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ABSTRACT 

A 2-year research was conducted to investigate mass concentration, weather impacts, chemical 

composition and sources of ambient particulate matter (PM2.5) and their fingerprints in the Greater 

Accra Metropolitan Area, Ghana. Sampling of the PM2.5 fraction of airborne particulate matter 

was done 24-hourly every six days on a polytetrafluoroethylene (PTFE) filter of pore size 0.2 µm 

using an ARA N-FRM sampler. The investigation was carried out at three separate sites within the 

Greater Accra Metropolitan area: Adabraka (AD), Dansoman (DA) and the University of Ghana 

(UG) spanning January 2021 to December 2022.  

Gravimetric analysis and energy-dispersive X-ray fluorescence (EDXRF) spectroscopy were 

employed to determine the mass concentration and characterization of the airborne particulate 

matter. The samples were positioned in the XRF equipment and subjected to high-energy X-rays. 

The X-rays excite the atoms in the sample, which makes them give off secondary (fluorescent) X-

rays that showed what elements are in the sample. X-rays released were detected and analyzed to 

ascertain the presence of components in the PM2.5 samples. Every element possesses a distinct X-

ray energy or wavelength, facilitating accurate quantification. The intensity of the fluorescent X-

rays correlates with the concentration of each element in the sample. Calibration with standards 

Iron (Fe) and Molybdenum (Mo) were employed to translate observed intensities into quantitative 

concentrations. 

The minimum, maximum, and annual mean mass concentration values for PM2.5 obtained at the 

three locations during the research periods were AD 60.76 µgm-3 (20.70 μg m−3 - 133.07 μg m−3), 

DA 49.90 µgm-3 (8.32 μg m−3 - 120.59 μg m−3) and UG 42.49 µgm-3 (8.32 μg m−3 - 120.59 

μg m−3) respectively, for the 2021 study period. For the 2022 study period, the minimum, 
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maximum, and annual mean mass concentration values were AD (20.79 μg m−3, 162.18 μg m−3, 

60.54 μg m−3), DA (16.63 μg m−3, 138.86 μg m−3, 49.28 μg m−3), and UG (12.48 μg m−3, 

153.86 μg m−3, 46.37 μg m−3) respectively. These annual mean mass concentration values 

exceeded the air quality standards of Ghana, as well as those set by the World Health Organization 

(WHO), the United States Environmental Protection Agency (USEPA), and the European Union 

(EU). Analysis of meteorological parameters and their possible impacts on particulate matter levels 

revealed a positive correlation between temperature and PM2.5 mass concentrations (r = 0.23), and 

negative correlations with relative humidity (r = -0.22), rainfall (r = -0.18), and wind speed (r = -

0.31) during the entire study period. These findings underscore the influence of meteorological 

conditions on PM2.5 concentrations.  

Notably, the presence of crustal components was highest during the seasonal Harmattan period, 

from late December to early February, characterized by the transportation of Saharan dust over 

West Africa. Using the Enrichment Factor (EF) modeling tool, the extent of anthropogenic 

influence on species present in the observed elemental composition of PM2.5 sampled was 

assessed. Source apportionment analysis using the U.S. EPA’s positive matrix factorization (PMF) 

5.0 model identified and differentiated six anthropogenic sources. The contributions from various 

sources to pollution levels are as follows: Biomass burning contributes 20% in AD, 20% and 21% 

in DA, and 17% and 19% in UG. Solid waste burning accounts for 17% and 14% in AD, 7% and 

6% in DA, and 19% in UG. Sea salt spray contributes 9% and 7% in AD, 10% and 8% in DA, and 

7% and 6% in UG. Vehicular and industrial emissions are significant, with 25% and 28% in AD, 

29% and 35% in DA, and 24% and 22% in UG. Soil dust has contributions of 13% in AD, 16% 

and 11% in DA, and 14% in UG. Lastly, re-suspended dust accounts for 16% and 18% in AD, 
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18% and 19% in DA, and 19% and 20% in UG. This emphasizes their substantial impacts on PM2.5 

levels at the studied sites in Greater Accra Metropolitan Area. This study provides valuable 

insights into the dynamics of ambient PM2.5 in Greater Accra Metropolitan Area, contributing to a 

better understanding of air quality management and mitigation strategies in urban environments in 

sub-Saharan Africa.  
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1 

  CHAPTER 1  

INTRODUCTION 

1.1 BACKGROUND 

Air pollution is a significant issue in today's global discussions and is generally seen as a threat to 

both public health and economic development, especially in developing nations (1,2). Pollution of  

air is the emission of toxic solids, liquids, and gaseous substances into the atmosphere (1). 

Emissions can emanate from a wide variety of sources and may undergo chemical or physical 

changes before returning to surfaces such as soil, plants, trees, monuments and structures (3,4). 

The emission sources can be categorized into two: particulate matter (PM) and gaseous emissions. 

Gaseous emissions include toxic gases such as nitrogen gases (NOx), Sulphur gases (SOx), ozone 

(O3), methane (CH4) and other greenhouse gases. Particulate matter refers to a suspension of a 

mixture of compact particles and liquid droplets that are shaped in the atmosphere, with varying 

sizes and chemical compositions, particulate matter  ≤ 1 micron in aerodynamic diameter (PM1) , 

particulate matter  ≤ 2.5 microns in aerodynamic diameter (PM2.5), and particulate matter  ≤ 10 

microns in aerodynamic diameter (PM10) (5,6). Particulate matter can also be referred to as aerosol 

particles. Aerosol particles exhibit a wide range of sizes, ranging from tiny molecule clusters 

measuring 0.001 µm to larger fog and sand particles that may reach a few hundred micrometers in 

size. 

The World Health Organization (WHO) in 2021 estimated that air pollution is responsible for 

around 7 million deaths worldwide (7). Despite efforts to alleviate it, citizens in many countries in 

central and southern Asia and sub-Saharan Africa (SSA) consistently endure high levels of air 

pollution (8). According to the United Nations (UN), over half of the global population, which 

amounts to over 7 billion people, lives in urban areas that cover only 3% of the Earth's land. 
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Additionally, it is estimated that  87 %  of the world's population is exposed to air pollution levels 

that exceeds the annual guidelines set by the World Health Organization (WHO) (7). By 2030, it 

is estimated that more than 65% of the world's population will be living in urban areas. A 

significant proportion of these new urban inhabitants will live in slums and informal residents in 

low-income countries, where air quality is often poor. Africa is one of the most economically 

deprived continents on the planet. The fastest urbanization rate in the world occurs in SSA, where 

the urban population is growing at a pace of more than 1.7% annually (9). The population of Africa, 

now about 1.1 billion, is projected to double by 2050. Over 80% of this growth is expected to occur 

in slum areas (10).  

 In the last ten years, several large cities in sub-Saharan Africa (SSA) have seen significant growth 

in urbanization, industry, and motorization. Decisions made in anticipation of this growth will 

have a significant impact on the urban design of cities in developing nations such as SSA and their 

effects on the health of future city residents and the global environment. These cities in the SSA 

region suffer from severe pollution because of their low-income levels and limited financial means 

to tackle these problems (11).   

Local urban air pollution has negative health consequences for the exposed population. The disease 

burden from exposure to air pollution is disproportionately borne by expanding urban populations 

in the developing world, where pollution levels are significantly higher than in high-income 

nations (12). According to the WHO, urban air pollution causes approximately 4.2 million 

premature deaths each year. These fatalities are attributed to lung cancer, cardiovascular diseases, 

and respiratory disorders caused by exposure to fine particulate matter in both indoor and outdoor 

air pollution (13). A recent study conducted by the Organization for Economic Co-operation and 

Development (OECD) reveals that if no measures are implemented to improve air quality, outdoor 
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air pollution resulting from particulate matter could exceed all other environmental factors and 

become the leading cause of premature deaths. According to the OECD, global PM is expected to 

cause about 9 million premature deaths annually by 2060, with the bulk of these fatalities occurring 

in developing economies (14). The main sources of urban air pollution in sub-Saharan Africa 

(SSA) include the burning of biomass for cooking and heating, as well as the use of fossil fuels in 

transportation, electricity generation, industry, and residential areas. Additional sources include 

trash incineration, re-suspended dusts, building debris, and naturally occurring wind-blown 

particles (12,15–18). 

Bauer et al. (2019) (19) reported that urban air pollution in Africa causes about 1.1 million 

premature deaths each year, with the use of solid fuels for indoor cooking being responsible for a 

much higher number, about eight times more. The effect is more severe in sub-Saharan African 

nations (19), with asthma, stroke, bronchitis, and other respiratory and cardiovascular diseases, 

and associated with air pollution-related fatalities (20–22).  

There are many and diverse causes of air pollution. The origins of urban air pollution in Africa 

exhibit notable disparities compared to many other regions (23–25). Nevertheless, there are 

substantial gaps in understanding the sources of particulate matter (PM) and their respective 

contributions in cities throughout sub-Saharan Africa (SSA). Agyei-Mensah et al (2018) (26) 

reported that among countries within the sub-Saharan region, only a few, including South Africa, 

Ghana, Kenya, Uganda, Ethiopia, Nigeria, have air quality monitoring programs. The monitoring 

of aerosols has become a priority, particularly in urban areas of sub-Saharan Africa. Although 

there have been notable improvements in understanding aerosols and their impact on environment, 

there is still a paucity of comprehensive data on particulate matter in cities in sub-Saharan Africa. 

This lack of data on air pollution has greatly impeded efforts to analyze and comprehend the levels 
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of particulate matter concentrations and to develop program measures to improve air quality. 

Understanding the makeup of aerosol particles in the atmosphere is crucial for determining their 

origins and forecasting their influence on different atmospheric developments and health 

consequences. Several countries in the SSA have begun monitoring particular size fractions of 

particulate matter, namely PM10 and PM2.5, along with their chemical characteristics  (27–30). 

Identification and apportionment of particulate matter to its sources is a crucial step in managing 

air quality. These will also provide valuable information for governmental agencies and those 

responsible for generating the emissions. By using advanced data analysis techniques known as 

receptor models, it is possible to identify and apportion the sources responsible for PM pollution 

within Greater Accra. In order to achieve this, an effective multivariate receptor model such as 

positive matrix factorization (PMF) is employed. 

1.2 STATEMENT OF THE PROBLEM 

Urban air pollution in sub-Saharan Africa is on the rise due to increasing particulate matter. Air 

quality in metropolitan areas of emerging countries like Ghana has worsened significantly due to 

rapid population growth, urbanization, industry and increased vehicle use, open burning and high 

use of biomass for cooking and heating. The adverse health effects of ambient particulate matter 

pollution have been established by accumulating epidemiological evidence (31–33). The paucity 

of data on the amounts and composition of particulate matter in Ghana poses challenges in 

assessing the magnitude and attributes of air pollution and its impact on the population. In order 

to effectively manage particle levels in the urban atmosphere, it is necessary to have a 

comprehensive understanding of the size distribution, chemical composition, and origins of aerosol 

particles. This information is crucial for evaluating and addressing the impacts of particulate matter 

pollution.  
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1.3 AIM OF STUDY  

This research aims to assess the ambient particulate matter (PM2.5), determine the influence of 

meteorological factors on particulate matter < 2.5 microns in diameter (PM2.5), characterize and 

identify potential sources of particulate matter in the Accra metropolitan area of Ghana. 

1.4 SPECIFIC OBJECTIVES  

The specific objectives are as follows. 

1. Measure the mass concentration of PM2.5 in selected locations in the Greater Accra 

Metropolitan Areas i.e., Adabraka (AD), Dansoman (DA), and the University of Ghana, campus, 

Legon (UG). 

2. Investigate the influence of meteorological factors in Greater Accra on the emission of 

particulate matter. 

3. Characterize the chemical composition and concentrations of the sampled PM2.5 using energy 

dispersive X-ray fluorescence (EDXRF) technique. 

4. Determine natural and anthropogenic contributions to air pollution at different receptor sites 

using enrichment factor (EF) modelling.  

5. Use the U.S. EPA’s Positive Matrix Factorization (PMF) 5.0 modeling tool to identify natural 

and anthropogenic sources and apportion their contributions to PM2.5 in the Greater Accra 

Metropolitan Area.  

1.5 JUSTIFICATION FOR STUDY 

Accra, the capital of Ghana, is undergoing rapid urbanization and industrialization, resulting in a 

rise in air pollutants emissions. The growing population of Greater Accra is vulnerable to the risks 
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of air pollution, which poses serious threat to both environmental pollution and human health. 

Research in this field is vital for understanding the health hazards and repercussions of air pollution 

on the population of Accra. Exposure to air pollution is associated with respiratory illnesses, 

cardiovascular disorders, and other health problems. The use of local air quality data can aid in the 

development of focused intervention plans to reduce these risks. The justification for conducting 

research on air pollution in Greater Accra, Ghana, is due to its significant influence on public 

health, urban growth, climate change, economic expenses, and the well-being of vulnerable 

communities. In addition, the study involves the monitoring and evaluation of the effects of these 

advancements and offer valuable insights on how to regulate industrial operations and urban 

planning in order to mitigate pollution levels. Furthermore, it will enhance the sustainable growth 

of the city while actively fostering the development of a cleaner, healthier environment. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 ATMOSPHERIC PARTICULATE MATTER 

Particulate matter (PM) refers to the presence of liquid and solid particles suspended in a gaseous 

phase in the atmosphere. Aerosol refers to the particles as well as the surrounding environment in 

which they are suspended. However, in the literature, it is conventional to use only the word 

"aerosol" to designate atmospheric particles or the particulate component (3,34–37). The primary 

focus of this study is on the particle component due to its significant effects on both human health 

and the environment. The behaviour of particulate matter in the urban environment and its possible 

impacts on human health and atmospheric visibility depend on the following properties: 

 Physical (size and shape). 

 Chemical (composition and concentration). 

 Geographic location, season, day, and time of day of emissions. 

Furthermore, the physical and chemical properties of particles depend on the specific source and 

processes by which they are formed, whether in the atmosphere or at the source of emission (38). 

Particulate matter is an intricate blend of many chemical components. Particulate matter can 

originate from stationary or mobile sources, either naturally or directly or indirectly, as a result of 

human activities and it consists of a vast array of particles of various origins, sizes, and 

constituents. They may be categorized as primary or secondary based on their creation method. 

Primary particles are discharged directly into the atmosphere by origins, whereas secondary 

particles are generated by atmospheric processes such as photochemistry or undergo changes in 

chemical composition after being emitted (39). Primary particles may be classified as either 
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anthropogenic or natural, depending on their origin. Due to the intricate composition of particulate 

matter, which consists of several chemical components, it becomes challenging to ascertain the 

source of secondary particles. 

Nevertheless, secondary particles may arise from the chemical conversion of primary emissions, 

including nitrogen oxides (NOX), Sulphur dioxide (SO2), ozone (O3), and organic gases originating 

from both natural and human activities. Furthermore, primary or secondary mechanisms may 

produce particles in both natural and human activities (40). The abundance of primary particles in 

the atmosphere is dependent upon their emission rate, rates of transit and dispersion, as well as 

rates of removal. Primary particles are mostly found in the larger particles, whereas secondary 

particles are mainly found in the smaller particles (41). The coarse fraction comprises particles 

with a diameter bigger than 2.5 µm and smaller than 10 µm, which are often discharged into the 

atmosphere by anthropogenic or natural means. The fine fraction comprises particles with a 

diameter smaller than 2.5 µm, most of which are formed through gas-to-particle conversion. This 

process involves the oxidation and condensation of gases like Sulphur dioxide (SO2), nitric oxide, 

nitrogen oxides (NOX), and volatile organic compounds (VOCs) (42). 

2.2 STUDIES ON AIRBORNE PARTICULATE MATTER IN AFRICA  

Findings from African Development Bank outlook report in 2023 revealed that Africa's economic 

growth rate comes second only to that of Asia (43). This is relevant to air pollution, as rapid 

economic development can often be associated with increased industrialization and urbanization, 

leading to higher levels of air pollution. As Africa experiences notable economic growth, there is 

the potential for increased industrial activities, transportation, and energy consumption, all of 

which can contribute to high levels of air pollution. 
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Air pollution has long-range transportability and may have far-reaching effects beyond its source. 

Due to the rapid increase in vehicle traffic, open burning of waste, and the presence of sizable 

industries close to residential areas, many major cities in sub-Saharan Africa (SSA) are currently 

dealing with similar air pollution problems. These issues can be specifically attributed to 

particulate matter generated by human activities. 

Studies on air pollution in African countries are still in the early stages of development. Unlike 

other regions such as North America and Europe, there is a scarcity of data on air pollution 

resulting from particulate matter in many SSA countries, including Ghana. This lack of 

information on air pollution is troubling considering the adverse effects it has on human health, 

visibility, and climate. In many SSA countries, data on airborne particulate matter is limited due 

to the lack of routine monitoring. This has greatly impeded further assessment of the source 

allocation of particulate matter. In Greater Accra, studies conducted during the past few years have 

identified three to six potential sources of the composition of particles, including vehicular 

emissions, biomass burning, re-suspended dusts, solid waste burning, soil dusts and sea salt spray 

(27,28,44).  

Hence, it is crucial to conduct air pollution assessments in African urban areas. Furthermore, it is 

crucial to understand the origins and impacts of particulate matter in Accra, Ghana, in order to 

formulate improved regulations and guidelines for the management of emissions. 

2.3 CURRENT SITUATION OF AIR POLLUTION IN GHANA 

Ghana has a high population density compared to other nations in the sub-region, with an estimated 

population of more than 32 million and a growth rate of 2.03%, a birth rate of 27.5 births per 1,000 

inhabitants, and a mortality rate of 7.6 deaths per 1,000 inhabitants annually (45). The country's 

urban cities are home to over 58% of the population (46).  

University of Ghana http://ugspace.ug.edu.gh



 

10 

In Ghana and most of the SSA nations, air quality monitoring for air quality assessment has been 

infrequent or non-existent. Therefore, there are data gaps regarding the concentrations and 

properties of atmospheric particulate matter and other major pollutants. Due to the paucity of 

logistics and resources, only the Environmental Protection Authority of Ghana (EPA-Ghana) has 

conducted routine monitoring programs to measure PM10 and PM2.5 in Accra. A study by Hughes 

(28) revealed that air quality evaluated at monitoring stations is primarily influenced by tail-pipe 

vehicular emissions, open burning of garbage and other materials, emissions from industries, 

domestic heating and cooking, business activity, and resuspended dust (Figure 1.1). 
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Figure 1.1 (a) Cooking using solid fuel (b) Automobile exhaust emission  (c) Traffic congestion 

(d) Accra's Harmattan/wind-blown dust 

Elevated levels of particulate matter in close proximity to highways and in busy urban areas have 

the potential to adversely affect public health (47). In a growing number of major urban centers in 

sub-Saharan Africa, traffic congestion is the leading source of pollution. The level of motorization 

in the Greater Accra Metropolitan Area (AMA) is significant compared to other African regions, 

with a ratio of 148 automobiles per 1,000 residents. In contrast, Nigeria has a lower ratio of 34.9 

vehicles per 1,000 inhabitants (48,49). This is due in part to the abundance of taxis, commercial 

buses, “okada”, and “pragia”, (okada and pragia refers to motorbikes that are used for business 

purposes). This trend is on the rise, as 90% of imported automobiles continue to be located in 

metropolitan areas. Hughes (24) conducted a study that presented a comprehensive overview of 

c 

d 
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vehicle registration data collected by the Driver and Vehicle Licensing Authority (DVLA) in Accra 

over a 10-year period (2010 - 2019). The findings from this study indicate that traffic congestion 

in Accra is a prevalent issue, particularly during peak periods. In addition, the study emphasizes 

the high usage of vehicles, a notable dependence on unofficial private bus services, and the 

ineffective execution of traffic control strategies. Furthermore, it identifies insufficient 

infrastructure for pedestrians and cyclists, inadequate road safety measures, and a high incidence 

of accidents. 

 

Figure 2.1 Plot of annual summary of registered vehicles from 2010-2019 in Accra (50). 

 

Biomass burning is another significant origin of atmospheric particulate matter pollution in Ghana. 

Ghana's most prevalent solid fuels are wood and charcoal (51). Over 60% of Accra's inhabitants 

use biomass fuels (charcoal or firewood) as their main cooking fuel, according to research 

conducted in 2011 by Zhou (52). Mudu (47) identified the following as the country's top air quality 

concerns in his work on Ghana's environmental pollution - open waste burning, poorly maintained 
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automobiles, inefficient fuel utilization, unplanned modes of transportation, widespread bushfires, 

industrial estates and inefficient cook stoves. 

2.4 AN OVERVIEW OF GHANA’S CLIMATE 

Ghana is located on the western coast of Africa, along the Gulf of Guinea, as seen in Figure 2.2. 

The location is situated within the latitudes of 4.5°N and 11.5°N and the longitudes of 3.5°W and 

1.3°E. The country has a land area of 238,533 km2 and a water area of 110,000 km2 (53). Ghana 

is bordered by the Republic of Togo to the east, Côte d'Ivoire to the west, Burkina Faso to the 

north, and the Gulf of Guinea or the Atlantic Ocean to the south. The country has 16 administrative 

regions. 

Ghana has a tropical and humid environment. Three distinct air masses: the Tropical Maritime Air 

Mass (mT), also known as the South-West Monsoon; the Tropical Continental Air Mass (cT), also 

known as the North-East Trade Wind; and the Equatorial Eastern (E) air mass, all have an impact 

on Ghana's climate. The South-West Monsoon, which originates from the Atlantic Ocean, and the 

Tropical Continental Air Mass known as Harmattan, which comes from the Sahara Desert, 

intersect at the Inter-Tropical Convergence Zone (ITCZ). The ITCZ is a region of low atmospheric 

pressure where these two air masses come together (54,55). Most parts of the country have two 

seasons of heavy rainfall. Normally, the northern regions of the nation have a single rainy season 

spanning from May to September. In southern Ghana, there are two distinct periods of rainfall. 

The primary rainy season occurs from April to July, while the secondary rainy season occurs from 

September to November. The Inter-Tropical Convergence Zone (ITCZ) is the region where the 

arid and dusty air mass originating from the Sahara Desert in the northern hemisphere intersects 

with the cool and humid air mass from the South Atlantic monsoon in the southern hemisphere. 
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Figure 2.2 Map of Ghana illustrating its 16 administrative regions and their respective 

boundaries (56). 

Typically, wooded areas receive higher amounts of rain and have lower temperatures compared to 

coastal areas. In contrast, the northern Savannah region has harsh and dry weather, with daily 
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temperatures consistently exceeding 41 °C during much of the year. The annual movement of the 

Inter-Tropical Convergence Zone (ITCZ) from north to south is what causes the nation's 

fluctuation in precipitation patterns throughout the year. As indicated earlier, the Inter-Tropical 

Convergence Zone (ITCZ) is the region where the arid and dusty air mass originating from the 

Sahara Desert in the northern hemisphere intersects with the cool and humid air mass originating 

from the South Atlantic monsoon in the southern hemisphere (57–59). Figure 2.3 illustrates the 

movement of the northern and southern Inter-Tropical Convergence Zones (ITCZs). The 

northeasterly Harmattan winds, originating from the Sahara Desert, blow in a south-west direction 

from October to April. These winds bring chilly and dusty conditions, resulting in reduced 

visibility to less than 1 km and somewhat lower nighttime temperatures. Addaney (60) has shown 

that the Harmattan phenomenon is prevalent in the northern regions from November to March. 

Additionally, it temporarily affects the southern coastal districts for a period of a few weeks to a 

month in December and January.  

 

Figure 2.3 Inter-Tropical Convergence Zones' Movements (61). 

 

The average annual rainfall in the north is between 750 and 1050 mm, while the upper East receives 

an average of 2,000 mm annually. The annual average precipitation in the southern and 
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southwestern regions of the nation varies between 1,250 and 2,050 mm. Large bodies of water, 

such as the ocean, rivers, lagoons, and streams, have an effect on the relative humidity. The relative 

humidity in the northern and southern sectors of the country varies between 70% and 80% 

respectively (62,63). Moreover, the country's temperatures vary with the seasons and altitude. 

March and August have the highest and lowest temperatures, respectively, in the majority of the 

country. The typical temperature ranges between 25 ℃ and 30 ℃ (57,64).    

2.4.1 LOCAL CLIMATE 

Ghana has six distinct agro-ecological zones, namely the Sudan Savannah, Guinea Savannah, 

Coastal Savannah, Forest/Savannah Transition Zone, Deciduous Forest Zone, and Rain Forest 

Zone (as shown in Figure 2.4). Accra is situated in the coastal-savannah region, characterized by 

a moderately humid climate and a low annual precipitation of 600 mm to 900 mm. On average, 

Accra receives approximately 800 mm of rainfall, which is spread over fewer than 80 days per 

year. Typically, the relative humidity is considerable, fluctuating between 65% during the day and 

95% throughout the night (58,65,66).  

The main rainy season in Accra occurs from April to July, whereas the secondary rainy season is 

from September to October (Table 2.2). The main season of aridity takes place from November to 

mid-March or early April (67). The current period of less rainfall coincides with the Harmattan 

period, which usually takes place between November and March. The Harmattan is a parched and 

dusty wind originating from the northeast, blowing from the Sahara Desert. The mean temperature 

range in the city is 21℃ to 44 ℃ (68). The city's closeness to the equator results in a consistent 

and equal length of daylight throughout the year. The dominant wind direction in Accra is mostly 

from the west-southwest to the north-northeast sectors, with average wind speeds ranging from 8 
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km/h to 16 km/h. In May 2021, the wind speed in Accra reached a maximum of 61.1 km/h, while 

in December 2022, it peaked at 75.63 km/h. 

 

Figure 2.4 Map of Ghana illustrating the six agro-ecological zones (65). 
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Table 2.2 Typical rainfall patterns in Ghana's agro-ecological zones. 

Agro-ecological 

zone 

Area 

(km2) 

Mean annual 

rainfall (mm) 

Range 

(mm) 

Major rainy 

season 

Minor rainy 

season 

Sudan Savannah 2200 850 800-900 May – Sept - 

Guinea Savannah 147900 1000 800-1300 May- Sept - 

Transitional zone 8400 1300 1100-1500 Mar-July Sept – Oct 

Deciduous forest 66000 1500 1200-1700 Mar-July Sept-Nov 

Rain forest 9500 2000 800-2900 Mar-July Sept-Nov 

Coastal Savannah 4500 800 600-1200 Mar-July Sept- Oct 

( - ) = Region experiences single maxima rainfall (69).  

2.5 PARTICULATE MATTER AND WEATHER PARAMETERS  

When studying ambient particulate matter, it is crucial to take into account meteorological 

parameters. This is because these parameters can impact the chemical transformations that happen 

in the air, the movement and scattering of pollutants in the atmosphere, and the rates and 

mechanisms by which pollutants are removed from the atmosphere. Research has shown that 

several meteorological elements, such as temperature, relative humidity (RH), wind speed, wind 

direction, and precipitation, influence the levels of PM2.5 in the surrounding air (70–74). 

2.6 ORIGINS OF PARTICULATE MATTER (PM) IN URBAN ATMOSPHERE 

Urban settings are characterized by a diverse range of sources that contribute to the presence of 

particulate matter. These sources are natural (produced without human intervention) or 

anthropogenic (caused by human activity) (44,75,76). The sources of natural aerosols are 
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uncontrollable, whereas the sources of anthropogenic aerosols are controllable, albeit challenging. 

Natural and anthropogenic emissions are both impacted by industrial development and human 

activity. Industrial development and human activities substantially affect both natural and 

manmade pollution emissions. Anthropogenic emissions, including those from fossil fuel 

combustion, industrial activities, and transportation, rise directly with industrial expansion. These 

operations emit significant quantities of pollutants such as Sulphur dioxide (SO2), nitrogen oxides 

(NOx), and particulate matter (PM), which deteriorate air quality and exacerbate climate change.  

Natural emissions are indirectly influenced by industrial and anthropogenic activities. 

Deforestation, agriculture, and urbanization modify ecosystems, resulting in heightened emissions 

from soil and vegetation. Wetland drainage and livestock agriculture exacerbate natural methane 

(CH4) emissions, whereas fertilizer use increases ammonia () emissions. Industrial activities 

similarly exacerbate global warming, amplifying natural phenomena such as wildfires, which emit 

substantial quantities of carbon dioxide (CO2) and particulate matter (PM). 

Moreover, anthropogenic alterations to atmospheric chemistry affect natural emissions. Elevated 

concentrations of anthropogenic pollutants can influence the atmospheric oxidation capacity, 

hence influencing the generation of secondary pollutants such as ozone and Sulphate aerosols from 

natural precursors.  

Consequently, industrial expansion and human activity not only exacerbate anthropogenic 

emissions but also interfere with natural processes, establishing a complicated feedback loop that 

accelerates environmental and atmospheric alterations.  

When examining the impact of air pollutants on health, especially in densely populated 

metropolitan areas, it is essential to recognize the role of human activities as the primary causes of 
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pollution. Consequently, efforts to mitigate air pollution primarily target these anthropogenic 

sources. Table 2.3 provides a concise summary of the primary causes of air pollution. 

Table 2.3 Major air pollutant sources 

Source type Source Causal action 

Natural Volcano eruption. 

Sand storm 

 

Vegetation fire 

Plant Pollen 

Sea spray 

Release of solid particle, gases and heat waves. 

Dust particles spread through wind circulation 

around the earth. 

Smoke from wildfire or forest management. 

Spread of plant pollen through wind motion. 

Liquid droplets spread through wings near 

coastlines. 

Anthropogenic  

(man-made) 

Transport 

 

Power generation 

Industry 

 

 

Construction 

 

Agriculture 

 

 

Domestic 

The process of burning petrol or diesel fuel results in 

the production of particles and gases. 

Emission of particles and gases. 

The activities include the production and fabrication 

of steel, non-ferrous metals, textiles, petroleum 

refining, and material handling. 

Particle pollution caused by the processing of 

materials and other related operations. 

Emissions resulting from the act of ploughing and 

the application of fertilizers, herbicides, and 

insecticides. 

Indoor combustion of solid organic substances, 

including charcoal, firewood, dung, and agricultural 

leftovers. 

Source (47). 

2.6.1 NATURAL SOURCES 
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Natural sources of particulate matter include wind-borne dust, Harmattan dust, natural vegetation 

(such as plant fragments, microorganisms, pollen, etc.), wildfires, and sea spray. Most natural 

aerosols consist mostly of crustal debris, biogenic matter, and sea salt. The dust that the wind picks 

up from construction sites, roads, and other natural surfaces is the primary origin of crustal 

elements, including Si, Ca, Fe, Al, Mg, K, Na, Ti, and O. Pollen, spores, and microorganisms, 

including viruses, bacteria, fungi, protozoa, algae, and insect fragments, are types of particles that 

constitute the main biogenic aerosol particles. In urban and suburban settings, viruses and bacteria 

are larger in size compared to plant residues and fungal spores, which fall under the coarse-mode 

category in terms of particle size (28,77). 

2.6.2 ANTHROPOGENIC SOURCES 

Urban and industrial regions are the primary producers of anthropogenic particulate matter. In 

some regions, human-caused emissions may reach levels of several undesirable chemical 

substances (pollutants) that greatly diminish the quality of the air and visibility (78–80) and can 

pose human health risks (1,81,82). Human-generated aerosols consist of primary pollutants such 

as carbon components, heavy metals, secondary carbonaceous material (organic carbon), and 

inorganic compounds including nitrates, sulphates, ammonium, and water. 

Human activities are responsible for the emission of particulate matter and the gases that lead to 

its formation. These activities include the release of pollutants from many sources, such as 

automobiles, factories, cooking and heating practices, agricultural operations, wood burning, 

electricity production from plants, heavy-duty diesel engines, construction and demolition 

activities, and the disruption of land leading to the development of dust (83–85). They are mostly 

generated by the processes of fossil fuel burning, the wearing out of tyres and brake pads, and the 
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re-suspension of dust particles (86–90). Industrial processes, such as incineration, manufacturing, 

and smelting, produce a variety of heavy metals, including lead (Pb), cadmium (Cd), copper (Cu), 

zinc (Zn), vanadium (V), chromium (Cr), manganese (Mn), cobalt (Co), nickel (Ni), arsenic (As), 

and barium (Ba). 

2.6.2.1 PARTICULATE MATTER EMISSION BY VEHICLES 

The transportation sector is the primary source of urban air pollution (91). The World Health 

Organization (WHO) estimates that vehicle emissions account for approximately 98% of urban air 

pollution in low- and middle-income countries (92). The swiftly increasing number of motor 

vehicles in the urban areas of developing nations poses a grave threat to the population's health.  

Most of the particles released by automobiles in traffic fall into the submicron or fine-mode range. 

These particles have the ability to profoundly infiltrate the respiratory system, namely the alveolar 

areas of the lungs. The major elements responsible for vehicle emissions problems in urban areas 

in sub-Saharan Africa are the widespread presence of obsolete and poorly maintained cars without 

catalytic converters, together with the utilization of low-grade fuel (93). In addition, the increasing 

number of used vehicles and inadequate road networks have caused traffic congestion in the 

majority of African cities. Nearly 70% of imported vehicles into Ghana are used vehicles (94). 

Congestion can significantly increase vehicle emissions, leading to elevated human exposure to 

traffic-related pollutants (95). Urban traffic congestion impedes economic growth, endangers 

public health, and reduces the overall quality of life.  

Tailpipe emissions from diesel and gasoline-powered automobiles in urban settings are recognized 

as a major contributor to primary and secondary man-made aerosols. Urban road traffic emissions 

come from several sources, including vehicle exhaust or tailpipe emissions resulting from the 
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combustion of gasoline and lubricating oil, as well as particle emissions from cars that are not 

emitted via their tailpipes (96). Early studies indicate that in developed nations, exhaust emissions 

are primarily responsible for fine particulate matter (PM), and non-exhaust emissions are primarily 

responsible for coarse PM. Particles produced by incomplete combustion in internal combustion 

engines constitute vehicle discharge emissions.  

Elemental carbon (EC) and organic carbon (OC) are the predominant components of the particulate 

matter released by vehicle exhaust. The emissions released from the exhaust pipe are influenced 

by factors such as the engine's type and age, the kind of gasoline and lubricant used, and the design 

of the vehicle (97–99). Cu, Zn, Pb, Br, Fe, Ca, Cr, and Ba are among the heavy metals frequently 

associated with automobile emissions (100–102). Non-exhaust emissions are the particles that on-

road cars produce. These particulates come from the wear of tyres and brakes, the abrasion of the 

road surface, and the stirring up of road dust due to turbulence induced by vehicles (101,102).  

Brake linings and tyres undergo abrasion, which, together with windblown dust, causes the 

discharge of particles into the environment. These particles include small amounts of metals such 

as strontium (Sr), copper (Cu), molybdenum (Mo), barium (Ba), cadmium (Cd), chromium (Cr), 

manganese (Mn), and iron (Fe). The windblown dust depends on several parameters, such as the 

condition of the road surface, the level of humidity, the intensity of traffic, and the speed of the 

wind (103). The road or tyre source is the main contributor to Al, Si, K, Ca, Ti, Mn, Fe, Zn, and 

Sr, primarily in the larger particle size range. The total amount of particulate emissions from the 

transportation sector may include particles that are not the result of exhaust. Nevertheless, the 

absence of data about non-exhaust emissions in poor countries poses a challenge to accurately 

measuring their impact on overall ambient concentrations. 
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2.7 PROPERTIES OF AEROSOLS 

2.7.1 SIZE DISTRIBUTION 

The size of particles is the primary determinant of their attributes, affecting their production, 

physical and chemical characteristics, transformation, movement, and elimination from the 

atmosphere (104–106). The fundamental determinant of deposition in the human respiratory 

system is particle size. Arquero and Anglada (107,108) have shown that several processes, such 

as vapour species condensation, evaporation, wet and dry deposition, and coagulation, alter both 

the size and chemical content of particles. The impacts of particulate matter on people, plants, and 

materials vary based on the chemical compositions of these particles.  

The dimensions of a particle have a significant impact on its volume, mass, settling velocity, 

transportation, deposition, and movement within the environment (3,44). Previous research 

conducted by Fakinle and Falaiye in 2020 has classified particles based on their physical 

dimensions, which span from a few nanometers (nm) to tens of micrometers (µm) in diameter 

(109,110). The magnitude of particles plays a pivotal role in determining their impact on human 

health and the environment (111). Particulate matter ranging from 0.1 to 10 µm in diameter is 

recognized to have significant impacts on human health, climate, and the environment (108,112). 

The term "diameter" is often used to describe the size of particles. Particle size is measured using 

an "equivalent" diameter, which is determined by a physical attribute rather than a geometric one, 

considering differences in shape and density. The aerodynamic diameter is a commonly utilized 

metric to represent a particle's comparable size (113,114). The term refers to the diameter of a 

sphere with a density of 1 g cm-3 that experiences the same rate of descent in air as the particle 

being studied (112,113). Equation 2.1 gives the particle aerodynamic diameter, as Dp. 
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                                         𝐷𝑝 =  𝐷𝑔𝑘√
𝑃𝑝

𝑃𝑜
       2.1 

where Dg is the particle geometric diameter, ρρ is the density of the particle, ρo is the reference 

density (1 g cm-3), and k is a shape factor, which is 1.0 in the case of a sphere (112). Unless 

otherwise specified, particle diameter in this work refers to the aerodynamic diameter. 

 

Atmospheric particulate matter is often categorized into ultrafine particles for the purpose of 

regulatory control and assessing its impact on human health (PM0.1: Dp < 0.1 µm), fine or respirable 

(PM2.5: Dp < 2.5 µm), and coarse or inhalable (PM10: Dp < 10 µm) particle size fractions. The 

majority of inhalable particles are deposited in the upper respiratory tract or nose system. Smaller 

particles, also known as thoracic particles, are deposited in the pulmonary or lung system and 

remain in the body. The distinction between PM10 µm  and PM2.5 µm  particles is essential because 

of their varied sources, creation techniques, compositions, atmospheric durations, geographical 

distributions, and temporal fluctuations, all of which have detrimental impacts on human health 

(115). The main objective of regulating particulate matter is to decrease the mass concentrations 

of both PM10 µm and PM2.5 µm rather than emphasize number of concentrations. 

2.7.2 MODES OF FORMATION 

Particle size distributions in the atmosphere exhibit non-uniformity. Instead, when mass or volume 

is plotted against aerodynamic diameter (Figure 2.5), particles tend to show a trimodal size log-

normal distribution. These modes are a reflection of the various source categories and atmospheric 

transformation processes (116,117). Usually, the three distinct modes or fractions are classified as 

follows:  
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(a) Nucleation mode: Dp < 0.1 µm 

 (b) Accumulation mode: 0.1 µm < Dp< 2.5 µm and  

 (c) Coarse or sedimentation mode: Dp > 2.5 µm 

2.7.2.1 NUCLEATION MODE 

Nucleation mode particles, often referred to as "nuclei mode" or "Aitken mode" particles, are 

produced through the condensation of heated vapours in combustion processes and the 

transformation of gas into particles in the atmosphere. Nuclei-mode particles are recently 

generated particles with a diameter below 10 nm that are produced as a consequence of active 

nucleation processes. Due to higher precursor concentrations, smaller particles that are developing 

experience coagulation or nucleation, which results in the formation of these particles 

(90,113,117). 
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Figure 2.5 Pattern of particle distribution, deposition, and combination in the air (118). 

 

The nucleation, or Aitken mode, contains the largest quantity of particles. Yet, their small 

diameters have a minimal impact on the total mass. Nucleation-mode particles in the atmosphere 

have a brief lifespan, often ranging from a limited minutes to some hours, as they quickly combine 

with larger particles through coagulation or grow in size through condensation. Their elimination 

occurs via the process of raindrop diffusion. Ultrafine particles include the nucleation mode as 

well as a substantial proportion of the Aitken mode. 

2.7.2.2 ACCUMULATION MODE 

Accumulation mode particles are a diverse group of particles that are often formed by the merging 

of smaller nuclei mode particles and the conversion of gas-phase vapours into solid or liquid 

University of Ghana http://ugspace.ug.edu.gh



 

28 

particles that attach to existing particles (116). Particles in the accumulation-size range can be 

emitted into the atmosphere due to the incomplete combustion of wood, oil, coal, petrol, and other 

fuels. Typically, these particles include substantial amounts of organic and soluble inorganic 

compounds, including ammonium, nitrate, and Sulphate (119).  

Due to their expansive surface area, they make up a substantial proportion of the overall particle 

mass. The nomenclature of the mode indicates that particle removal techniques are ineffective 

within this size range. As a result, they may be carried across long distances and remain in the 

atmosphere for many days or weeks. Furthermore, they are responsible for the bulk of the reduction 

in vision in arid atmospheres. Surface water drainage or precipitation can remove particles from 

the atmosphere when it is in accumulation mode (120). The process of particles coming together 

and forming in the accumulation and nucleation phases is commonly known as fine particles. 

2.7.2.3 COARSE MODE 

Mechanical processes like grinding, wind, or erosion are primarily responsible for producing 

coarse or sedimentation-mode particles. Coarse particles consist mostly of human-made and 

natural dust particles that disappear from the atmosphere quickly via sedimentation and collision 

(116). Raindrops can also eliminate them. Additionally, inorganic substances like sand or sizable 

salt particles from sea spray typically dominate the chemical composition of coarse particulates. 

Due to the limited coagulation strength of particles in the accumulation mode, only a small 

proportion of their mass is transferred to the coarse mode. Together with the accumulation mode, 

they constitute the majority of the mass of suspended particles. Their residence period in the 

atmosphere is limited to a few hours or days, depending on factors such as their size, prevailing 

meteorological conditions, and altitude (121).  
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2.8 CHEMICAL COMPOSITION 

Fine and coarse particulate matter have significantly distinct chemical compositions, indicating 

that they originate from different sources (44). Various factors such as the pollution source's 

location, atmospheric chemical processes, time of day, and meteorological conditions greatly 

influence the composition of these particles (122). Additionally, human-caused elements, such as 

the level of urban development, industrial and agricultural operations, and the kind and amount of 

vehicle movement, impact the makeup of particulate matter. 

Typically, particles have a chemical makeup that consists of a mixture of species originating from 

several sources. Particles usually contain a chemical composition that includes a blend of species 

from many origins. The particles may contain varying levels of Sulphate, ammonium, nitrate, sea 

salt (sodium and chloride), trace metals, crustal components, and carbonaceous substances (123–

125). A precise understanding of the chemical makeup of aerosol particles is essential for assessing 

their impact on human health and the environment. To comprehend the physical and chemical 

processes of aerosols and determine the origins and impacts of ambient particles, it is essential to 

analyze the chemical composition of particulate matter. 

Anthropogenic and natural Sulphur-containing substances, such as Sulphur dioxide (SO2) and 

dimethyl Sulphide (DMS), undergo oxidation and serve as the primary origin of atmospheric 

Sulphates (119). The predominant Sulphate included in the fine portion of PM is ammonium 

Sulphate, with a smaller amount of marine-derived sodium Sulphate being detected. Sulphur 

dioxide emissions originate from both natural and anthropogenic sources.  

Anthropogenic SO2 emissions are generated by burning fossil fuels, biomass, agricultural waste, 

metal smelting, and other industrial operations (126,127). Among the natural sources of SO2 

emissions are the oxidation of dimethyl sulphide (DMS), primarily in the form of sea salt, and 
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wildfires (128). In 2021, the World Health Organization (WHO) determined that the average 

yearly levels of sulphur dioxide in metropolitan regions of underdeveloped nations varied between 

60 and 130 µgm-3. In North America and Europe, the concentrations ranged from 15–35 µgm-3, 

while in European Union (EU) cities, the concentrations ranged from 8–25 µgm-3 (129). 

Nitrate (NO3
-) is a major component of atmospheric aerosols, which are predominantly oxidized 

nitrogen oxides (NOX). Nitrate is present in both coarse and fine particulate matter. The main 

origin of nitrate in fine particles is the chemical interaction between gaseous nitric acid and gaseous 

ammonia, resulting in the formation of ammonium nitrate. The main origin of nitrate in large 

particles is the interaction between gaseous nitric acid and pre-existing large particles. 

Additionally, temperature and relative humidity have a significant impact on the amount of nitrate 

in the atmosphere (130). Chloride is mostly emitted in the form of sodium chloride (NaCl), mainly 

from sea salt particles. Chlorides enter aerosol particles as a result of hydrochloric acid (HCl) 

vapour neutralizing with ammonia. Particulate matter includes carbonaceous substances, 

comprising elemental carbon and organic carbon. Elemental carbon (EC) is sometimes referred to 

as black carbon (BC) or smog. It primarily enters the atmosphere from the combustion of biomass 

and fossil fuels and has a chemical makeup similar to that of impure graphite. Ethyl carbamate 

(EC) is often used as a marker to track the release of pollutants from vehicles driven by diesel fuel. 

The carbonaceous aerosol portion is mostly composed of organic carbon (OC). The emissions 

originate from the combustion of fossil fuels, the burning of biomass in residential areas, the 

cooking of meat, and biogenic sources (131,132).  

Coarse particles mostly include crustal minerals such as aluminium (Al), silicon (Si), calcium (Ca), 

titanium (Ti), magnesium (Mg), and iron (Fe). The proportion of these components changes 

depending on the geological characteristics of the area and the prevailing surface conditions. Both 
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tiny and coarse particles may contain potassium (K). The source of potassium in coarse PM is the 

soil, while the source of potassium in fine PM is the burning of biomass. Both fine and coarse 

particles include trace elements including sodium (Na), potassium (K), iron (Fe), chromium (Cr), 

cobalt (Co), nickel (Ni), manganese (Mn), copper (Cu), selenium (Se), barium (Ba), chlorine (Cl), 

gallium (Ga), cesium (Cs), europium (Eu), tungsten (W), and gold (Au). Residential wood 

combustion and forest fires release trace elements into the atmosphere via the burning of biomass. 

The main source of trace metals found in fine particulate matter is human activity, including the 

burning of fossil fuels, the incineration of garbage, and the refining of metals. Many of these 

components may function as indicators of certain origins. Sodium (Na) is a tracer mostly found in 

sea salt. Similarly, silicon and aluminium serve as indicators for mineral dust, whereas elemental 

carbon particles are mostly produced as byproducts of combustion. Ultimately, the vaporous 

substances that give rise to the secondary constituents (sulphate, nitrate, and ammonium) may be 

seen. 

2.9 ANALYTICAL METHODS 

Concentration of elements in airborne particulate matter tells their process of generation. Thus, to 

detect the sources of particulate matter, it is essential to determine their elemental and/or chemical 

composition. The primary goal of measuring and analyzing particulate matter is to identify the 

origin of the particles and, where relevant, investigate the physical and chemical processes that 

take place inside the particles as they are transported through the atmosphere. 

Various pieces of equipment are available for measuring different features of ambient particulate 

matter. The primary metrics for assessing aerosols are the concentration of particles and the size 

of particles that are deposited on a filter substrate. Filter sampling is cost-effective in comparison 

to online measurements, but it requires manual procedures and the analysis of a substantial number 
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of filters before any significant deductions can be drawn. Analyzing the chemical makeup of 

particulate matter in the air is essential for assessing emissions from different sources that emit 

these particles. To achieve accurate gravimetric analysis, it is necessary to use filters that have low 

dielectric constants, good filter integrity, and are inert towards water vapour and other gases. By 

using a low temperature and relative humidity equilibrium, it is possible to remove water-filled 

particle deposits effectively. Nevertheless, some particles have the potential to vaporize if they are 

exposed to the surrounding atmosphere for a period exceeding one or two days (133,134).  

Depending on the amount of air drawn through a filter, with sometimes-high ambient particle 

levels, only a small amount of sample is available for chemical analysis. Typically, the amount of 

particulate matter loading on a low-to medium volume sampler is less than 5 mg and usually, many 

of the chemical species of interest that need to be measured are less than 1µg in the deposit. The 

importance of any analytical technique in environmental science is to conduct measurements in 

order to achieve a targeted goal. Hence, it is essential that the sample and testing methods be 

appropriate. Therefore, in this study and any other analysis, it is necessary to determine the 

qualitative characteristics of the sample and the quantitative measurements or concentrations 

present in order to make well-informed conclusions. When analyzing particulate matter, it is 

crucial to consider three key aspects in all analytical procedures, especially when dealing with tiny 

deposits of collected mass. These factors depend on the specific analytes of interest including: 

 • Specificity: is the ability of an analytical technique to differentiate between a certain 

 substance and other similar chemicals. 

 • Sensitivity: refers to the capacity of an analytical procedure to identify certain elements 

 at low concentrations that are of interest. This ability may vary across different instruments 
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 due to factors such as the frequency of the X-ray generator, the sensitivity of the 

 multichannel analyzer, and interferences from the sample. 

• Detection limit: refers to the minimum concentration or quantity that can be accurately 

determined  (7, 17, 18). 

Various analytical techniques are available to determine the elements present in a substance on a 

filter medium. These methods include gas chromatography-mass spectrometer (GC-MS),    

thermo-optical and light scattering techniques (for measuring total, organic, and black carbon 

(BC), proton (or particle) elastic scattering analysis (PESA), energy dispersive x-ray fluorescence 

(EDXRF), proton-induced x-ray emission (PIXE), total reflection x-ray fluorescence (TXRF), 

synchrotron-induced x-ray fluorescence (S-XRF), and scanning electron microscopy with x-ray 

fluorescence (SEM/XRF)  (138–143).   

In general, the equipment required for analysis of airborne particulate matter depends on their 

convenience, sensitivity, accuracy and precision. Several spectrometric techniques rely on the 

electromagnetic spectrum that the sample under study emits or absorbs. The elements or chemical 

substances in the sample are identifiable by their spectra. Analyses are performed by comparing 

sample results to calibration standard values acquired under identical conditions. Instruments often 

include devices that are designed to isolate certain discrete energy levels or ranges of energies (or 

wavelengths) for accurate measurement. 

The spectrometric methods to be applied depends on the electromagnetic spectrum that the sample 

being studied emits or absorbs. The spectra provide an accurate representation of the chemical 

elements or compounds in the sample. Analysis is performed by contrasting sample results with 

calibration standard results acquired under identical circumstances. The crucial component of such 
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equipment is the inclusion of devices that can effectively isolate and measure a specific discrete 

energy or a range of energies (or wavelengths). 

The energies (or wavelengths) that analytically relevant elements and chemical compounds emit 

or absorb span from the gamma- and x-ray (< 100 Å or 10-8m) through the ultraviolet, visible, and 

infrared (7000 Å) spectrums. One spectrometer cannot cover the entire range, which is roughly 1–

150,000 eV. Therefore, instruments with good performance in a variety of applications are 

versatile and valued. This category includes the widely used X-ray spectrometers, particularly X-

ray Fluorescence (XRF) and electron probe analysis systems currently used worldwide.  

2.10 SAMPLING OF ATMOSPHERIC PARTICULATE MATTER 

There are several techniques available to determine the integrated mass concentration of 

particulate matter in the atmosphere. Gravimetric techniques based on filters are the most typical 

and conventional method. Almost exclusively, mass measurement of filters in a laboratory setup 

uses gravimetric analysis. Gravimetry calculates the filter's pre- and post-sampling weights using 

a microgram-sensitive balance in a temperature and relative-humidity controlled environment to 

determine the net mass (44). The gravimetric technique is used to quantitatively collect airborne 

particulate matter on a filter. This is achieved by pulling air into a particle-size classification intake 

via a pre-weighed Teflon filter. The process is driven by a high-flow electrical pump (7, 20). For 

collecting samples of particulate matter, the ARA N-FRM sampler uses a measuring method based 

on gravimetric analysis. This process spans a duration of 24 hours and utilizes 47-mm Teflon 

filters. At the conclusion of this time, the exposed filters were manually taken out of the ARA N-

FRM samplers and put in Petri dishes. Manual samplers are required for sampling airborne 

particles for gravimetric mass determination. A sampler equipped with an internal filter is 
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primarily used to achieve comprehensive sample collection and get a concentration measurement 

that is averaged over time. 

2.10.1 DESCRIPTION OF FILTER MEDIA AND AEROSOL SAMPLER USED 

2.10.1.1 FILTERS 

In finding the composition of atmospheric particles, one of the most common methods entails the 

analysis of deposits collected on filter substrate. Gravimetric analysis is mainly used to attain mass 

measurements of filters in a laboratory environment. Gravimetry determines the net mass by 

weighing the filter before and after sampling with a microgram-sensitive balance in a temperature- 

and relative humidity-controlled setting. Accurate gravimetric analysis requires the use of filters 

with low dielectric constants, high filter integrity, and inertness with respect to absorbing water 

vapour and other gases.  

Filters are permeable media for collecting aerosol particles. Aerosol sampling filter comprise a 

plastic membrane with small pores or a tightly woven fiber mat. Fibrous filters and membrane 

filters are the two main categories of filters. Low-pressure drop and good collection efficiency for 

all particle sizes are two characteristics of fibrous filters. Quartz, cellulose, glass, and plastic fibers 

are a few of the primary fiber types used as filter. Particles larger than 0.3 microns have a strong 

tendency to be retained by glass and quartz fiber filters (144). Fibrous filters are categorized by 

two important qualities: they have a low-pressure drop and exhibit great collection efficiency for 

particles of all sizes. The filter utilizes many key fiber types, including quartz, cellulose, glass, and 

plastic fibers. Particles of a size above 0.3 microns have a pronounced inclination to be captured 

by filters made of glass and quartz fibers. 
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Membrane filters retain particles on the filter's surface, allowing for non-depth studies such as X-

ray fluorescence (XRF). They exhibit characteristics of increased flow resistance and decreased 

loading capabilities in comparison to fiber filters, resulting in greater costs. Commonly used 

membrane filters include Teflon, polyvinyl chloride (PVC), cellulose ester, and polycarbonate. 

The filter media for event monitoring must possess suitable physical and chemical characteristics 

that align with the sampling strategy and laboratory analysis methods used.  

2.10.1.2 FIBROUS FILTERS 

Fibrous filters contain a non-uniform arrangement of fibers that have been compressed together, 

sometimes with a binding agent, with most of the fibers oriented perpendicular to the airflow 

direction. In contrast to liquid filtration, which uses microscopic sieves in which only particles 

smaller than the pore size can pass, these types of filters remove aerosol particles when they impact 

and attach to the surface of the fibers. 

These filters come in sizes from sub-micron to 100 µm and range in porosity from 70 to more than 

99%. The most prevalent varieties are glass fiber, quartz, and cellulose (paper). They are ideal for 

high volume sampling because they have reduced pressure drops across them. Air passes through 

high-efficiency filters at a slow rate. The filter materials are therefore pleated in order to get a 

broad filter area in an element of practical size. Particles larger than 0.3 µm are highly retained by 

glass and quartz fiber filters.  

Glass fiber filters possess a significant capacity, although they have a notable downside in their 

capability to convert Sulphur dioxide into Sulphate, therefore growing the particulate matter 

burden in their original location. Quartz fiber filters are not affected by this problem. The glass 

fiber filters are unsuitable for trace element analysis, particularly when using nuclear analytical 
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methods, due to their very high blank values for many elements. Fibrous filters are inappropriate 

for EDXRF analysis because of the uneven penetration of particles into the filter matrix. While 

cellulose filters can be employed for ambient monitoring, sustaining uniform humidity levels for 

exposed and uncovered filters presents difficulties, leading to minimal utilization. 

 

2.10.1.3 POROUS MEMBRANE FILTERS 

Polyvinyl chloride, Teflon (polytetrafluoroethylene, PTFE), sintered metals, cellulose esters, and 

other plastics are used to create porous membrane filters. They differ structurally from fibrous 

filters and have porosity levels between 50 and 90 percent lower than the fibrous filters. Through 

the intricate pore structure, gas flows through the filter in an erratic fashion. As the aerosol is 

drawn through the filter, particles are deposited on the structural components that form the pores. 

Even for particles smaller than the manufacturer's specified pore diameters, which are based on 

liquid filtration, membrane filters have a high efficiency increased airflow obstruction and higher 

pressure loss compared to other filter types. Table 2.4 shows examples of some characteristics of 

filters. 
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Table 2.4 Example of filters and their characteristics (137).  

Filter and Filter Composition Density 

(mg/cm2) 

pH Filter Efficiency 

(%) 

Teflon® (Membrane) 

(CF2)n (2 µm Pore Size) 

0.5 Neutral 99.95 

Cellulose (Whatman 41) 

(C6H10O5)n 

8.5 Neutral (Reacts 

with HNO3) 

58 % at 0.3 µm 

Glass Fiber (Whatman GF/C) 5.16 Basic pH 9 99.0 

“Quartz” Gelman 

Microquartz 

6.51 pH 7 98.5 

Polycarbonate (Nuclepore) 

C15H14+ CO3
- (0.3 µm Pore Size) 

0.8 Neutral 93.9 

Cellulose Acetate/Nitrate 

Millipore (C9H13O7)n (1.21 µm Pore 

Size ) 

5.0 Neutral (Reacts 

with HNO3) 

99.6 

 

Polytetrafluoroethylene (PTFE) Teflon filters with a ring (Pall Life Science, Teflon filters with a 

particle size of 0.2 µm and a diameter of 47 mm) were used to collect PM2.5 samples for the study. 

The use of Teflon filters in low-volume sampling is favoured because of their inertness and ability 

to reduce particle bouncing. Additionally, they provide low background levels for many analytes 

and produce the clearest infrared (IR) absorbance spectrum (145). 

The patented flow technology used in the ARA N-FRM sampler draws air through a particle size-

classifying inlet. The sharp-cut ARA VIS-A Cyclone physically selects particles 2.5 µm size 

fraction and below. The N-FRM inertial separator (PM2.5 Impactor) is designed to operate at a 

nominal sampling rate of 16.7 L/min where particles larger than the cut point (2.5 µm) are removed 

by impaction onto a slightly greased plate to reduce the risk of particle bounce. The ARA N-FRM 
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Sampler, shown below incorporates a microprocessor-based active flow control to maintain the 

sampling rate as ambient conditions and filter loading changes. The sampling rate is monitored 

and adjusted several times a second and logged at 5-min intervals along with all other important 

sampling parameters. For each sampling event, the N-FRM Sampler generated a summary of 

important sampling parameters such as start and stop times, total sampling volume, and average 

ambient temperature and pressure as well as 5-min averages of all ambient and sampler operational 

parameters. The filter holder assembly contains a filter cassette in which the 47mm diameter filter 

is supported by a filter support screen (146). The operational technique of the ARA N-FRM 

sampler used in this study was derived from the ARA N-FRM sampler operation manual (147).  

 

                                   Figure 2.6  ARA N-FRM Sampler (147). 
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Figure 2.7 Schematic diagram of ARA N-FRM PM2.5 impactor well and filter (147). 

 

The choice of aerosol-sampling equipment is determined by the item under examination, its 

properties, and the specific information needed from the collected data. There are a wide range of 

methods available for monitoring airborne particulate matter (APM) in investigations on 

particulate matter (PM) (148). Commonly used particle samplers for PM2.5 collection encompass 

the United States Environmental Protection Agency (U.S. EPA) Federal Reference and Equivalent 

Method (FRM) samplers, dichotomous samplers, Interagency Monitoring of Protected Visual 

Environments (IMPROVE) samplers, MiniVol Tactical Air samplers, and ARA N-FRM samplers.  
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2.11 CHARACTERIZATION OF ATMOSPHERIC PARTICULATE MATTER USING 

ENERGY DISPERSIVE X-RAY FLUORESCENCE ANALYSIS (EDXRF) 

The term "X-ray florescence" refers to a spectrometric system that uses electromagnetic spectrum 

(X-rays) with wavelengths ranging from 10-5 to 100Å. This method entails examining the 

elemental composition of aerosols collected on a filter material (149). It can analyze the 

composition of various materials without causing damage, making it useful in a wide range of 

scientific and industrial applications. This method can provide both qualitative and quantitative 

data on the concentration of many elements in particulate matter. The application of receptor 

models for source apportionment as well as source identification work both require this data. 

Numerous investigations using the EDXRF spectrometry technique on the elemental content of 

particulate matter have been published (28,44,121,150–152). 

In EDXRF technique, a high energetic beam of X-rays irradiation is incident on the sample on the 

filter. As a result, photoelectrons are ejected from the inner shells of the atoms in the sample. The 

kinetic energy of these photoelectrons (E-) is equal to the energy difference between the incoming 

particle (E) and the binding energy of the atomic electron (). Following a short duration, the 

atomic electrons undergo reorganization, whereby an electron from a shell with greater energy 

occupies the empty space created by the expelled electron in the atom's electronic configuration. 

Fluorescence is the process in which an atom emits an X-ray photon with an energy that matches 

the difference in energy between its beginning and final states. By detecting a photon and 

accurately measuring its energy, it is possible to identify the specific element and electronic 

transition from which it came (153). 

Any electron in an atom's inner shells can be evicted, and different electrons can "drop" into the 

empty space from the outer shells. As a result, there are various permitted transitions that follow 
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the rules of quantum physics, each of which has a unique energy or line. The three primary kinds 

of transitions, or spectrum series, are identified by the letters K, L, or M, which represent the shells 

from which the electron was originally extracted. The K series, the L series, and finally the M 

series have the highest levels of intensity. Each transition in the series is shown by a subscript that 

starts with , , , etc., which tells you the upper energy shell that is relaxing, and then a number 

that tells you the quantum state inside that upper energy shell (154).  

Nevertheless, fluorescence is not the only mechanism for an excited atom to return to its ground 

state. It rivals the Auger effect by inducing the emission of a second photoelectron to regain 

stability. Auger effect is, therefore, a radiation-less transition. The fluorescence yield, which 

increases with increasing atomic number for all three series, describes the relative numbers of 

excited atoms that fluoresce (154). The ejection of photoelectrons and consequent fluorescence 

emission of characteristic radiation is not limited to high-energy electrons. Comparable outcomes 

may be attained by using high-energy X-ray photons, which enable the stimulation of a sample 

using the emission of an X-ray tube or any other suitable source of photons. In addition, X-rays 

emitted from a tube are used to stimulate secondary fluorescence, resulting in the emission of 

photons. These photons are then used to stimulate the sample in different applications of X-ray 

fluorescence (XRF) spectroscopy (155). 

X-rays primarily interact with samples when they strike them through absorption and scattering 

processes. Compton scattering is the phenomenon where an unpredictable quantity of energy is 

lost, whereas Rayleigh scattering is the dispersion of an X-ray without any alteration in energy. 

The phenomenon of X-ray scattering in Energy Dispersive X-ray Fluorescence (EDXRF) is a 

common problem that results in elevated amounts of background radiation (153). The origin of 
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this photon may be determined by detecting it and measuring its energy, which allows for 

identification of the precise element and electronic transition it originated from. This is the 

foundation for the X-ray fluorescence (XRF) technology, which allows compositions to be 

categorized quantitatively and qualitatively depending on their rate of emission (156).  

EDXRF has many benefits compared to other analytical methods. Some of these benefits are: 

• It is non-destructive, thus, samples are preserved after analysis so they can be used for   

additional analyses using different techniques as necessary. 

• It entails little or no sample preparation or operator time after the samples are loaded into 

the analyzer. 

• It is fast and can be used to measure the concentrations of many elements simultaneously 

with atomic numbers between 11 (Na) to 92 (U). 

When a sample's X-ray strikes the detector, it interacts with the detector's material. The X-ray 

energy induces ionization inside the detector. Each energy photon that enters the detector causes 

complete ionization, which is then translated into voltage signals. The amplitude of these signals 

is directly proportional to the energy of the input photons. A pulse processor unit converts the 

voltage signal into digital pulses which are in turn converted into an energy dispersive x-ray 

spectrum through a multichannel analyzer. The sample's characteristic X-ray spectrum is used for 

both qualitative and quantitative analysis (157). 
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2.11.1 INSTRUMENTATION 

 

Figure 2.8 Schematic diagram of Amptek XRF spectrometer (158).  

 

The diagram shown above (Figure 2.8) showcases the Amptek XRF kit, which primarily consists 

of a compact X-ray tube, a high-voltage power supply, a silicon drift detector (SDD), a sample 

chamber, a digital pulse processor (DPP), and a computer system. The tiny X-ray tube has a silver 

anode target and emits X-rays with an average energy of 22.1 kilo electron volts (keV). The X-ray 

tube functions within a voltage range of 5 kilovolts (kV) to 50 kilovolts (kV), and a current range 

of 5 microamperes (µA) to 200 microamperes (µA). The X-rays are used to irradiate filters 

containing sampled particulate matter placed on the shielded sample holder. Silicon Drift Detector 

(SDD) is a form of photodiode that functions similarly to planar photodiodes but has a different 

electrode structure. It has a substantially lower capacitance than a planar diode of the same area, 

and because electronic noise is proportional to capacitance at short shaping times, the SDD 

produces much lower noise at short shaping times. This results in higher count rates and improved 

energy resolution. 
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Figure 2.9 Amptek XRF spectrometer Silicon Drift Detector (158). 

The electrode configuration of Amptek SDD is depicted in the diagram above (Figure 2.9). A 

series of drift rings that form a radial field, lead electrons to a very small, low capacitance anode 

(0.035 pF in an Amptek 25mm2 SDD). X-rays pass through the planar front contact, which is an 

extremely thin p + junction with minimal dead layer. The signal anode is connected to a discrete 

JFET (field effect transistor) where the signal current is collected, and electrons produced 

throughout the active volume drift to it. 

The X-123 Digital Pulse Processor (DPP) system (Figure 2.10) is a component of the Amptek 

Experimenter’s Spectrometer complete signal processing electronics. The core technology that 

runs through this spectrometer is digital pulse processing. The X-123 DPP replace many different 

components in a traditional instrumentation system: the shaping amplifier, the multichannel 

analyzer, logic devices, and several auxiliary components. 
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Figure 2.10  Amptek spectrometer Digital Pulse Processor  

The output from the preamplifier (a charge sensitive preamplifier) is a small, fast voltage step. The 

gain of the Amptek XR100 is 1mV/keV, hence the preamp output signal for X-rays is in the tens 

of mV range. The goal is to achieve a resolution of a few hundred eV, or around 0.2mV. The signal 

has a rise time of about 100 nanoseconds and a decay time of several milliseconds or more. Due 

to thermal noise in the preamplifier, shot noise in the detector, and other factors, this signal is 

superimposed on a changing DC baseline and has a lot of white noise. The signals occur at 

unpredictable intervals, with tens of thousands of events per second. This preamplifier output is 

sent to a shaping amplifier and subsequently to a multichannel analyzer (MCA). The objective of 

the shaping amplifier is to allow for precise peak height determination. Pulse shaping removes the 

DC baseline, decreases overlapping pulse distortions, and filters out broadband noise. The pulse 

is also amplified by the shaping amplifier, allowing for precise measurements. The pulse amplitude 

is ultimately collected in a digital form, resulting in an energy spectrum in the MCA memory. 

University of Ghana http://ugspace.ug.edu.gh



 

47 

The sample chamber is the part of the spectrometer where samples are placed for irradiation. The 

sample chamber has a radiation shielding which protects the operator from radiations. Samples are 

however, placed in the sample chamber for the acquisition and display of spectra. These analytical 

methods helped identify sources and assign pollutant concentrations to those sources at specific 

locations in Accra: Adabraka, Dansoman Police Station, and the University of Ghana, Legon. 

 

2.12 SOUCRE APPORTIONMENT OF PARTICULATE MATTER 

Identifying the primary sources of particulate matter and accurately attributing the measured 

quantities of aerosol particles to these sources enables the development of more effective strategies 

to reduce air pollution levels. Source apportionment approaches facilitate the creation of efficient 

and successful strategies for controlling particulate matter, as well as the establishment of 

regulations to avoid human exposure. Pant and Harrison (2012) (159) defined source 

apportionment as a systematic method to quantify the contributions of various source categories 

to the observed levels of particulate matter in the atmosphere. APM emissions comprise several 

chemical species from multiple sources. Source apportionment methods analyze the mass and 

chemical compositions of particulate matter at a specific location to determine the principal 

sources and their contributions to the observed ambient particulate matter at that site (160,161). 

The emissions of particulate matter from various sources usually possess a distinct characteristics 

that may be used to determine their contribution to the overall aerosol particles at the receiving 

end (162). 
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2.12.1 RECEPTOR MODELLING METHODS  

Receptor models are mathematical or statistical methods utilized to identify and quantify the 

origins of airborne pollutants at a particular site during sampling. Mass balancing analysis is a 

technique used to attribute ambient particulate matter concentrations to individual emission 

sources. This is done by using the core premise of receptor modelling, which is mass conservation 

(163). The premise behind many receptor models for source apportionment is that the pollution 

level at the receptor site is equivalent to the total pollution levels from all of the nearby emission 

sources (160,164). Therefore, the main purpose of receptor models is to find out where particulate 

pollutants might come from and how much they add to the total mass of bulk particles. 

Receptor models are often classified into two main categories: mass balance and multivariate 

methods (165). The selection of the right approach is dependent on preexisting knowledge about 

the sources and their profiles. Chemical Mass Balance (CMB) models are applicable when the 

sources are identified and there is access to comprehensive source profile data. When the sources 

of pollution are unknown but the concentration of ambient pollution is known, it is preferable to 

use multivariate approaches like Positive Matrix Factorization (PMF). The Positive Matrix 

Factorization (PMF 5.0) program, developed by the U.S. Environmental Protection Agency (EPA), 

is widely used in the field of physical and chemical sciences for receptor modelling purposes (166–

168). The association between the sources and the receptor was discovered by the use of 

enrichment factor analysis and multivariate approaches such as correlations and Positive Matrix 

Factorization (PMF). 
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2.12.2.1 POSITIVE MATRIX FACTORIZATION 

The PMF offers many benefits compared to traditional component analysis methods like Cluster 

Analysis (CA) and Principal Component Analysis (PCA):  

• Unreliable data in the PMF analysis, like observations below the detection limit or 

nonexistent values, can be accounted for by assigning them low weights to minimize their 

impact on the models (169). 

 • Down-weighting the model's influence on the extreme points can also help manage data 

 with a  strongly positive skewed distribution (170). 

 • The PMF model assumes the non-negativity of factors and does not rely on information 

 from  the correlation matrix, instead employing a point-by-point least squares 

 minimization scheme that takes the uncertainty of each data point into consideration (171). 

In PMF a matrix X (n x m), where n is the number of samples and m is the number of chemical 

species, is factored into two matrices, G (n x p) and F (p x m), where p is the number of independent 

source types or factors extracted, and a residual matrix E is used to account for the portion of X 

that remains unexplained. The factor analysis model can be expressed in matrix form as follows 

in equation 2.2: 

 X = G. F + E        2.2  

or as component parts 

  𝑥𝑖𝑗 = ∑ 𝑔𝑖𝑘 𝑓𝑘𝑗
+ e𝑖𝑗

𝑝

𝑘=1
     2.3 

where xij is the measured concentration of a receptor for the jth species in the ith air sample, gik is 

the particulate mass concentration from kth source type contributing to the ith air sample, fik is the 
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jth species mass fraction from the kth source, and eij is the residual measured and modelled 

concentration for the jth species in the ith sample. 

The goal of multivariate receptor modelling is to identify the optimal number of sources (p), source 

contributions (gik), and chemical profiles (fik) of the identified sources. In order to get the best 

possible fit for the model, PMF aims to minimize the objective function, which is the chi-squared 

value, taking into account the uncertainty associated with each observation. 

The following equation represents the object function:  

𝑄 = ∑   𝑚
𝑖=1 ∑ (

𝑒𝑖𝑗

𝑠𝑖𝑗
)

2
𝑛
𝑗=1                    2.4 

            

𝑄 = ∑   𝑚
𝑖=1 ∑

(𝑥𝑖𝑗− ∑ 𝑔𝑖𝑘
𝑝
𝑘=1 𝑓𝑘𝑗 )

2

𝑠𝑖𝑗
2

𝑛
𝑗=1        2.5 

where sij is the uncertainty in the jth species in the ith sample; gik ≥ 0; and fik ≥ 0; k = 1,…, p. PMF 

simultaneously adjust the elements G and F in each interactive step until a minimum vale of Q is 

obtained (169). The Q value may be used to determine the ideal number of parameters. The 

theoretical Q value may be approximated as the product of n and m, where n represents the number 

of entries in the data array and m represents the number of degrees of freedom for each data point 

in the data collection.  

2.12.2.2 ENRICHMENT FACTOR (EF) 

The enrichment factor model differentiates between components originating from human actions 

and those originating from natural sources. Its main purpose is to provide an early evaluation of 

the impact of human activities on the measured levels of elemental substances in the atmosphere. 
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Therefore, it is used to gauge the extent of pollution resulting from human activities. Enrichment 

factor (EF) analyses have been extensively used in research on particle source apportionment to 

identify the primary sources of air pollution and accurately assess the contributions from all 

sources of all measured pollutants  (3,172).  

     𝐸𝐹 =  

 (
𝐶𝑥

𝐶𝑅𝑒𝑓
)

𝑆𝑎𝑚𝑝𝑙𝑒

(
𝐶𝑥

𝐶𝑅𝑒𝑓
)

𝑐𝑟𝑢𝑠𝑡

    2.6 

 where Cx represents the concentration of the element of concern and CRef represents the 

concentration of the normalization reference element. 

Particulate matter denotes an intricate mixture of solid and liquid particles that are suspended in 

the atmosphere. Particulate matter (PM) is a very dangerous kind of air pollution. According to 

the United States Environmental Protection Agency (USEPA), particulate matter (PM) is a mixture 

of solid particles and liquid droplets created in the atmosphere (113). PM is characterized by its 

variability in terms of size and chemical composition (173,174). The aforementioned entities are 

minuscule particles that possess the ability to stay suspended in the atmosphere for a lengthy 

duration, ranging from several hours to multiple days. Furthermore, these particles have the 

capacity to traverse significant distances from their respective origins.  

In the context of research, particulate matter (PM) has been categorized into three primary size 

fractions: coarse (PM10), fine (PM2.5), and ultra-fine (PM0.1).  PM10 refers to particles with an 

aerodynamic diameter of less than 10µm, while fine PM2.5 refers to particles with an aerodynamic 

diameter of less than 2.5 µm, and ultra-fine PM0.1 refers to particles with an aerodynamic diameter 

of less than 0.1µm. This classification has been established (175–178). The dimensions of particles 
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significantly impact both their transportation characteristics and their potential health effects on 

human beings.  

The majority of particles present in the atmosphere are of small size, namely those with a diameter 

less than 2.5 µm, and particularly those with a diameter less than 0.1 µm. They possess the 

capability to go to more profound regions inside the lungs. Both fine (< 2.5 µm) and ultrafine (<0.1 

µm) particles are produced as a consequence of combustion sources, and they have a greater 

correlation with negative health impacts compared to coarse particles, according to Hinds (179), 

Basagaña et al. (175), Susanna (19), Mukesh (180) and Guangqin (181). Large particles are unable 

to penetrate beyond the nasal and throat regions. Zare et al., (182) reported that fine particles are 

present in abundance and possess a larger surface area compared to bigger particles of same mass. 

Consequently, fine particles are often regarded as being more harmful. 
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CHAPTER 3 

METHODOLOGY 

3.1 DESCRIPTION OF SAMPLING SITES 

Accra, the capital of Ghana, serves as the administrative and economic hub of the country. Located 

at coordinates 5° 33' N, 0° 13' W, Accra is experiencing rapid growth and is among the fastest-

growing cities in sub-Saharan Africa. The population of Accra is 4.9 million (53) and has a 

metropolitan area population of 2,557,000 representing an estimated growth rate of approximately 

1.71%. The Greater Accra Region has a population density of 1,300 individuals per square 

kilometer, accounting for 47% of the total population of the Greater Accra Region. This places it 

as the 11th largest metropolitan area in Africa (45,183). 

Ambient fine particulate matter samples were collected at three locations of varying 

socioeconomic areas (SEA) in the Greater Accra Metropolitan Area (GAMA) between January 

2021 and February 2022 to cover the wet, dry and Harmattan periods. The exact locations of the 

air samplers were: Adabraka, St. Joseph Roman Catholic School (AD) (5° 33' 19.908'' N, 0° 12' 

50.184'' W); Dansoman Police Station, (DA) (5° 32' 37.536'' N, 0° 15' 54.684'' W) and the Physics 

Department of the University of Ghana, Legon (UG) (5° 39' 5.04'' N, 0° 11' 8.376'' W). The sample 

sites were located along the coast of the Gulf of Guinea, reaching the northern boundaries of the 

Accra Metropolitan Area (AMA), as shown in Figure 3.1.  
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Figure 3.1 Map showing the various sampling sites within the Greater Accra Metropolitan 

Area (GAMA). 

 

3.2 STUDY DESIGN 

In this study, three selected locations in the Greater Accra Metropolitan Area with monitoring sites 

used were based on the following: 

1. Two locations, namely Adabraka, St. Joseph Roman Catholic School and Dansoman Police 

Station, were about 5 meters from a road with consistently high traffic throughout the day. The air 

sampler was installed at a height of at least 3 meters above ground level. 
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2. One site among the three locations was selected due to academic environments and office setups. 

This was sited about 5 meters above ground level and 40 m from the road with less significant 

traffic than the other sites, even though within this site there are possibly other potential polluting 

sources such as open burning of refuse, biomass burning, or wind-blown dust. 

3. Factors such as equipment security, power availability, absence of public disruption, and 

continuous access to equipment for operation and maintenance influenced the selection of the 

locations. In addition, the locations were chosen to provide adequate air circulation near the 

samplers' entrance, hence preventing the collection of still air or heavily shielded 

microenvironments. 

3.1.1 DANSOMAN TOWN (DA) 

Dansoman is a suburban town located in the Greater Accra Region of Ghana, situated near the 

Gulf of Guinea coast, 14 km southwest of Accra Central Business District (ACBD) of the Accra 

Metropolitan Area. The inhabitants of Dansoman are predominantly middle to high-income 

earners, and at approximate elevation of 127 m above sea level. DA with an approximate 

population of 153,490 people is known to be one of the largest estates in West Africa (183). 

Dansoman has large blocks of residential areas with major roads paved or tarred. The main local 

sources of air pollution in Dansoman are congestions emanating from medium to heavy vehicular 

emission, industrial processes, sea spray, road and wind-blown soil dust, open burning of refuse, 

used tyre, and less biomass burning for domestic and commercial cooking all day or during parts 

of the day.  
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 3.1.2 ADABRAKA TOWN (AD) 

Adabraka is situated approximately 1.8 km from central Accra, the heart of city commercial events, 

and is largely middle-income with a population of about 36,500 people with a terrain elevation of 

97 km above sea level. The location of this area is in the northeastern part of the Accra city center. 

It is bordered by Asylum Down to the east, Kaneshie to the west, Kokomlemle to the north, and 

James Town to the south. The Adabraka suburb has a well-designed layout with a well-constructed 

and interconnected system of paved streets (184). AD was the first and most posh neighborhood 

in Ghana during the colonial era. Air pollution in the local area is primarily caused by the open 

burning of garbage and biomass by houses and street food sellers, traffic-related pollution, dust 

from roads and wind-blown soil dust, vehicular emissions, and industrial activities. 

3.1.3 THE UNIVERSITY OF GHANA CAMPUS, LEGON (UG) 

The main campus of the University of Ghana (UG) is situated at Legon, about 10 km inland from 

the coast. It is positioned to the north of Accra International Airport and 13 km northeast of the 

central business area of Accra city (185). The neighborhood of Legon is an affluent and tranquil 

suburb, characterized by a low population density and well-designed residential areas. It has 

excellent infrastructure and is home to an academic community. The campus is renowned for its 

lush, green, well-maintained gardens, sprawling lawns which cover the top soil with a variety of 

indigenous, exotic and matured trees (186). The road network inside the university community has 

much lower vehicle congestion during peak morning and evening commute hours compared to 

other areas. Notwithstanding the lower vehicular congestion, some possible polluting sources at 

this location include biomass burning, road dust as well as transport of regional emissions.  
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The mass concentration of air particulate matter was determined by analyzing the Teflon filters 

using gravimetric analysis. The mass concentration of particulate matter (PM2.5) in the air was 

determined by dividing the mass of the particulate matter by the volume of the measured air and 

the sampling period. Additionally, the elemental composition of the particulate matter was 

characterized using non-destructive energy dispersive X-ray fluorescence (EDXRF) spectroscopy. 

The net mass of the measured airborne particulate matter was determined by subtracting the pre-

weighed mass of the filter from the mass of the filter after sampling. The filters used in this 

investigation were conditioned at the Environmental Quality Laboratory (EQL) of Ghana's 

Environmental Protection Agency (EPA) and distributed to all sample locations. The loaded filters 

and field blanks were transported to the X-ray spectroscopy Laboratory of the National Nuclear 

Research Institute (NNRI) of Ghana Atomic Energy Commission (GAEC) for gravimetric and 

elemental analysis. The schematic design methodology used for the study is shown in Figure 3.2. 

 

 

 

 

 

 

 

 

Figure 3.2  Organization and integration of research work. 
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3.2 SAMPLING PERIODS 

The collection of ambient particulate matter occurred between January 2021 and December 2022 

in the Greater Accra Metropolitan Area (GAMA) with sampling site designated at the 3 locations: 

The sampling was over 24- hour period once every six days at the three different locations.  

3.3 METEOROLOGICAL DATA  

For the purpose of this study, meteorological data for Accra (January 2021 to December 2022) 

was obtained from the Ghana Meteorological Agency.  

It is important to look into how meteorological factors and PM levels are related because the 

weather in a given area might change often throughout a single day. The Ghana Meteorology 

Agency in Accra provided data on temperature, rainfall, relative humidity, wind speed, and wind 

direction for three selected areas in the absence of site-specific meteorological information. The 

obtained meteorological measurements were considered to be typical of the monitoring sites. 

The Harmattan season (November–March) and the non-Harmattan season (April–October) were 

analyzed individually for 2021 and 2022 since meteorological factors impact the levels of 

particulate matter in the air. Seasonal fluctuations in this study are separated into Harmattan and 

non-Harmattan seasons. The Harmattan era lasted from November 2021 to March 2022. Non-

Harmattan periods are those beginning in September 2021, ending in October 2021, and beginning 

in April 2022 and ending in October 2022. Consequently, the full study's period was from January 

2021 to December 2022. 
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3.4 AIRBORNE PARTICULATE MATTER SAMPLER 

In this study, ARA N-FRM sampler was used for integrated aerosol particle mass quantification. 

The ARA N-FRM sampler was first set up for PM2.5 particulate sampling by configuring the 

sampling inlet components prior to the filter medium.  

ARA N-FRM impactor samplers were placed on roofs at different heights between 5m and 7m 

above ground level at each monitoring location. This ensured that the air was adequately mixed 

and less susceptible to significant influence from nearby sources (12). The inlet nozzles of the 

samplers were positioned around 1.2m above the rooftop level using an extended pole for easy 

installation and retrieval from brackets. The setting was selected to ensure that the sampler inlet 

can efficiently sample wind from all directions. Figure 3.3 displays a standard setup of the ambient 

monitoring system. 
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Figure 3.3  A standard configuration of the ambient monitoring system including ARA N-

FRM samplers. Adabraka (a), Dansoman (b), and the University of Ghana (c). 

The filters were weighed in a clean weighing room at the Environmental Quality Laboratory of 

the Environmental Protection Agency (EPA) in Ghana. A Secura26-1S microbalance was used to 

measure the initial and final weights of all the filters utilized for sampling purposes. The filters 

were conditioned before and after sampling. The filters were conditioned by placing them in a 

a b 

c 
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desiccator in the weighing room at a controlled temperature (25 ± 0.2 o C) and relative humidity 

(39 ± 2 %) for a minimum of 24 hours before weighing (187–190). Filters were weighed three 

times during pre- and post-weighing and the average was taken. This method was used to enhance 

the gravimetric analysis' precision and get rid of outliers caused by significant analytical mistakes. 

A set of class "S" weights were used to check the microbalance's zero, span, and linearity after 

each batch of 10 filters. Equation 3.1 provides the precise calculation for determining the total 

mass of the particulate matter that had been accumulated on a Teflon filter, expressed in 

micrograms. 

M = [(Mf – Mi) mg x 103] µg                                     3.1 

where,  

M = total mass of particulate matter collected during sampling period (µg) 

Mf  = final mass of conditioned filter after sample collection (mg) 

Mi  = initial mass of conditioned filter before sample collection (mg) 

Equation 3.2 gives the total volume of ambient air passing through the sampler (V) in cubic 

meters. 

V = [(Qavg) L/min  x  t min x 10-3] m3           3.2  

where,  

V  = total volume of sample (m3) 

Qavg  = average flow rate over the entire duration of the sampling period (L/min) 

t  = duration of sampling period (min) 

Thus, the PM concentration in µg/m3 can be calculated using equation 3.3. 

PM = 
𝑀

𝑉
          3.3   

           

where, 

PM = mass concentration of PM (µg/m3) 
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M = total mass of PM collected during sampling period (µg) 

V  = total volume of air sampled (m3) 

3.5 DATA ANALYSIS 

The PM2.5 mass concentration data was analyzed with data analysis software packages. The Open 

Air package of R- software was used to analyze the mass concentration data in determining the 

influence of meteorological conditions on particulate matter as well as the trends of particulate 

matter over the study period. The U.S. EPA’s Positive Matrix Factorization (PMF) 5.0 model tool 

was used to investigate the sources of pollution in the particulate matter monitored during the 

period of study.  

3.6 X-RAY SPECTROMETRY ANALYSIS 

The elemental analysis of particulate sampled was done using Energy Dispersive X-ray 

Fluorescence Spectrometry (EDXRF). Amptek Experimenter’s Kit Spectrometer was used at the 

X-ray Spectrometry Laboratory, National Nuclear Research Institute, Ghana Atomic Energy 

Commission to analyze the elemental contents of PM2.5 samples collected from all monitoring 

stations in the Greater Accra. The spectrometer is made up of a Mini-X X-ray tube with a Silver 

(Ag) target (X-ray source) equipped with a power supply, a X-123 Silicon Drift Detector (SDD) 

complete X-ray spectrometer (8 µm Be window thickness, Si drift 25mm2 x 500 µm, 2 stage 

cooler, 1.5” detector extension, an internal multilayer collimator and a resolution of 125 eV full 

width at half maximum (FWHM) resolution at 5.9KeV (55Fe) with a peaking time of 6.4 

microseconds) and a sample chamber. The X-ray source operates with voltages ranging from 5 to 

50 KeV and currents ranging from 5 to 200 μA (158).  
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The X-ray beams were directed towards the sample at an incident angle of 67.50 and characteristic 

X-ray fluorescence radiation from elements in the samples were directed to the detector at a takeoff 

angle of 67.50. The spectra were obtained using a Digital Pulse Processor Multi-Channel Analyzer 

(DPPMCA). The spectra data were stored and can be displayed as an X-ray spectrum on a 

computer monitor. 

 

Figure 3.4  Amptek XRF Spectrometer at NNRI, GAEC-Ghana  

3.6.1 Energy Calibration 

The energy scale was calibrated using two peaks of known energy. For best results, the peaks used 

were widely separated in energy with good statistics and no overlapping peaks. Fe and Mo peaks 

were used. The regions of interest (ROIs) around these two peaks were marked. The calibration 

dialog box was open and the energies of Fe and Mo, 6.40keV and 17.44 keV respectively, of the 

centroids were defined. The software performed a linear regression and the calibration was 
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obtained in the DPPMCA. The calibration was verified by acquiring a spectrum of a known 

element, i.e. Cr and confirmed that the Cr peak was at the energy 5.4 keV. The energy resolution 

of the detector was checked by checking the FWHM of Fe Kα peak which was slightly higher than 

the FWHM listed on the data sheet supplied with the detector. 

3.7 QUANTITATIVE ANALYSIS 

3.7.1 Spectra Acquisition 

Samples were irradiated and spectra acquired at a voltage of 45V and current of 5µA for a period 

of 180 seconds. The dead time was below 1% throughout the spectra acquisition. The spectrum 

was acquired using the Amptek DPPMCA software. 

3.7.2 Sample Analysis 

Spectra acquired from the samples were processed and quantitatively analyzed using the bAxil 

software (version 1.7.0 released on November 2017) a quantitative analysis software using 

“Fundamental Parameter”. The bAxil FP (bAxil Fundamental Parameter) uses two methods for 

quantitative elemental calculations: standard-less Fundamental Parameter method and Standard-

based Fundamental Parameter method. The latter was used in this work where measured spectra 

from standard or reference micro-matter samples were input in the software and from them the 

software established the calibration concentration parameters that are used to calculate the 

elemental concentrations on the “unknown” filter papers. The reference material used was a NIST 

Traceable Reference Material, MICROMATTERTM – XRF Calibration Standards. 

3.8 ENRICHMENT FACTOR (EF) ANALYSIS 

Enrichment factor (EF) analysis can differentiate the elemental makeup of airborne particulate 

matter from either anthropogenic or natural origins. It may as well calculate the level of human 
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impact (172,191,192). The Enrichment Factor (EF) method checks the amounts of important parts 

found in measured amounts of particulate matter (PM) against the amounts of the same parts found 

in geological material. This is done to see if the contributions come from both natural and human-

caused sources. The reference elements that are widely favoured are aluminium (Al), silicon (Si), 

titanium (Ti), and iron (Fe). These elements are naturally abundant in soil, exhibit strong chemical 

stability, and are relatively unaffected by human-induced pollution. However, there is no 

established criterion for selecting a reference element (193). The primary continental compositions 

of the earth's crust were obtained from Housh et al (1985), with Fe serving as the reference element 

in this investigation. 

  EF = 
(𝑋/𝐸)𝑠𝑎𝑚𝑝𝑙𝑒

(𝑋/𝐸)𝑐𝑟𝑢𝑠𝑡
              3.4 

where X and E refer to concentration (μg m−3) of the element of interest (X) and the reference 

element (E) respectively. 

If the EF (enrichment factor) of an element is <10, it is generally presumed to originate from a 

crustal or natural source. However, if the EF value is > 10, it indicates that a significant proportion 

of the element originates from a source other than the Earth's crust or human activities (194–196).  

EF levels >100 are considered highly enriched, while values >1000 are considered very enriched 

by anthropogenic sources. Table 3.2 displays the mean values of the crustal components used in 

the investigation. The enrichment factor (EF) for each element in PM2.5 at the three sample 

locations was calculated using Equation 3.4.  
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3.9 SOURCE IDENTIFICATION AND APPORTIONMENT USING POSITIVE 

MATRIX FACTORIZATION 

The U. S. EPA’s  Positive Matrix Factorization (PMF) version 5.0 modeling software was used to 

identify and allocate the source of APM (197). Six sources were identified by PMF in the PM2.5 

fractions. The model may have different meanings depending on changes in the signal-to-noise 

ratio (S/N) of particular components. Paatero and Hopke state that S/N provides some indication 

that when determining whether the recorded concentrations are within the measurement noise level 

or the real concentrations. Any computed S/N falling between 0.2 < S/N < 2.0 is considered "weak" 

and can be down-weighted (i.e., have its uncertainty raised). S/N > 2.0 indicates "strong" species 

and was taken into consideration in the analysis. Species with S/N ratio < 0.2 should be labelled 

as "bad" species and must not be included in the study (198). Tables 4.10 and 4.11 for PM2.5 show 

the S/N ratios for the species that were measured at all the three locations in 2021-2022, 

respectively. 

When the concentration of a species was less than the minimum detection limit (MDL), it was 

changed to half of the MDL. This made the level of uncertainty 5/6 of the MDL. The missing 

concentration was substituted with the geometric mean of the recorded concentration, and the 

uncertainty was adjusted to four times this geometric mean. The PMF model study used the 

observed PM2.5 mass concentrations as an independent variable to directly determine the mass 

apportionment, eliminating the need for the traditional multilinear regression. In the model study, 

the PM mass values were adjusted by reducing the weights of the uncertainty to four times the 

mass concentrations.  
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Table 3.1 The enrichment factors of particulate matter (PM2.5) for all samples at different 

locations in Accra are calculated using the averages of crustal components. 

Atomic Number Element Crustal Average (ppm) 

13 Al 82300 

14 Si 281500 

15 P 1050 

16 S 260 

17 Cl 130 

19 K 20900 

20 Ca 41500 

21 Sc 22 

22 Ti 5700 

23 V 135 

24 Cr 100 

25 Mn 950 

26 Fe 56300 

27 Co 30 

28 Ni 100 

29 Cu 55 

30 Zn 70 

35 Br 2.5 

37 Rb 90 

38 Sr 375 

40 Zr 165 

58 Ce 66 

82 Pb 12.5 

  Source (28,199). 
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              CHAPTER 4   

RESULTS AND DISCUSSIONS 

4.1 PARTICULATE MATTER (PM2.5) MASS CONCENTRATION  

The variation of particulate matter across different sites is usually influenced by various factors, 

including diurnal changes in emission rates through anthropogenic activities, wind direction shifts, 

and atmospheric dispersion and advection (81,105). Table 4.1 summarizes the inhalable particulate 

matter (PM2.5) concentrations monitored at the various sampling sites during the study period. The 

table shows a summary of the number of samples taken (n) over the entire study period and the 

mean, standard deviation, minimum, maximum, and median mass concentrations of PM2.5 at 

Adabraka (AD), Dansoman (DA), and the University of Ghana (UG) from January 2021 to 

December 2022. The standard deviation of the concentration values indicates the extent of 

variation in the data during the duration of the research in relation to the mean value (i.e., the 

degree of data fluctuation over the study period). For the gravimetric method, the number of 

samples for each site ranged between 51 and 58 in 2021 and 49 and 56 in the 2022 sampling period.  
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Table 4.1 Descriptive summary of PM2.5 mass concentrations (μg m−3) during the entire study 

period in 2021 and 2022. 

n = number of samples collected, = mean, SD = standard deviation, min= minimum, max= maximum 

For the study period, the means of PM2.5 levels for 2021 and 2022 ranged from 42.49 μg m−3 to 

60.76 μg m−3. The AD site recorded the highest mean PM2.5 concentration of 60.76 μg m−3, while 

DA and UG recorded 49.90 μg m−3 and 42.49 μg m−3 respectively in 2021. Similarly, in 2022, 

the AD site recorded the highest mean PM2.5 of 60.54 μg m−3, followed by the DA site with 

49.28 μg m−3, and the UG site with the least of 46.37 μg m−3. The mean PM2.5 at all the three 

sampling sites were all above the recommended limits of 35 μg m−3 and 15 μg m−3 as prescribed 

in the Ghana standard for ambient air quality (GS1236:2019) and the WHO guideline, respectively 

(Figure 4.1). The highest level of PM2.5 recorded at Adabraka relative to the other sites could be 

attributed to the various emitting activities carried out in that area, including traffic congestion and 

use of biomass for cooking and heating by commercial food vendors. Activities from the 

Agbogbloshie e-waste burning site (about 700 m north-easterly away from the site) could also 

impact the PM2.5 levels recorded at the AD sampling site. The level of PM2.5 recorded at the DA 

Year Site n Mean() SD Min Q1 Median Q3 Max 

2021 AD 54 60.76 25.06 20.79 41.58 58.22 70.69 133.07 

DA 51 49.90 19.96 8.32 37.43 45.74 60.30 120.59 

UG 58 42.49 23.10 8.32 25.99 37.43 49.90 120.59 

 

2022 AD 56 60.54 29.14 20.79 41.58 57.14 66.53 162.18 

DA 49 49.28 20.84 16.63 33.27 49.90 58.22 138.86 

UG 55 46.37 28.60 12.48 29.11 45.74 54.06 153.86 
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sampling site was above both the limit recommended by the Ghana Standard and WHO guideline. 

This could result from vehicular emissions (the site is near to a road) in addition to biomass burning 

for heating and cooking from households and commercial food vendors. The UG site recorded the 

lowest PM2.5 levels relative to the other sites, and this could be attributed to the vegetation in the 

vicinity of the sampling location. However, the PM levels were above the limits recommended by 

the Ghana Standard (35 µm-3) and the WHO guidelines (15 µm-3). This could be attributed to 

vehicular emission within and around the environs of the sampling site. According to Awokola et 

al. (2022) (200) and SOGA-Africa (2022) (201), particulate matter levels in sub-Saharan Africa 

ranged between 40 μg m−3 and 260 μg m−3 and these levels substantially exceeded WHO 

guidelines. 

 

Figure 4.1 Box plots of PM2.5 mass concentration (μg m−3) during the entire study period (2021-

2022). 
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The time series plot below (Figure 4.2) depicts the diurnal trend of PM2.5 during the period of 

study. The PM2.5 levels were high in the months of November–February, which is the dry season 

for all the sampling sites in both 2021 and 2022. All sampling locations in both 2021 and 2022 

recorded relatively low levels of PM2.5 between the months of April and October. Compared to 

daily levels at UG, the majority of the daily PM2.5 levels for sites AD and DA in 2021 exceeded 

the Ghana Standard's prescribed limit, with a similar trend observed in 2022. Considerably, all 

PM2.5 levels exceeded WHO air quality guideline and this is in congruence with the outcome of 

results obtained by Kwarteng et al., 2020 (202). 

 

Figure 4.2 Time series plots of PM2.5 mass concentration(μg m−3), (gravimetric) for the entire 

study period (2021 and 2022). 
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Figure 4.3 Spatial plot of PM2.5 mass concentration, (μg m−3) (gravimetric) for the entire study 

period (2021 and 2022). 

From Figures. 4.1, 4.2, and 4.3, the PM2.5 concentration at the AD site was relatively higher in 

both years as compared to the other sites (UG and DA) under study. The high levels found at AD 

could be because of the large amounts of PM2.5 emissions caused by human activities, such as the 

widespread use of biomass fuels like firewood for cooking and heating in homes and small 

businesses, as well as emissions from traffic, industry, sea spray, road and soil dust, trash burning, 

and tyre and brake pad wear in the area. Comparatively, UG recorded the lowest PM2.5 levels 

among the three sites (AD, DA, and UG). This site is within an academic environment, 

characterized by a tarred and paved road network connecting the university community, a vast 

plantation of mature trees and green grasses covering top soils, and significantly reduced numbers 

of vehicles (cars, buses, and taxis) during the morning and evening commuting times than at other 
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locations. Vegetation that intercepts and absorbs particulate matter could also be the reason for the 

lower pollution levels observed in UG. Furthermore, the pollution levels of all the sites in 2021 

were not significantly different from the pollution levels in 2022 (a 2% increase from 2021). 

Table 4.2 Inferential table of PM2.5 mass concentrations during the study period in 2021 and 2022. 

 

A test of significance was conducted on the trend of particulate matter emissions from the three  

sites to see if there was a big difference in the amount of pollution at each site. The Shapiro-Wilk 

test of normality conducted revealed significant differences within the data; hence, there is no 

evidence that the data follows a normal distribution (p-value < 0.05). Therefore, the Kruskal-

Wallis test of significance was used to ascertain whether there was statistical significance within 

the means of the pollution level in 2021 and 2022 for the various sampling locations. The test 

results showed that the daily trend of PM2.5 concentration across the study period (2021 and 2022) 

was statistically different across the different sampling sites (Table 4.2). Dunn's test results, 

adjusted with the Benjamin-Hochberg correction, indicate a statistically significant disparity in 

PM2.5 pollution levels between Adabraka and UG over both years. Notwithstanding the 

considerable gap, the reference to trends implies that both sites may display the same fundamental 

 Site PM2.5 (  μg m−3) Pollution level Kruskal Wallis  test 

Mean SD Min Max H p-value 

2021 

 

 

Adabraka  

51.05 

 

22.71 

 

12.47 

 

124.75 

 

6.8786 

 

0.03209 
UG 

Dansoman 

2022 Adabraka  

52.06 

 

26.19 

 

16.63 

 

151.63 

 

7.1912 

 

0.02744 

 
UG 

Dansoman 
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pattern or trajectory in pollution levels, despite variations in absolute levels. This may result from 

common environmental conditions or human activity affecting both sites. 

 The site at Adabraka is characterized by both commercial and industrial (both heavy and light) 

activities, which are higher contributors of particulate matter. The Dansoman site is a residential 

area coupled with some commercial activities. The levels of pollution could be attributed to the 

frequency of vehicular movement and traffic congestion within the area. This could also be 

attributed to similar activities within the sampling site on the UG campus.  

4.2 COMPARISON BETWEEN DATA FROM GRAVIMETRIC AND REFERENCE 

MONITORS 

To verify and evaluate the data from this study, data was obtained from continuous (real-time) 

monitoring instruments that are co-located at two of the monitoring sites (AD and UG). Data from 

the continuous instruments (Teledyne T640 and BAM1020), which are Federal Equivalent 

Methods/Federal Reference Methods (FEM/FRM), were obtained during the same study period. 

The data obtained were averaged to 24-hour levels on the same sampling days as the data from the 

gravimetric samplers to ensure comparison. The continuous monitors (Teledyne T640) recorded 

mean PM2.5 mass concentrations ranging from 53 μg m−3  to 60 μg m−3  in 2021 and 55 μg m−3  

to 56 μg m−3 in 2022. 
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Table 4.3 Statistical summary of PM2.5 mass concentration (μg m−3) of gravimetric and reference 

monitors 

Year Site n Mean SD Min Q1 Median Q3 Max 

2021 AD 54 60.76 25.06 20.79 41.58 58.22 70.69 133.07 

 DA 51 49.90 19.96 8.32 37.43 45.74 60.30 120.59 

 UG 58 42.49 23.10 8.32 25.99 37.43 49.90 120.59 

 *UGT640 53 29.03 19.20 11.06 16.70 23.25 31.69 118.39 

 *ADT640 59 37.82 16.17 19.61 25.48 35.37 46.45 110.51 

 *BAM1020   60 26.30 13.68 9.15 18.08 23.15 29.23 94.58 

2022 AD 56 60.54 29.14 20.79 41.58 57.14 66.53 162.18 

 DA 49 49.28 20.84 16.63 33.27 49.90 58.22 138.86 

 UG 55 46.37 28.60 12.48 29.11 45.74 54.06 153.86 

 *UGT640 55 30.96 29.16 5.97 12.94 22.18 27.99 151.75 

 *ADT640 56 35.45 26.72 5.41 22.55 25.66 36.03 152.63 

 *BAM1020 55 26.45 20.74 6.70 14.00 20.46 27.44 103.88 

* = Optical reference monitors Q1 = First quarter Q3 = Third quarter 

PM2.5 concentrations from the gravimetric monitors ranged from 51 μg m−3 to 58 μg m−3 in 2021 

and 49 μg m−3 to 60 μg m−3 in 2022. PM2.5 concentrations from the reference monitors ranged 

from 26.30 μg m−3 to 37.82 μg m−3 in 2021 and from 26.45 μg m−3 to 35.45 μg m−3 in 2022. 

The results from this study are comparable to those from a study conducted by Odoi and Kleiman 

in 2021 (203). The corresponding concentration from the gravimetric sampling ranged from 42.49 

μg m−3 to 60.76 μg m−3 in 2021 and 46.36 μg m−3 to 60.54 μg m−3 in 2022. The concentration 

from the reference monitors differs significantly from the concentration from gravimetric sampling 

(Mann-Whitney U = 21822, p-value < 2.2e-16). The PM2.5 concentrations recorded from the 

continuous monitors (FRM/FEM) were almost twice as low as the concentrations recorded from 

the gravimetric monitors. This could be the result of the sampling method. The gravimetric 

monitors collect PM2.5 on a filter paper for the entire 24-hour period, and the cumulative PM2.5 on 
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the filter paper is weighed, whereas the optical monitors use spectrometry to record real-time PM2.5 

data. Notwithstanding the significant difference in mean levels, the daily trends in pollution levels 

shown in Figure 4.3 are not significantly different (R2 = 0.52 and 0.74 for 2021 and 2022, 

respectively). Previous analysis conducted by Kwarteng et al (202) to compare PM2.5 levels using 

gravimetric monitors to continuous monitors (FRM/FEM) revealed a moderate to high-significant 

relationship with a 0.47–0.75 R2 value. The Figure 4.4 shows the comparison of the air-quality 

monitors across the study period. 

 

Figure 4.4 Time series plots showing pollution levels of PM2.5 mass concentration (μg m−3) of 

gravimetric and reference monitors. 
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Figure 4.5 Seasonal variations of PM2.5 (μg m−3) between the three sites and reference monitors 

(2021-2022). 

 

Table 4.4 Monthly PM2.5 (μg m−3) variations between sampling sites and reference monitors 

during the entire study period in 2021 and 2022  

 

Month 
AD DA UG UGT640 ADT640 BAM1020 

2021 2022 2021 2022 2021 2022 2021 2022 2021 2022 2021 2022 

January 56.83 116.43 54.06 88.71 40.2 97.3 42.22 71.65 50.12 68.28 33.24 55.7 

February 68.61 106.04 56.55 62.61 48.24 88.36 38.25 94.15 43.71 84.98 33.5 61.85 

March 53.02 61.34 49.9 60.3 42.42 59.43 31.13 56.38 42.27 48.68 30.56 41.08 

April 35.76 53.02 34.1 46.16 24.79 44.7 26.67 35.95 31.5 38.26 26.93 24.18 

May 40.75 56.82 41.58 50.97 29.11 40.75 16.28 19.63 22.63 23.25 16.16 16.74 

June 56.55 42.42 51.98 44.08 29.11 33.27 16.98 25.11 26.53 23.06 19.48 14.18 

July 69.86 47.4 54.06 39.09 43.92 46.57 25.5 25.11 50.29 22.55 23.54 15.82 

August 69.86 50.73 47.41 37.9 43.25 21.83 23.41 15.88 42.38 24.92 21.57 23.19 

September 56.55 59.05 38.26 50.55 29.94 32.23 16.02 15.84 23.73 32.3 16.3 16.97 

October 54.06 32.44 39.09 25.78 40.75 14.14 15.84 8.96 24.52 20.33 17.25 12.25 

November 52.39 53.03 61.54 51.56 39.92 38.47 22.41 10.04 35.51 19.85 21.82 12.91 

December 116.43 60.72 88.71 51.92 97.3 44.91 71.65 17.18 68.28 25.37 55.7 17.92 
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Monthly pollution trends assessed in 2021 and 2022 at all three sites revealed some usual spikes 

in January, December, and February (dry season). The dusty Harmattan winds that infiltrate the 

country from the Sahara desert significantly influenced the peaks in particulate matter 

concentrations during the dry season. According to Awokola, 2022 (200) monthly PM2.5 levels 

peak in December through February (dry season) in West African countries. 

 

Figure 4.6 Time series plot showing monthly mean PM2.5 concentration trend for both   

gravimetric and optical monitors (2021) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Time series plot showing monthly mean PM2.5 concentration trend for both gravimetric 

and optical monitors (2022) 
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Calendar plots (Figure 4.8) were used to further analyze trends from the monthly variation. In 

2021, the plots showed significant colour (red) similarities for the months in the dry season 

(December, January, and February) and August, with some minimum variation across the three 

sites. This further explained the unusual spike in pollution levels in August 2021. Out of the 10 

data points for July and August, 9 were within the unhealthy (55.5 μg m−3–  250.4 μg m−3) range, 

and 1 was within the unhealthy range for the sensitive group (35.4 μg m−3– 55.4 μg m−3). 

For the same month in Dansoman, 6 out of the 10 data points were within the unhealthy range 

(55.5 μg m−3– 250.4 μg m−3), 1 was in the unhealthy range for the sensitive group, and 3 were in 

the moderate range (12 μg m−3-35 μg m−3). At the University of Ghana campus in Legon, only 2 

out of the 10 data points were in the unhealthy range, 3 were within the unhealthy range for 

sensitive groups, and 5 were in the moderate range. 
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Figure 4.8 Calendar plots of the three sites and the optical monitors during the study period 

(2021-2022). 

 

4.3 METEOROLOGICAL FACTORS AFFECTING PARTICULATE MATTER 

CONCENTRATION   

4.3.1 Meteorology impact on PM2.5 Mass 

Meteorological parameters within the southern belt (precisely Accra) were used to ascertain the 

dynamics of particulate matter emissions within the study area. Findings from the literature show 

that prevailing weather conditions greatly impact emissions, transport, formation, and deposition 

of particulate matter (204).  

These climatic parameters affect the production of secondary pollutants and the release of aerosols 

from the ground surface, as well as the duration they remain in the atmosphere. Therefore, it is 

important to comprehend the physical processes that result in the observed concentration of PM2.5 
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at a particular place. One of the causes of the non-Harmattan season's low aerosol particle levels 

is precipitation, which washes out the particles. One of the main methods for removing aerosols 

from the atmosphere is moist deposition by rainfall or wet removal (205).  

There were low rainfall in Accra during the Harmattan season when this study was conducted. 

Moreover, the average local ambient temperature showed minimal variation between the two 

seasons. During the harmattan and non-harmattan seasons, the relative humidity ranged from 18% 

to 92% and 57% to 91%, respectively (Tables 4.6 and 4.7). For the days with particulate sample 

collection, the average monthly values for precipitation, relative humidity, and temperature are 

shown in comparison to monthly averages (Figures 4.9 and 4.10). The link between temperature 

and rainfall and relative humidity was direct. Over the course of the sampling period, the mean 

wind speed varied, with the highest speed recorded in March (9.0 m/s) and the lowest recorded in 

September (6.2 m/s) for 2021. The highest speed recorded in 2022 was in March (9.6 m/s) and the 

lowest in recorded in December (5.1 m/s) (69). 

Table 4.5 Mean of climatic variables measured during the sampling intervals in Accra, Ghana in 

2021. 

Month Rainfall 

(mm) 

RH (%) Temp/℃ wind speed 

(m/s) 

max 

temp/℃ 

min 

temp/℃ 

Jan 2 80.1 29.1 7.4 32.7 25.5 

Feb 3.5 79.0 29.8 8.8 33.4 26.2 

Mar 2.8 75.3 29.6 9.0 33.1 26.0 

Apr 7.1 72.5 30.0 8.8 33.4 26.6 

May 10.2 73.0 29.5 8.9 32.9 26.1 

Jun 20 75.5 28.1 7.3 31.5 24.7 

Jul 32.4 78.0 27.1 8.3 30.0 24.1 

Aug 23.3 79.7 27.0 7.4 29.8 24.2 

Sep 13.9 78.3 27.3 6.2 30.5 24.1 

Oct 17.2 73.1 29.9 - 33.5 26.2 

Nov 13.7 75.3 29.1 - 32.9 25.3 

Dec 11.5 73.1 29.9 6.5 33.5 26.2 
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Figure 4.9 Monthly mean of atmospheric temperature (°C), relative humidity (RH, in %) and 

rainfall (mm) against mean PM2.5 mass concentration for January 2021 – December 2021 in 

Greater Accra Metropolitan Area (69). 
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Table 4.6 Average of meteorological parameters during the sampling periods in Accra,   

 Ghana in 2022. 

Month Rainfall 

(mm) 

RH (%) Temp/℃ wind speed 

(m/s) 

max 

temp/℃ 

min 

temp/℃ 

Jan No data 71.0 29.7 5.5 33.7 25.7 

Feb No data 77.4 29.8 7.9 33.3 26.4 

Mar 0.5 74.6 30.1 9.6 33.4 26.8 

Apr 17.8 75.0 28.8 7.6 32.4 25.2 

May 26.9 77.9 28.6 7.1 32.2 25.1 

Jun 11.7 79.6 27.3 6.3 30.5 24.1 

Jul 28.2 78.8 26.4 7.3 28.9 23.8 

Aug 3.1 82.2 25.5 7.5 28.1 23.0 

Sep 10.0 83.0 26.2 7.3 28.9 23.5 

Oct 16.3 77.1 27.8 5.7 31.2 24.4 

Nov 42.3 76.2 28.8 5.3 32.6 24.9 

Dec 7.9 73.7 29.2 5.1 33.2 25.2 

 

 

Figure 4.10 Monthly average of atmospheric temperature (°C), relative humidity (RH, in %) and 

rainfall (mm) against mean PM2.5 mass concentration for January 2022 – December 2022 in 

Greater Accra Metropolitan Area (69). 
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Tables 4.6 and 4.7 provide an overview of the summary statistics for rainfall, relative humidity, 

temperature, and wind direction and speed for the entire study period. In 2021, the summary (mean 

and standard deviation) for temperatures averaged 28.9 ± 1.2 °C, relative humidity (RH) averaged 

76.1 ± 2.8%, and rainfall averaged 9.0 ± 8.9 mm. Additionally, the summary for 2022 showed 

temperatures averaged 28.2 ± 1.5 °C relative humidity (RH) averaged 77.2 ± 3.4 %, and rainfall 

averaged 16.5 ± 12.9 mm (Figures 4.9 and 4.10). 

Generally, Accra is expected to experience a predominant south-westerly wind direction 

originating from the Gulf of Guinea (Atlantic Ocean) (202). This experience is common during 

the non-Harmattan period, and it is accompanied by some level of variation in temperature and 

relative humidity. Numerous studies have demonstrated that several meteorological factors, such 

as rainfall, temperature, wind speed, and relative humidity, have an impact on particulate matter 

mass concentrations (205–207). During the Harmattan period, trade winds from the Saharan desert 

(North East) influx the country with dusty winds. Both wet and dry seasons have a great impact 

on particulate matter emissions.  

The wind rose (Figure 4.11) describes the characteristics of wind in Accra. Wind velocities ranged 

from 12.1m/s to 17.5 m/s and 9.9 m/s to 18.7 m/s for the 1st and 99th percentiles in the 2021 and 

2022 study periods, respectively. Wind directions were predominantly SW and S, whereas winds 
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from other directions were rare. The wind speed for 2021 averaged 15.002 m/s (calm = 4.1%). 

Similarly, wind speed for 2022 averaged 13.22 m/s (calm = 8.7%). 

Figure 4.11 Wind rose plots for 2021 and 2022. 

Throughout the entire study period, the daily average wind speed varied between 12.1 m/s and 

17.5 m/s and 9.9m/s to 18.7 m/s for 2021 and 2022, respectively, while the daily average 

temperature varied between 27.1 °C  and 30 °C and 25.5 °C  to 30.1 °C for 2021 and 2022, 

respectively. 

4.3.2 Relationship between Weather Parameters and PM2.5 

Meteorology data obtained during the study period was compared to the PM2.5 results. 

Meteorological factors such as wind speed, wind direction, temperature, atmospheric stability, and 

mixing height exert a substantial influence on pollutant concentrations in a given region. 

Numerous scientific studies have explored the critical role played by meteorological parameters, 

directly or indirectly, in the dispersion, transformation, and removal of particulate matter from the 

lower atmosphere.  
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Table 4.8 Pearson’s Correlation Matrix of PM2.5 and weather parameter 

  Relative Humidity Temperature Rainfall Wind 

Speed 

PM2.5 

PM2.5 -0.35 0.35 -0.18 -0.30 1 

Wind speed 0.05 0.06 -0.31 1 
 

Rainfall -0.19 0.02 1 
  

Temperature -0.59 1 
   

Relative Humidity 1     

 

4.3.2.1 Relationship between Rainfall and PM2.5 

Whenever there was rainfall (precipitation), the bulk concentration of PM2.5 was consistently low 

(Figure 4.12). Rainfall eliminates air particulates, and moisture prevents soil particles from being 

re-suspended by making the soil wet; therefore, there will be a lower mass concentration of 

particulate matter in the atmosphere. PM2.5 mass concentrations exhibited a negative correlation 

against rainfall during the study period; however, it was not statistically significant (218). 

 

Figure 4.12 Relationship between mean PM2.5 mass concentrations and total daily cumulative 

rainfall. 
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4.3.2.2 Relationship between Temperature and PM2.5 

The variation of mass concentration of PM2.5 versus temperature is depicted by Figure 4.13 for the 

entire investigation period. It was found that pollution levels spread across the temperature range. 

Although this association is more tenuous in 2021, PM2.5 mass concentration and temperature were 

positively correlated during the entire period of study in 2021 and 2022. This indicates that PM2.5  

rises or falls as the temperature changes. The relationship between temperature and PM2.5 is 

explained by the fact that warm air masses have better atmospheric dispersion conditions than cold 

air masses (208,209).  

 

Figure 4.13 Relationship between mean PM2.5 mass concentrations and total daily average 

temperature 
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4.3.2.3 Relationship between Relative Humidity and PM2.5 

An inverse connection between PM2.5 mass concentration and relative humidity was observed 

during the investigation periods (Figure 4.14). The negative correlation could possibly be due to 

some climatic changes during the study period. The relative humidity factor often leads to the 

accumulation and settling of particles on the ground rather than their suspension in the atmosphere. 

As a result, high relative humidity significantly reduces air pollution. 

Figure 4.14 Relationship between mean PM2.5 mass concentrations and relative humidity 
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4.3.2.4 Relationship between Wind Speed and PM2.5 

There was a negative correlation between wind speed and PM2.5 (Figure 4.15). The negative 

connection between PM2.5 and wind speed suggests that local sources are more prevalent (210). 

When it comes to removing particulate matter from the atmosphere and moving it from one place 

to another, wind speed is crucial. It also has an impact on the turbulence close to the ground. Low 

winds allow particulate levels to rise, whereas strong winds remove particulate matter from the 

atmosphere. 

Figure 4.15 Relationship between mean PM2.5 mass concentrations and daily wind speed 
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Table 4.8 Mean concentration of total PM2.5 (μg m−3) and its elemental concentration (ng m−3) at the three sites (2021 and 2022).  

Elements DA21 DA22 AD21 AD22 UG21 UG22 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Total 

PM2.5 

49.90 19.96 49.28 20.84 60.76 25.00 60.54 29.14 42.49 23.10 46.37 28.60 

Al 71.60 0.02 78.90 0.01 1.26 0.79 2.03 1.79 - - - - 

Br 0.36 1.57 0.02 0.04 0.08 0.09 0.09 0.18 0.37 1.60 0.02 0.02 

Ca 56.25 33.13 13.42 18.43 0.24 6.61 0.38 0.07 56.25 30.13 19.61 66.83 

Ce 2.94 4.12 0.40 1.19 2.33 3.17 2.02 2.12 2.94 4.12 0.88 1.17 

Cl 737.77    442.91 170.94 121.74 33.72 130.11 9.51 26.55 737.77 4342.91 168.04 674.38 

Co 0.13 0.20 0.01 0.03 0.07 0.11 0.09 0.14 0.13 0.19 0.03 0.02 

Cr 12.33 18.92 0.02 0.10 - - - - - - 0.13 0.17 

K 252.99 134.85 146.8 1 81.33 94.63 45.33 137.12 59.40 127.05 120.39 58.22 18.19 

Fe 22.80 61.04 3.62 7.47 2.34 3.32 1.44 1.54 22.80 61.04 3.54 7.61 

Cu - - 0.04 0.09 0.41 0.69 0.23 0.42 1.63 2.85 0.37 1.40 

Ni 3.33 6.18 0.17 0.26 2.14 2.95 0.00 0.00 3.33 6.10 1.17 4.89 
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P 62.27 54.75 20.00 29.10 0.13 0.11 0.17 0.11 62.27 54.75 74.31 86.20 

Pb 0.20 0.35 0.05 0.07 0.16 0.15 0.07 0.13 0.20 0.33 0.37 1.38 

Rb 0.03 0.04 0.02 0.06 0.11 0.13 0.05 0.05 0.03 0.04 0.06 0.20 

S 15.74 10.69 24.04 18.09 32.52 19.30 15.41 43.96 15.59 12.57 12.69 13.35 

Sc - - - - 0.65 1.20 0.42 0.69 - - - - 

Si 665.2 387.4 569.6 225.4 529.9 495.52 555.92 202.38 665.21 387.44 609.83 891.12 

Ti 2.53 3.17 1.45 2.14 1.40 1.41 0.98 1.68 2.53 3.17 1.93 3.71 

V 0.32 0.34 0.09 0.25 0.42 0.51 0.15 0.14 0.32 0.34 0.27 0.36 

Zn 0.03 0.02 0.07 0.24 0.11 0.17 0.08 0.12 0.03 0.01 0.20 0.24 

Zr 0.19 0.96 0.02 0.03 0.07 0.07 0.04 0.05 0.19 0.96 0.01 0.00 
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4.5 ENRICHMENT FACTOR (EF) ANALYSIS 

Enrichment factor (EF) analysis was used to determine the indication of the degree of 

anthropogenic contributions to the elemental composition of PM2.5 observed at the three urban 

sites. The enrichment factor is calculated by comparing the concentration of a specific element in 

a sample (e.g., air, soil, or water) to its natural background concentration. EFs were computed 

using the mean concentrations of all elements found in the PM2.5 samples. According to 

convention, elements with an EF < 10 are typically assumed to come from a crustal or natural 

source, whereas elements with an EF > 10 are typically thought to have a large contribution from 

non-crustal or anthropogenic sources (211–213).  

The enrichment factors were calculated using equation 3.17, with silicon (Si) chosen as the 

reference element due to its high abundance in the earth's crust and its resilience to human-induced 

interferences. This information may be found in section 3.5 (194,196,214). Table 4.9 displays the 

results of the enrichment factor computerization for the elements found in PM2.5 at each of the 

three sampling locations (AD, DA, and UG). 
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Table 4.9 Determined enrichment factors (EFs) for each of the examined PM2.5 elements, (using 

Si as a reference).  

ELEMENT DA 21 DA 22 AD 21 AD 22 UG21 UG22 

Al         2.27              1.52 0.14 0.12                -              - 

Br 24.33 4.55 316.64 181.82 25.03 2.71 

Ca 0.23 0.16 0.19                    0.12 0.23 0.22 

Ce 7.52 2.98 332.15 154.37 7.52 6.16 

Cl 959.37 650.46 2438.65 368.34 959.37 596.67 

Co 0.87 0.24 27.98 18.32 0.87 0.46 

Cr 20.84 0.10 5.16             4.29              - 0.58 

Cu            - 0.40 69.50 21.06 5.00 3.12 

K 2.05 1.11 2.08 0.51 2.08 1.29 

Fe 0.07 0.03 0.39 0.13 0.07 0.03 

Ni 5.63 0.83 201.54 - 5.63 5.41 

P 10.03 9.42 12.01            11.24 10.03 32.67 

Pb 2.71 1.87 121.09 29.16 2.71 13.71 

Rb 0.06 0.09 11.47 2.71 0.06 0.31 

S          535.7             489.3 452.59 298.30 1001.01          989.8 

Sc - - 278.62 96.28 - - 

Si 1.00 1.00 1.00 1.00 1.00 1.00 

Ti 0.08 0.13 2.31 0.86 0.08 0.16 

V 0.40 0.33 29.14 5.59 0.40 0.93 

Zn 0.08 0.52 15.03 5.40 0.08 1.32 

Zr 0.20 0.06 3.71 1.06 0.20 0.05 

 

The mean concentration of all samples from every site was used to compute EFs (see equation 

3.4). Source of crustal concentrations is Taylor and McLennan (28,199). 

Table 4.9 shows the average EFs of elements in PM2.5 for all Accra sample sites over the course 

of the study period (2012–2022). Al, Si, P, K, Ca, Ti, V, Fe, Co, Ni, Zn, Rb, and Zr are the 
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categories of EF<10 for PM2.5 in 2021 and 2022 across all sample sites. Nearly same values were 

shown in the EF results at every sampling location. These characteristics are typical of crustal 

origin, or soil dust. While most of these components originated from natural sources, 

anthropogenic contributions must also be considered. K is released when wood and biomass are 

burned; Ca is released when motor vehicles run on detergents that are used to lubricate engines; 

Fe is released when brake pads wear down and other automobile components (215). In PM2.5 

fractions, Ce, Zn, Cu, and Fe are also linked to vehicle exhaust emissions, tyre and brake wear 

(216,217).  

The lowest EF value was 0.07 for Fe, which was shown at DA 21 and while the highest EF value 

was 7.52 at DA 21 and UG21 respectively. The group with EF > 10 but less than 100 were the 

elements Br, Co, Cr, Cu, P, Pb, Sc, V, and Zn at almost all sites. It showed that there was a 

moderate enrichment of Br, Co, Cr, Cu, P, Pb, Sc, V, and Zn. Traditional vehicle emission tracers 

include V, Cu, Co, Cr, Pb, and Zn. Their EF values indicated a significant contribution from 

vehicle emissions.  

It has been reported earlier that in addition to the combustion of fuel and motor oil, other potential 

sources of Pb pollution include brake wear, industrial emissions, dust carried over long distances, 

and re-suspended soil that has been exposed to particles from previously emitted leaded petrol 

(218,219). Zinc compounds have found widespread application as dispersion or detergent 

enhancers for lubricating oils, as well as antioxidants (e.g. zinc carboxylate complexes and zinc 

sulphonates).  
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Figure 4.16 Enrichment factor for PM2.5 chemical components of all sites in Greater Accra 

Metropolitan Area (2021) 

  

 

Figure 4.17 Enrichment factor for PM2.5 chemical components of all sites in Greater Accra 

Metropolitan Area (2022) 
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Zn of urban dust can be greatly increased by mechanical vehicle abrasion, industrial metal 

processing, and tyre wear and tear on vulcanized cars (220,221).  

Species with EF > 100 included S, Br, Sc, Ce, Cl, and Pb. These components have substantial 

levels of enrichment, and the emission sources are probably from burning garbage and traffic, 

respectively. Since most hazardous trace metals are found in the environment as Sulphates or 

nitrates, the S content is significant since it contains Sulphates. The species Cl at the AD site and 

S at the UG were in the group with EF>1000. Given that the AD location is about 2.75 km to the 

Atlantic Ocean, the highly enriched Cl there is not surprising. The primary source of Cl is sea salt. 

Tailpipe emissions of vehicles on UG campus is the main source of S, due to transport activities.  

4.6 SOURCE IDENTIFICATION AND APPORTIONMENT USING POSITIVE 

MATRIX FACTORIZATION 

The U. S. EPA’s  Positive Matrix Factorization (PMF) version 5.0 modeling software was used to 

identify and allocate the source of APM (197). Six sources were identified by PMF in the PM2.5 

fractions. The PMF model study used the observed PM2.5 mass concentrations as an independent 

variable to directly determine the mass apportionment, eliminating the need for the traditional 

multilinear regression. In the model study, the PM mass values were adjusted by reducing the 

weights of the uncertainty to four times the mass concentrations.  
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Table 4.10 S/N values for the PM2.5 data at the three sites during the study (2021 and 2022) 

Species AD21 AD22 UG21 UG22 DA21 DA22 

Al 2.6 4.2 - - 2.4 2.7 

Br 2.1 2.6 3.1 2.3 5.2 4.1 

Ca 2.8 4.5 3.7 2.7 2.2 3.3 

Cl 7.3 9.2 2.2 2.5 6.1 2.9 

Co 2.1 2.7 2.7 2.3 2.4 3.1 

Cr 2.8 2.2 2.6 2.6 2.7 2.4 

Cu 2.1 2.5 2.1 2.5 2.2 2.6 

Fe 2.9 2.2 5.2 3.5 4.4 3.7 

K 3.1 2.7 2.8 2.9 4.2 3.9 

Ni 2.5 3.1 2.2 2.4 2.6 3.1 

P - - 5.2 5.7 4.5 3.2 

Pb 2.1 2.9 2.9 2.6 2.4 2.7 

Rb 2.5 2.2 3.4 3.2 2.6 2.3 

S 3.3 4.8 2.8 2.4 4.9 4.1 

Sc 2.2 2.1 2.6 2.9 - - 

Si 3.1 7.1 2.2 4.4 2.5 2.1 

Ti 2.7 3.1 3.5 3.1 2.7 2.1 

V 2.1 2.7 2.5 2.8 2.9 2.7 

Zn 2.8 2.2 2.4 2.5 2.3 2.4 

Zr 2.8 2.0 2.4 3.5 2.2 2.8 

Table 4.11 Average contributions of identified sources of PM2.5 concentrations (μg m−3) (2021 - 

2022) 

 

 AD 2021 AD 2022 DA 2021 DA 2022 UG 2021 UG 2022 

Biomass burning 0.01801 0.032885 0.006781 0.01482 0.003848 0.004409 

Solid waste burning 0.015022 0.02251 0.002546 0.004645 0.004332 0.004302 

Sea salt spray 0.007519 0.01077 0.003523 0.00574 0.001561 0.00128 

Vehicular/industry 0.02211 0.046562 0.009892 0.024719 0.005382 0.004986 

Soil dust 0.01191 0.02050 0.005307 0.007873 0.003303 0.003256 

Re-suspended Dust 0.01374 0.02985 0.006061 0.013567 0.004238 0.004423 
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Source 1: In this fine fraction, Figure 4.18a and 4.18b show the source profile with high loadings 

of S, and K while Figure 4.18c displays the time series of concentrations. K is a very effective 

indicator of a biomass burning source, since it is generally recognized (3,28,222,223). From the 

source contributions, concentration of K was highest at AD, followed by DA with the least at UG. 

However, compared to Dansoman and University of Ghana campus, Adabraka has substantially 

larger household densities of biomass fuel users, meaning that in absolute terms, biomass burning 

caused greater particle pollution in this location (224).  
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Figure 4.18a  PM2.5 source profiles for biomass factors (2021) 
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Figure 4.18b  PM2.5 source profiles for biomass factors (2022)  

 
In densely populated metropolitan areas such as Adabraka and Dansoman, a significant number of 

individuals rely on wood, particularly wood charcoal, for the purpose of cooking and providing 

heat inside their residences. Additionally, some people in the nearby areas use these biomass fuels 

for local commercial cooking (12,225,226). Burning grass, wood and trash is a widespread 

practice. In Accra, burning biomass is a significant contributor to PM2.5 (37). Majority of the 

sources’ contributions (Figures 4.18a and 4.18b) is due to the regular bushfires that happen during 

the dry season in August and December. 

0.00001

0.001

0.1

Br Ca Ce Cl Cu Fe K Ni P Pb Rb S Si Ti V Zn Zr

Biomass Burning (DA 22)

0.00001

0.001

0.1

Br Ca Ce Cl Co Cr Cu Fe K Ni P Pb Rb S Si Ti V Zn

Biomass Burning (UG 22)

0.00001

0.0001

0.001

0.01

0.1

1

Al Br Ca Cl Co Fe Cu K Ni Pb Rb S Sc Si Ti V Zn Zr

Biomass Burning (AD 22)

S
p
ec

ie
s 

co
n
ce

n
tr

at
io

n
 (

 𝜇
𝑔

 𝑚
−

3
) 

University of Ghana http://ugspace.ug.edu.gh



 

103 

Figure 4.18c  Time series of PM2.5 source contribution for biomass factors 
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PM2.5 at AD, DA and UG respectively. Similarly, in 2022, the re-suspended dust source 

contributed AD (18%), DA (35%), and UG (24%) respectively. The resuspension of road dust 

often comprises the accumulation of vehicle exhaust emissions, industrial emissions, tyre and 

brake abrasion, dust originating from paved roads or potholes, and dust generated from building 

sites. 

 

Figure 4.19a  PM2.5 source profiles for re-suspended dust (2021) 
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Figure 4.19b  PM2.5 source profiles for re-suspended dust (2022) 
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Iron (Fe) emissions occur due to the mechanical degradation of brake pads and other components 

in vehicles. Zinc (Zn) may possibly come from automotive sources, such as the breakdown of 

vulcanized rubber tyres, lubricating oil, and the rusting of galvanized vehicle parts (227). The 

element K has also been used as a tracer for the analysis of paved road dust (228,229). The time 

series plots (Figure 4.19c) show elevated concentration throughout the months of November, 

December, January, and February, which correspond to the dry season period. 

 

 

Figure 4.19c  Time series of PM2.5 source contribution for re-suspended dust (2021) 
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Source 3: The PMF model identified a source that had significant mass fractions of chlorine (Cl) 

and Sulphur (S) at all sites, with the greatest contribution seen at site DA. Figures 4.20a and 4.20c, 

display the source profiles, and Figure 4.20b, with the display of source contributions. The sea salt 

spray contributions to PM2.5 mass were AD (9%), DA (10%), and UG (6%) in 2021, and AD (7%), 

DA (8%) and UG (6%) in 2022. According to several source apportionment studies, sea salt with 

a high chloride (Cl) content is the main source profile in coastal areas (230–232). Aerosols 

containing sea salt can also contain Sulphur.  Due to its location along the Atlantic Ocean coast, 

Accra is vulnerable to the widespread influence of sea salt aerosols (233). The monitoring 

locations' separations from the ocean's coast are: AD 2.75 km, DA 2.65 km and UG 11.9 km. 

Source 3 was labelled as “sea salt spray”. 
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Figure 4.20a  PM2.5 source profiles for sea salt spray (2021)  
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Figure 4.20b  Time series of PM2.5 source contribution for sea salt spray (2021-2022) 
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Figure 4.20c  PM2.5 source profiles for sea salt spray (2022) 
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attributed to burning of plastic and electrical waste (234,235). The presence of K could be 

attributed to wood base waste burning. The presence of residual Pb in airborne particulate matter 

may be attributed to many factors, including the re-suspension of dust, the persistence in 
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combustion of oil and solid waste (236,237). The percentage contribution of solid waste was high 

in AD (17%), UG (16%) followed by DA (7%). The activities at the E-waste site could impact on 

the high percentage contribution at AD as compared to the other sites in 2021. However, the 

percentage contribution at AD declined to 14% in 2022, which could be attributed to the closure 

of the e-waste site at Agbogbloshie in 2022, besides other pollution sources (3). 

 
 

Figure 4.21a  PM2.5 source profiles for solid waste burning (2021) 
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 Figure 4.21b  Time series of PM2.5 source contribution for sea salt spray (2021-2022) 
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Figure 4.21c  PM2.5 source profiles for solid waste burning (2022) 
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February. The occurrence of calcium (Ca) in the profile may be ascribed to construction activities 

such as building or road construction, specifically in relation to the presence of calcium in concrete 

materials. The percentage contribution of soil dust in PM2.5 mass ranged from 13 to 16% in 2021 

and 11 to 14% in 2022.  

 
 
Figure 4.22a  PM2.5 source profiles for soil dust (2021) 
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Figure 4.22b  Time series of PM2.5 source contribution for soil dust (2021-2022) 
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Figure 4.22c  PM2.5 source profiles for soil dust (2022) 
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primary constituents found in automobile exhaust emissions are zinc (Zn), lead (Pb), iron (Fe), 

nickel (Ni), organic carbon (OC), and copper (Cu) (99,242). 

Furthermore, it has been shown that these constituents have a significant presence in the context 

of industrial emissions, as highlighted by Sharma et al (243). The presence of lead (Pb) in the 

environment may be attributed to industrial emissions, since lead has been used in incinerators 

(244). The detection of the element S within the tracer elements used for automotive emissions 

serves as an indicator of the utilization of fuel that is abundant in Sulphur. Consequently, these 

elements can be used as marker element for vehicular and industrial emission. The Figures below 

(Figures 4.23a and 4.23c) visualize the marker elements prominent in vehicular and industrial 

emission. Notably, levels of S in 2021 (Figure 4.23a) were lower than in 2022 (Figure 4.23c). 

These spikes in Sulphur levels in 2022 could be attributed to the waiver on Sulphur levels limit in 

fuel in 2022, with the limit raised from 50 ppm to 1500 ppm (NPA, 2022). Vehicular/industrial 

emission was highest in DA and UG (29%), followed by AD (25%) in 2021. In 2022, 

vehicular/industrial emissions increased in DA (35%) and AD (28%) where contribution in UG 

reduced (26%) and this is consistent with work conducted by Fayad et al., (2022). This could be 

largely attributed to the waiver in Sulphur levels in fuel (241). 
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Figure 4.23a PM2.5 source profiles for vehicular/ industry (2021) 

0.00001

0.0001

0.001

0.01

0.1

1

As Br Ca Ce Cl Co Cr K Fe Mo Nb Ni P Pb Rb S Si Ti V Zn Zr

Vehicular / Industry (DA 21)    

0.00001

0.0001

0.001

0.01

0.1

1

Br Ca Ce Cl Co Fe Cu K Ni P Pb Rb S Si Ti V Zn Zr

Vehicular/Industry (UG 21)    

0.00001

0.0001

0.001

0.01

0.1

1

Al Br Ca Cl Co Fe Cu K Ni Pb Rb S Sc Si Ti V Zn Zr

Vehicular/Industry (AD 21)    

S
p
ec

ie
s 

co
n
ce

n
tr

at
io

n
 (

 𝜇
𝑔

 𝑚
−

3
) 

University of Ghana http://ugspace.ug.edu.gh



 

119 

 

 
 
Figure 4.23b Time series of PM2.5 source contribution for vehicular/ industry (2021-2022) 
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Figure 4.23c PM2.5 source profiles for vehicular/ industry (2022) 
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4.7 PERCENTAGE SOURCE CONTRIBUTION OF PM2.5 MASS 

Pie charts have been used to reveal the percent source contribution of particulate matter at 

Adabraka (AD), Dansoman (DA) and University of Ghana (UG) sites in 2021 and 2022. Biomass 

burning and soil dust resulted as the predominant contributing factors of particulate matter at the 

three sites in 2021 (27% and 28% respectively).  

The results from PMF revealed six different sources contributing to PM2.5 at all three sites. The 

plots below indicated the percentage of source contribution of particulate matter for the three 

monitoring sites. In AD, the largest contributing factor of particulate matter was 

vehicular/industrial emission in both years of study (25% in 2021 and 28% in 2022). 

The second-largest source of particulate matter is biomass burning (20% for both years). This 

could emanate from various commercial and domestic cooking activities (usage of firewood and 

charcoal) in the environs of the monitoring location. Vehicular emissions and biomass burning 

contributed about 50% of the particulate matter recorded at AD in both years. This is an indication 

of how anthropogenic activity impacts pollution in AD. Solid waste burning, re-suspended dust 

particles, soil dust, and sea salt contribute the remaining 50% of particulate matter. Solid waste 

burning was higher in AD than at the other sites. This could result from particles transported from 

the e-waste site at Agbogbloshie. 

Similarly, at DA, the highest source contributor of PM2.5 is vehicular/industrial emissions (29% in 

2021 and 35% in 2022), followed by biomass burning (20% in 2021 and 21% in 2022). Both sites 

are characterized by heavy traffic congestion as well as commercial cooking activities. It could be 

inferred that similarly, anthropogenic activities heavily impact PM2.5 since the loading from solid 

waste and biomass burning contributes to half of the particulate matter. Sea salt in DA was 
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relatively higher as compared to AD and UG. This could be attributed to the proximity of the site 

with respect to the sea. The sea is approximately 2.6 km from DA, 2.7 km from AD, and 11.7 km 

from UG. At UG, vehicular/industrial emissions were the highest contributing factor to PM2.5, 

followed by re-suspended dust particles. Sea salt was obviously the least contributing factor to 

PM2.5 at UG. Re-suspended dust and solid waste burning at UG sites could emanate from sources 

within the environs of the University of Ghana, Legon campus. 

 

Figure 4.24 PM2.5 source contribution for AD (2021-2022) 
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Figure 4.25 PM2.5 source contribution for DA (2021-2022)  

 

 

 

  

Figure 4.26 PM2.5 source contribution for UG (2021-2022) 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 CONCLUSIONS 

In this thesis, the concentrations, elemental composition, and origins of airborne particulate matter 

(PM2.5) across different sampling locations within three distinct districts of Accra, Ghana, were 

studied. The investigation stands as one of the pioneering efforts to explore the nexus between 

meteorological conditions and PM2.5 mass from gravimetric analysis and reference monitors over 

a two-year span in Accra, Ghana, considering seasonal fluctuations.  

Through meticulous measurements conducted every six days within the 2 years using advanced 

air sampling techniques, significant average mass concentration values for PM2.5 across all 

locations throughout the research period were observed. Notably, these concentrations exceeded 

air quality standards set by Ghana, the World Health Organization (WHO), the United States 

Environmental Protection Agency (USEPA), and the European Union (EU). The findings closely 

align with prior research conducted across sub-Saharan Africa, underscoring the severity of PM2.5 

pollution in urban centers across the region.  

Furthermore, the utilization of the Energy Dispersive X-ray Fluorescence (EDXRF) technique 

revealed a diverse array of trace elements present in the examined particulate matter samples. 

These variations in elemental composition suggest distinct local and regional influences on air 

quality at the receptor locations.  

Employing the U.S. EPA’s Positive Matrix Factorization (PMF) 5.0 model enabled the 

identification of six primary sources of PM2.5 pollution, including biomass combustion, solid waste 

burning, sea salt aerosols, automobile emissions, soil dust, and re-suspended dust. Notably, 

anthropogenic sources emerged as the predominant contributors to air pollution across all study 
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locations, particularly along traffic routes, emphasizing the urgent need for targeted interventions 

to mitigate vehicular and industrial emissions, as well as biomass burning and waste disposal 

practices.  

In summary, this study sheds light on the intricate dynamics of airborne particulate matter in Accra, 

Ghana, providing valuable insights for policymakers, urban planners, and environmentalists to 

devise effective strategies aimed at improving air quality and safeguarding public health in rapidly 

growing urban environments. Continued research and concerted efforts are needed to address the 

multifaceted challenges posed by air pollution and foster sustainable development in Accra and 

beyond.  

5.2 RECOMMENDATIONS 

The study's findings highlight several key recommendations for addressing air pollution in Accra, 

Ghana, and similar urban settings. Firstly, establishing monitoring sites across diverse regions is 

crucial for continuous assessment of particulate matter levels, enabling authorities to identify 

pollution hotspots and implement targeted interventions. Additionally, integrating low-cost air 

sensors alongside traditional monitoring methods can enhance data collection efforts, providing a 

more comprehensive understanding of air quality dynamics. Regular PM2.5 estimation studies 

across different cities and seasons in Ghana are essential for tracking pollution trends and 

informing policy decisions aimed at mitigating health risks associated with poor air quality.  

Furthermore, expanding research to analyze additional air pollutants beyond PM2.5, such as black 

carbon and Sulphates, is imperative for a more holistic understanding of air pollution's health 

impacts. Investigating the intricate relationship between climatic conditions and particulate matter 

can provide valuable insights into the factors driving air pollution levels, facilitating the 

development of targeted mitigation strategies. Additionally, implementing source-oriented control 
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measures and policies to curb anthropogenic activities contributing to poor air quality is essential, 

along with regulations aimed at reducing emissions from old automobiles and engines.  

Finally, promoting environmentally friendly transportation options, subsidizing cleaner cooking 

technologies, and encouraging the use of renewable energy sources are critical steps towards 

reducing dependency on fossil fuels and mitigating air pollution. This should be done in addition 

to educating communities about the health risks associated with air pollution, and promoting 

efficient waste management practices to prevent open burning measures aimed at improving air 

quality and safeguarding public health. By implementing these recommendations, policymakers 

can work toward achieving sustainable development goals while protecting the well-being of urban 

populations.  
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APPENDIX 

Table 2.1 Overview of vehicles recorded by the DVLA in Accra (2010-2019)   

Year Recorded vehicles Year Recorded vehicles 

2010 70,570 2015 59,097 

2011 77,420 2016 62,011 

2012 84,127 2017 70,876 

2013 95,303 2018 94,390 

2014 64,895 2019 86,020 
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