season,
whilst rapid development results in emission inventories and modelling studies quickly
becoming outdated.

Whilst this research has provided an insight into the key shortcomings of current
inventories, long term observational data is required to fully evaluate emission inventories
for the region and to enable continued assessment of the changes in emissions over time.
This observational data is currently severely lacking for the West Africa region and a key
focus of future research should be on establishing a more extensive observational network
in the region. The combination of increased observational data and improved modelling
studies as a result of this will enable air quality in the region to be better understood and
will allow the impacts on health in the region to be quantified.

It is important to appreciate that the conclusions drawn from this research are based
upon a single model study. It would be of great benefit to this field of research for an ensem-
ble of models to be used to simulate the atmospheric composition in West Africa, evaluate
the emission inventories and investigate health impacts. This would enable greater confi-
dence to be placed in any conclusions drawn and would provide a wider range of scientific
evidence which could be incorporated into the development of new policies in the region.

One of the key air quality challenges facing West Africa is the influence of a wide
range of emission sources on the atmospheric composition. Anthropogenic sources have

been shown to contribute to the pollutant concentrations experienced by the population
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throughout the year, whilst biomass burning and dust show significant seasonal contri-
butions. These different sources must be considered by policymakers when developing
strategies for improving air quality in the region.

The future pollutant concentrations in West Africa are of key interest. Estimates
of future air quality in the region are dependent upon realistic emission scenarios which
reflect the projected increases as well as the possible regulation and technological advances.
Investigating the contributions made by different sources can also assist in determining the
key sectors to target with pollution reduction policies. Assessment of present day impacts
of air pollution on the health of the population and the environment is required, along
with the future estimates of these impacts, in order for governments and policymakers
to design and implement effective policies for reducing emissions, reducing concentrations
and hence reducing the adverse effects on the health of the region.

Despite the dramatic changes forecast for West Africa over the next century with re-
gards to population, economic and industrial development, air quality in the region remains
a substantially understudied area. This region should be the focus of considerably more
research in the future, drawing upon existing knowledge and understanding from other
parts of the world, combined with expansion of observational networks and advancement

of modelling systems.
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Abbreviations

AEIC

AEROCOM
AERONET

AMMA
AOD
AOT40
BAS

BC
BRAVO
CAC
CAMS
CO
DACCIWA
DLR
DMS
ECMWF
EDGAR
EMEP
EU

FAO
FRP
GEIA
GEOS
GEOS-FP
GFAS
GFED
GMAO
HEMCO
HO2

Aviation Emissions Inventory Code

Aerosol Comparisons between Observations and Models
Aerosol Robotic Network

African Monsoon Multidisciplinary Analysis

Aerosol Optical Depth

Accumulated exposure over a threshold of 40 ppb
British Antarctic Survey

Black Carbon

Big Bend Regional Aerosol and Visibility Observational
Criteria Air Contaminants

Copernicus Atmospheric Monitoring Service

Carbon Monoxide

Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa

Deutsches Zentrum fiir Luft- und Raumfahrt

Dimethyl Sulfide

European Centre for Medium-Range Weather Forecasts
Emission Database for Global Atmospheric Research
European Monitoring and Evaluation Programme
European Union

Food and Agriculture Organisation

Fire Radiative Power

Global Emissions InitiAtive

Goddard Earth Observing System

Goddard Earth Observing System - Forward Processing
Global Fire Assimilation System

Global Fire Emissions Database

Global Modeling and Assimilation Office
Harvard-NASA Emissions Component

Hydroperoxyl Radical
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INDAAF

IPCC
ITCZ
KPP
MEGAN

MERRA-2

mg m~3

MODIS
NASA
NEI
NH,4
NH,*
NMVOC
NO
NO,
NO,
NO;3;~
O,

O3

oC

OH

PM
PMs 5
PM;q
ppbv
ppmv

pptv
RCP

SAFIRE

SEDAC
SO
S04
SOA
SP2

International Network to study Deposition and Atmospheric
composition in AFrica

Intergovernmental Panel on Climate Change

Inter Tropical Convergence Zone

Kinetic PreProcessor

Model of Emissions of Gases and Aerosols from Nature
Modern-Era Retrospective analysis for Research and
Applications - Version 2

milligrams per cubic metre

Moderate Resolution Imaging Spectroradiometer
National Aeronautics and Space Administration
National Emissions Inventory

Ammonia

Ammonium

Non Methane Volatile Organic Compound

Nitric Oxide

Nitrogen Dioxide

Nitrogen Oxides

Nitrate

Molecular Oxygen

Ozone

Organic Carbon

Hydroxyl Radical

Particulate Matter

Fine Particulate Matter (diameter up to 2.5 microns)
Coarse Particulate Matter (diameter up to 10 microns)
parts per billion (by volume)

parts per million (by volume)

parts per trillion (by volume)

Representative Concentration Pathway

Service des Avions Francais Instrumentés pour la Recherche
en Environnement

SocioEconomic Data and Applications Center

Sulfur Dioxide

Sulfate

Secondary Organic Aerosol

Single Particle Soot Photometer
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SWA Southern West Africa

TROPOMI TROPOspheric Monitoring Instrument
pug m—3 micrograms per cubic metre

UK United Kingdom

UN United Nations

uv Ultraviolet

VOC Volatile Organic Compound

WAM West African Monsoon

WHO World Health Organisation
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