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Abstract

Air quality across Southern Nigeria declined between 2019 and 2024, with distinct spatial and temporal variations in
carbon monoxide (CO), nitrogen dioxide (NO2), sulfur dioxide (SO2), methane (CH4), and aerosols. Using Sentinel-5P
satellite data, pollution levels were mapped across the South-East, South-South, and South-West geopolitical zones.
The South-West exhibited the highest overall pollutant concentrations, driven by vehicular emissions, industrial output,
and extensive generator use, particularly in Lagos and Ogun states. The South-East recorded the steepest increases in
CO, SO2 and methane, linked to domestic energy reliance, population density, and widespread open waste burning. The
South-South, despite intense oil and gas activity, showed comparatively lower mean pollutant values, likely mitigated by
coastal ventilation, though localized hotspots in Benin city, Port Harcourt, Asaba and Warri remained severe. Between
2019 and 2024, methane and aerosol concentrations surged, with the SouthWest experiencing the sharpest rise in aerosol
index. The data reveal a convergence in pollutant loads among zones by 2024, emphasizing the role of unregulated
urban growth, fossil fuel dependence, and weak environmental governance. These findings emphasize rising regional
air quality risks and the urgent need for differentiated policy strategies tailored to each zone's socioeconomic and
environmental realities.
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Introduction

The atmosphere in Nigeria has undergone substantial transformation over the past two decades, shaped by shifting
patterns of urbanization, increasing energy demands, and the expansion of industrial activities—all unfolding within
a context where infrastructure development often lags behind rapid population growth and where environmental
governance remains inconsistent [1-3]. Nowhere is this transformation more visible than in Southern Nigeria, where the
air itself has become a canvas of human impact—marked by haze, soot, and chemical residues arising from a range of
sources including vehicular emissions, oil exploration, industrial operations, and domestic combustion [4].

Despite the widespread presence of pollutants, the comparative severity of air quality challenges across regions remains
poorly understood [5-7]. This is largely due to the limitations of existing environmental assessments, which often
focus on specific cities or pollution sources, without accounting for broader regional dynamics [1,8-10]. The need for
a regional lens is particularly urgent in Southern Nigeria, where environmental degradation intersects with high public
health vulnerability, and where rapid economic activity is rarely matched by strong regulatory frameworks or scientific
surveillance [2,3,11].
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While countries like India, China, and Brazil have conducted extensive regional air quality assessments, Nigeria lacks any
such comparative study across its geopolitical zones. This is despite clear differences in governance structures, energy
consumption, and industrial activity among regions [12-14]. The absence of region-wide data obscures the true extent
of pollution burdens and hampers institutional efforts to develop targeted and effective policy responses [15-17].

Among the major pollutants such as carbon monoxide, nitrogen dioxide, sulfur dioxide, methane and aerosols, carbon
monoxide (CO) stands out as a colorless, odorless gas primarily released through the incomplete combustion of fossil
fuels—commonly from generators, vehicles, and biomass burning. In Nigeria, CO exposure is prevalent in urban settings
and in households relying on fuelwood or kerosene. Its physiological effects are serious, as it binds to hemoglobin
and reduces the blood’s capacity to carry oxygen, leading to headaches, dizziness, and, at high levels, fatal outcomes.
Beyond its direct impact on human health, CO also indirectly contributes to ozone formation, further degrading air
quality. Nitrogen dioxide (NO2), primarily emitted from vehicle exhaust, power generation, and open burning, poses a
different but equally serious threat [11,18-21]. Cities such as Lagos and Onitsha experience significant traffic congestion,
a major source of NOz. This pollutant aggravates respiratory conditions like asthma, increases vulnerability to infections,
and contributes to acid rain and secondary particulate matter formation, which in turn damage crops and infrastructure
[2,4,22,23]. Similarly, sulfur dioxide (SO2), released from the burning of sulfur-rich fuels such as diesel, coal, and
crude oil, is particularly concentrated in industrial zones and areas plagued by gas flaring, like the Niger Delta [24].
SO2 exposure is known to irritate the throat and lungs, particularly in individuals with asthma, while its environmental
impacts—acid rain, soil degradation, and aquatic ecosystem disruption—are equally severe [25]. Methane (CH4), a
potent greenhouse gas, originates from waste dumps, rice paddies, livestock, and oil and gas operations. In Nigeria,
gas flaring and poorly managed landfills are significant contributors. Although methane does not pose direct health
risks at ambient levels, its role in accelerating climate change indirectly amplifies heat-related illnesses and extreme
weather events [26]. Aerosols, comprising fine particulate matter suspended in air, are another major pollutant. These
particles stem from dust storms, biomass combustion, and industrial processes. In Northern Nigeria, desert dust and
open burning are dominant sources, but Southern Nigeria also experiences aerosol build up from industrial activities.
These particles penetrate deep into the lungs, triggering respiratory and cardiovascular diseases, while also affecting
local climate by modifying solar radiation and cloud formation [27].

Southern Nigeria presents a striking environmental paradox. On one hand, states like Bayelsa and Port Harcourt are
beset by persistent gas flaring and hydrocarbon leakage; on the other, densely populated urban centers like Aba
and Onitsha grapple with heavy vehicular emissions, informal industrial activities, and the open burning of household
waste [4,9,15,16,23]. While the health and environmental effects—such as spikes in hospital admissions and visible air
discoloration—are evident, reliable longitudinal data linking pollution levels to these outcomes is sparse and fragmented
[2,28,29]. Ground-based air quality monitoring, though valuable, remains limited due to its sparse distribution and the
high costs associated with deploying and maintaining such systems in resource-constrained settings [3,30,31].

To overcome these limitations, remote sensing has emerged as a transformative tool for atmospheric research, particularly
through the use of the Sentinel-5P satellite. Equipped with the Tropospheric Monitoring Instrument (TROPOMI),
Sentinel-5P offers high-resolution data on key pollutants including nitrogen dioxide, carbon monoxide, sulfur dioxide,
methane, and aerosols [32-34]. This satellite-based approach is ideal for countries like Nigeria, where ground-level
monitoring is insufficient and where pollution sources vary significantly based on geography and economic activity
[1,2,16]. Furthermore, remote sensing allows researchers to track pollution trends over time and evaluate the impacts
of unique events—such as the COVID-19 lockdown—which inadvertently served as a natural experiment in emission
reduction [1,35,36].

Nigeria’s failure to develop a comprehensive national air quality framework that includes regional environmental
health assessments has profound implications. These range from ineffective urban planning and insufficient healthcare
preparedness to poor alignment with international sustainability targets [2,4,37]. The lack of comparative data weakens
internal governance and impedes progress toward global benchmarks such as the Paris Agreement and the United
Nations Sustainable Development Goals. In regions like Bayelsa, where gas flaring emits large volumes of methane
and COz2, or Onitsha, where particulate matter from traffic and dust clouds the air daily, these exposures remain largely
unmeasured and unaddressed in policy discourse [4,15,23,38,39].

This study seeks to address these challenges by adopting a regional approach, focusing on Southern Nigeria and
leveraging Sentinel-5P data from 2019 and 2024 to examine spatial and temporal variations in pollution. It represents
the first comparative air quality assessment across multiple southern geopolitical zones, thereby filling a critical gap
in the existing literature despite longstanding recognition of environmental inequality. The core objective is to identify
which regions suffer from the worst air quality and which fare better, using pollutant data to highlight both anthropogenic
and climatic influences Such distinctions are vital for crafting targeted policy interventions and for reframing air quality
as a development issue rooted in regional disparities and historical legacies.

By analyzing concentrations of CO, NO2, SO2, methane, and aerosols, this research also aims to unpack how the sources
and intensity of pollution differ across zones, and how these patterns correlate with factors such as energy poverty,
population density, and unregulated industrial activity [1,15,38]. Ultimately, the study aims to provide a scientifically
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robust foundation for region-specific air quality strategies—moving Nigeria away from ineffective, one-size-fits-all
approaches and toward policies that genuinely reflect the country’s complex environmental realities.

Methodology

Description of Study Areas

The southern region of Nigeria comprises three distinct geopolitical zones—South-East, SouthSouth, and South-West—
each defined not only by political boundaries but by varying environmental conditions, cultural practices, economic
structures, and air pollution dynamics. These zones collectively host some of the country’s most industrialized cities,
densely populated communities, and ecologically vulnerable ecosystems. Understanding the regional characteristics of
these areas is essential for interpreting patterns of air quality and contextualizing the observed variations in pollutant
levels across different locations and periods.

The South-East zone, made up of Abia, Anambra, Ebonyi, Enugu, and Imo states, is a densely populated and highly
urbanized region [40-42]. The zone lies within the humid tropical rainforest belt, featuring abundant rainfall, high
humidity, and lush vegetation [4,39,43,45]. Its topography is defined by lowlands and undulating terrains, with pockets
of higher elevation in areas such as Nsukka and parts of Ebonyi [4,39,40,43,46]. While rich in natural resources, the
South-East is best known for its manufacturing sector, informal industries, and dynamic commercial activity [41,44,47].

Cities such as Aba and Onitsha have become economic hubs where large-scale industrial production operates alongside
informal waste management and widespread generator usage due to inconsistent electricity supply [4,23,39,44,45,48,49].
These urban centers are characterized by poorly regulated emissions from small- and medium-scale industries, aging
vehicles with no emission control mechanisms, and open waste burning—a practice driven by inadequate waste collection
infrastructure [41,47,50]. In cities like Onitsha, air quality degradation is further compounded by high traffic volume and
poor road networks, which increase vehicular idling and pollutant accumulation [42,46,50].

Population density is a critical factor shaping environmental stress in the South-East [4,23,39,43,44,48,49]. Onitsha, for
instance, ranks among the most densely populated urban areas in Africa, with thousands of people per square kilometer
and a spatial footprint that continues to expand rapidly [4,39,42,44,45,49]. The combination of dense habitation,
commercial activity, and weak environmental regulation results in elevated concentrations of particulate matter, nitrogen
dioxide, and carbon monoxide [46,47,50]. Seasonal variations also influence pollution dispersion, particularly during
the harmattan season when Saharan dust intrudes into southern Nigeria, further increasing the ambient levels of fine
particulate matter [40,43,50].

The South-East’s air pollution profile is therefore the result of intersecting factors: industrial processes, vehicular emissions,
energy-related pollution, and seasonal dust movement [4,39,45,49]. It remains one of the most environmentally
stressed regions in Nigeria, yet the absence of consistent monitoring systems masks the full extent of its pollution
burden [47,48,50].
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Figure 1: Map Showing South-Eastern States
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Moving southward, the South-South geopolitical zone includes Akwa Ibom, Bayelsa, Cross River, Delta, Edo, and Rivers
states [1,16,51,52,53]. This zone is ecologically distinct, encompassing the core of the Niger Delta—one of the world’s
largest wetlands and a globally recognized biodiversity hotspot [51,52,54]. The South-South zone is deeply intertwined
with Nigeria‘s oil economy, as it hosts most of the country’s petroleum reserves and infrastructure [53-55]. Rivers and
Bayelsa states, in particular, are heavily industrialized and represent epicenters of oil exploration, refining, and gas
flaring [16,51,53,54].

In communities such as Gbarain in Bayelsa or Ahoada in Rivers, flaring of natural gas occurs continuously, emitting large
volumes of greenhouse gases, volatile organic compounds, and black carbon directly into the atmosphere [54,53,55].
These emissions contribute to localized heating, respiratory illnesses, acid rain, and the long-term degradation of air, soil,
and water quality [52,53,54]. The geography of the South is dominated by low-lying floodplains, swamps, and estuaries,
interspersed with patches of elevated dry land [1,16,51,52,55]. The climate is typically equatorial, characterized by two
dominant seasons: a long-wet season with intense rainfall and a shorter dry season [51,53,54].

High humidity and frequent rain help to disperse certain gaseous pollutants but also lead to the formation of acid rain in
areas with high concentrations of sulfur dioxide and nitrogen oxides [51,53,54]. Gas flaring, open refining (also known
as artisanal refining), and illegal bunkering operations release a complex mix of pollutants, including sulfur compounds
and heavy metals [53,54,55]. These practices are often carried out in remote areas with minimal regulation, further
complicating efforts to track and manage emissions [51,52,53].

In addition to oil-related pollution, urban areas in the South—such as Port Harcourt, Uyo, and Warri—experience
urban traffic emissions and domestic pollution from the use of biomass fuels and diesel generators [16,51,53,54].
Unlike the South-East, the South-South’s environmental challenges are less driven by population density and more
by industrialization, natural resource extraction, and governance failures [51,53]. Communities living close to oil
infrastructure frequently report elevated health risks, including chronic respiratory issues and unexplained illnesses,
which are often attributed to prolonged exposure to airborne pollutants [16,53,54,55].

In recent years, cities like Port Harcourt have been labeled as “soot cities” due to the persistent presence of black carbon
in the atmosphere, stemming from both legal and illegal refining activities [16,51]. The environmental costs of oil wealth
have become increasingly visible, yet systemic monitoring remains limited, and enforcement of air quality standards is
either weak or absent [51,53,55].
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Figure 2: Map Showing South-Southern States
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The South-West geopolitical zone, comprising Ekiti, Lagos, Ogun, Ondo, Osun, and Oyo states, offers a contrasting but
equally complex air quality scenario [56,57]. As Nigeria’s most economically advanced and urbanized region, the South-
West is home to Lagos—the country’s commercial capital and one of Africa’s largest megacities [,1,2,57,59]. Lagos alone
has a population exceeding 20 million, with corresponding levels of vehicular traffic, industrial activity, and domestic
energy consumption [1,2,57,59]. The region features diverse landforms, ranging from the coastal plains of Lagos and
Ondo to the forested hills of Ekiti and Osun [56,58].

It has a tropical wet-and-dry climate, with distinct rainy and dry seasons, and experiences periodic temperature
inversions that can trap pollutants close to the ground, exacerbating pollution exposure in urban basins [1,2,58,59]. Air
quality in the South-West is heavily influenced by traffic emissions, especially in Lagos where over 5 million cars operate
daily, many of them old and poorly maintained [1,2,57,59]. The vehicle fleet in the region largely lacks emission control
technologies, leading to high levels of nitrogen dioxide, carbon monoxide, and particulate matter [1,2].

Industrial zones in Ogun and Lagos—such as Agbara and Ikeja—contribute significantly to the regional pollution burden,
releasing both regulated and unregulated emissions into the atmosphere [56,57]. Power generation is another major
concern; due to irregular electricity supply from the national grid, millions of households and businesses operate diesel
and petrol generators daily, releasing carbon monoxide and hydrocarbons at localized scales. In addition to outdoor
pollution, indoor air quality is also compromised, especially in low-income settlements where biomass and kerosene are
still used for cooking [1,2,56,57].

Urban planning challenges and waste management inefficiencies further worsen air quality in the South-West [56,58].
Open burning of refuse is still common in peri-urban communities, and unauthorized dumpsites emit methane, ammonia,
and other pollutants [1,2,58,59]. Land use in this region reflects a mix of formal development and unregulated urban
sprawl, making pollution management highly fragmented [56,58]. While Lagos has made strides in introducing air quality
policies and investing in monitoring, most other states in the South-West lack the institutional capacity to implement
systematic pollution control measures [1,2,57,59]. Even where monitoring stations exist, data is often unavailable to the
public, limiting transparency and accountability [1,2,57,59].

3°0'0"E 4°0"0"E 5°0'0"E 6°0'0"E
1 1 1 1

Southwestern states

9°0'0"N
1
T
9°0'0"N

Legend
o Cities

©  Suburbs

7°0'0"N
1
T
7°0'0"N

e Towns

- Primary Route

Secondary Route
[ Exiti

]:] Lagos

- Ogun

- Ondo
Kilometers [ ] osun

0 20 40 80 120 160 I oyo
- — —
[ | NIGERIA

6°0'0"N
1
1
6°0'0"N

T T T T
3°0'0"E 4°00"E 5"0'0"E 6°0'0"E

Figure 3: Map Showing South-Western States

Across these three zones, a common feature is the complex interaction between socioeconomic activity, environmental
governance, and atmospheric health. While the South-East suffers from industrial congestion and traffic-related
emissions, the South-South grapples with the consequences of extractive industries and systemic environmental neglect
[4,16,23,39,49,52]. The South-West, on the other hand, presents a fast-urbanizing region where modern economic
activity collides with weak infrastructure and informal energy practices [1,2]. Together, they reflect the multi-dimensional
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nature of air quality challenges in Southern Nigeria. Importantly, no comparative study has yet evaluated these regions
side by side, which is precisely the gap this research seeks to address using geospatial datasets from Sentinel-5P.

By understanding the specific geographic, economic, and social characteristics of each zone, this study creates a
framework for interpreting pollutant variations not just as abstract environmental phenomena, but as outcomes rooted
in place-specific conditions. It also lays the foundation for targeted mitigation strategies that recognize the uniqueness
of each region—whether it be the oilfields of the Delta, the markets of Onitsha, or the highways of Lagos.

Study Area
Southern geopaolitical
zones:. Southeast,
Southsouth, and Southwest

Study Year(s)
o 20192 and
2024

Sentinel 5P
dataset

Research Design

h

Data Collection

Carbon monoxide, Mitrogen dioxide,
Sulfur dioxide, Methane, and Aesrosol

w

Dt Processwgl Google Earth Engine
analysis

b

ArcGls 10.7.1 and
Results Microsoft Excel

Figure 4: Research Design for the Study

Data Collection and Data Processing/Analysis

Data Collection

This study utilized satellite-based remote sensing data to examine atmospheric pollutants across the Southern
geopolitical zones of Nigeria—South-East, South-South, and South-West— comparing data from the years 2019 and
2024. Data were acquired from the Sentinel-5 Precursor (Sentinel-5P) satellite via the Google Earth Engine (GEE)
platform and subsequently processed using ArcGIS 10.7.1 (ArcMap). The atmospheric parameters analyzed included
carbon monoxide (CO), nitrogen dioxide (NO2), sulfur dioxide (SO2), methane (CH4), and aerosols, as these pollutants
represent key indicators of air quality degradation and anthropogenic environmental impact.

Sentinel-5P

Sentinel-5P, a mission under the Copernicus program of the European Space Agency (ESA), is equipped with the
TROPOspheric Monitoring Instrument (TROPOMI). This sensor is capable of capturing high-resolution data on various
atmospheric gases and aerosols, with a spatial resolution of approximately 7 km x 3.5 km. The instrument offers near
real-time global measurements of pollutants, making it a valuable resource for environmental assessments [,1,2,60].

Sentinel-5P provides detailed data on the vertical column densities of gases like CO, NO2, SOz, and CH4, as well as
aerosol indices, all measured in mol/m2 aside from methane (CH4) which is measured in mole fraction and aerosol
which has no unit of measurement. These datasets are openly accessible via platforms such as EO Browser and can be
processed using GIS tools like ArcGIS. The satellite’s wide coverage and high temporal resolution make it particularly
suitable for monitoring air quality in developing regions with limited access to ground-based measurement stations
[,1,2,61]. However, slight discrepancies may occur when comparing its outputs to ground observations, due to variations
in spatial resolution and local meteorological conditions [,1,2,62]. Nevertheless, Sentinel-5P continues to serve as a
robust and reliable source for large-scale air pollution monitoring.

Method of Data Collection
Shapefiles delineating the South-East, South-South, and South-West geopolitical zones were clipped from Nigeria’s
national shapefile using ArcMap. These files were then imported into Google Earth Engine. Custom scripts were written
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in GEE to extract pollutant data—specifically CO, NO2, SO2, CH4, and aerosols—from the Sentinel-5P TROPOMI dataset
for the years 2019 and 2024. These scripts defined both spatial and temporal parameters, enabling GEE to efficiently
query, process, and export the relevant datasets for further analysis.

Google Earth Engine

Google Earth Engine (GEE) is a cloud-based geospatial analysis platform designed for the visualization and processing
of large-scale satellite data [1,2,63]. Its capabilities include interactive scripting, filtering of satellite imagery, and
computation over extensive spatial and temporal domains. These features make it highly effective for environmental
monitoring, including assessments of air quality and pollutant dispersion patterns [1,2]. In the context of this study, GEE
facilitated the retrieval of atmospheric pollutant data from Sentinel-5P for the Southern Nigerian geopolitical zones. By
leveraging GEE's advanced tools, the study was able to perform comparative assessments of CO, NO2, SOz, CH4, and
aerosol concentrations across multiple regions and timeframes [64,65]. The integration of Sentinel-5P data and GEE's
analytical power provided a comprehensive basis for evaluating air quality dynamics over time and space.

Name

Units

Min Max

Description

CO_column_number_density

mol/m?

-34.43%* 5.71%*

Vertically integrated CO
column density.

NOz_column number density

mol/m?

-0.00051* 0.0192%*

Total vertical column of
NO: (ratio of the slant
column density of NO; and
the total air mass factor).

SO, _column_number_density

mol/m?2

-0.4051* 0.2079*

SO, vertical column density
at ground level, calculated
using the DOAS technique.

CH4_column_volume mixing ratio_dry air

Mol
fraction
(mol/mol)

1285%* 2405%*

Column-averaged dry air
mixing ratio of methane, as
parts-per-billion

absorbing aerosol index

-21% 39*

A measure of the
prevalence of aerosols in
the atmosphere.

Table 1: CO, NO,, SO,, CH, and Aerosols Dataset Obtained from Sentinel-5P

Results and Discussion

CARBON MONOXIDE CONCENTRATION
2019 South-East South-South South-West
MINIMUM 0.044 0.040 0.042
MAXIMUM 0.052 0.052 0.055
MEAN 0.048 0.046 0.049
;};‘:}Kﬁ%& 0.006 0.009 0.009

Table 2: Minimum, Maximum, Mean and Standard deviation of Carbon monoxide
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concentration across the study regions (2019)

Table 2 provides the minimum, maximum, mean, and standard deviation of carbon monoxide (CO) concentration across
the South-East, South-South, and South-West in 2019. The results indicate that the mean CO concentration was highest
in the South-West at 0.049 mol/m2, followed by the South-East at 0.048 mol/m2, and lowest in the South-South with
0.046 mol/m2. The minimum concentration was lowest in the South-South (0.040 mol/m2), while the maximum CO
value of 0.055 mol/m2 was recorded in the South-West. Both South-South and South-West had a standard deviation
of 0.009 mol/mz2, indicating a similar level of variability in CO concentration, while the South-East showed the lowest
variability (SD = 0.006 mol/m2). These results reveal spatial differences in CO levels, with the South-South exhibiting
the lowest mean concentration, and the South-West reflecting slightly higher overall CO levels. The values recorded
indicate inter-regional differences in air quality levels attributed to CO in the base year 2019.
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Southwest Carbon monoxide concentration (2019)
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| Southsouth

Value (mol/m*~2)
wm High : 0.052

ok B Low:0.044

l:] Southwest

Value (mol/m*2)
s High : 0.055

ESS Low: 0.040

@® Cities

B ow:0.042

Figure 5: Carbon Monoxide concentrations in South-East, South-South and South-West for 2019

The spatial distribution Carbon monoxide concentration in 2019 (Figure 5) recorded high concentration levels across
the three Southern geopolitical zones in Nigeria. In the South-East, major urban areas across states recorded high
concentration levels (approximately 0.052 mol/m2). Places such as Aba in Abia state, Owerri in Imo state, Onitsha,
Awka and Nnewi in Anambra state all recorded elevated Carbon Monoxide concentrations levels. In the South-south
geopolitical zone, places such as Benin city in Edo state, Sapele, Asaba and Warri in Delta state, Yenogua in Bayelsa,
Port Harcourt in Rivers state, Uyo and Ikot-Ekpene in Akwa ibom state and Calabar in Cross river state, all recorded high
levels of carbon monoxide, approximately 0.052 mol/m2 for the year 2019. Similarly, urban areas in the South-West
such as Lagos, Abeokuta, Ijebu-ode, Sagamu (Ogun state), Ibadan (Osun state) and Owo (Ondo state) indicated high
concentrations levels of Carbon monoxide.

CARBON MONOXIDE CONCENTRATION
2024 South-East South-South South-West
MINIMUM 0.047 0.044 0.045
MAXIMUM 0.056 0.058 0.057
MEAN 0.052 0.051 0.051
STANDARD DEVIATION 0.006 0.010 0.009

Table 3: Minimum, Maximum, Mean and Standard Deviation of Carbon Monoxide Concentration Across
the Study Regions (2024)

Int J Evol Sus Renew Energy Sol, 2025 8


https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable

Table 3 presents the 2024 statistics for carbon monoxide concentration across the same three regions. In this period, the
South-East recorded the highest mean CO concentration at 0.052 mol/m?2, followed closely by South-South and South-
West at 0.051 mol/m2 each. The South-East also recorded the lowest standard deviation of 0.006 mol/m2, indicating
relatively low variability in CO concentration, while the South-South had the highest variation at 0.010 mol/m2. Minimum
CO levels ranged from 0.044 mol/m2 in the South-South to 0.047 mol/m2 in the South-East. Maximum concentrations
were close in value: 0.058 mol/m2 in South-South, 0.057 mol/m2 in the South-West, and 0.056 mol/m2 in the South-
East. This table shows a rise in the mean CO concentration across all regions from the 2019 values, suggesting an
upward shift in carbon monoxide levels over the five years. While values across regions were relatively close in 2024,
the South-East displayed the highest central value, whereas the South-South showed the widest concentration range.
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Figure 6: Carbon Monoxide Concentrations in South-East, South-South and South-West for 2024

For the year 2024 (Figure 6), the spatial distribution of Carbon monoxide concentrations levels revealed a slight increase
and decrease in some areas as compared to year 2019. The South-Eastern zone recorded elevated concentration levels
averaging around 0.056 mol/m2 in most major cities across the states Abia, Imo and Anambra, while low concentration
levels of about 0.047 mol/m~2 were recorded in most parts of Enugu state and Ebonyi state. In the south south, high
concentration levels of about 0.058 mol/m2 were experienced mostly in Akwa ibom state and cities across Rivers state,
Delta state and Bayelsa state, while Edo state and Cross-river state experienced moderate and low-level concentrations
of carbon monoxide of about 0.044 mol/m2.

In the South-Western geopolitical zone, very high levels of carbon monoxide concentrations of about 0.057 mol/m2
were recorded majorly in Lagos and Ogun state and sparsely in parts of Oyo and Ondo states which experienced lower
carbon monoxide concentrations levels of about 0.045 mol/m2 for the year 2024.

CARBON MONOXIDE | South-East South-South South-West

2019 0.048 0.046 0.049
2024 0.052 0.051 0.051
MEAN 0.0498 0.0484 0.0499

Table 4: Carbon Monoxide Concentration Across the Study Regions (2019 and 2024)
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Table 4 compares the mean CO concentrations across 2019 and 2024 in the three regions. In 2019, the CO concentration
ranged from 0.046 mol/m2 in the South-South to 0.049 mol/m?2 in the South-West. By 2024, all three regions experienced
an increase in CO levels, with the SouthEast rising to 0.052 mol/m2 and both South-South and South-West reaching
0.051 mol/m2. The five-year average CO concentrations were: South-East (0.0498 mol/m2), South-South (0.0484 mol/
m2), and South-West (0.0499 mol/m2). The table reflects a uniform increase in CO concentration over time, with a
narrow gap between the zones. The difference in five-year mean values is marginal, but the South-South showed the
highest increase between 2019 and 2024. The South-South maintained the lowest overall average over the five years,
suggesting slightly lower levels of carbon monoxide compared to the other regions. This table encapsulates the trend
and scale of change in CO concentration within the study timeframe.

Carbon monoxide concentration across the study regions
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Figure 7: Bar Chart Showing the Trend of Annual CO Concentration (2019 and 2024)

Figure 7 shows the bar chart representation of the annual carbon monoxide concentrations for 2019 and 2024 across the
South-East, South-South, and South-West regions. The figure visually confirms a rise in CO levels across all regions over
the five years. In 2019, the CO concentration was lowest in the South-South and highest in the South-West. By 2024,
the South-East surpassed the other regions with the highest CO level, while South-South and South-West registered
identical values. The chart emphasizes that while the variation in CO levels among the regions in 2019 was slightly wider,
by 2024, the gap between regions narrowed, converging around 0.051 to 0.052 mol/m2. The increase from 2019 to
2024 is consistent and observable across all three bars for each region, suggesting that the change in CO concentration
was not abrupt but gradual. The uniformity of the bars in 2024 highlights the emerging similarity in CO pollution levels
among the geopolitical zones during that year.

NITROGEN DIOXIDE CONCENTRATION
2019 South-East South-South South-West
MINIMUM 5.13e-05 4.26e-05 4.49¢-05
MAXIMUM 7.08e-05 7.84e-05 0.000111987
MEAN 6.11e-05 6.05e-05 7.85e-05
STANDARD DEVIATION 1.38e-05 2.54e-05 4.74e-05

Table 5: Minimum, Maximum, Mean and Standard Deviation of Nitrogen Dioxide Concentration Across the
Study Regions (2019)
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Table 5 provides the 2019 nitrogen dioxide (NO2) statistics. The South-West recorded the highest mean NO2 concentration
at 7.85e-05 mol/m2, while the South-East and South-South reported 6.11e-05 mol/m2 and 6.05e-05 mol/m2 respectively.
The South-West also exhibited the highest maximum value at approximately 1.12e-04 mol/m2, and the highest standard
deviation (4.74e-05 mol/m2), indicating both the highest concentration and greatest variability. The SouthSouth had
the lowest minimum value (4.26e-05 mol/m?2), while the South-East’s range was more moderate. The differences in
mean and maximum values across the zones indicate that the South-West had a relatively higher NO2 burden in 2019.
The broader variability in the SouthWest suggests inconsistent sources or fluctuating emission patterns. By contrast,
the South-South and South-East, with lower means and less variability, reflect more consistent and lower NO2 levels.
Overall, this table highlights a clear spatial distinction in nitrogen dioxide concentrations across the regions in 2019.
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Figure 8: Nitrogen Dioxide Concentrations in South-East, South-South and South-West for 2019

In 2019 (Figure 8), nitrogen dioxide (NO2) concentrations in the South-East were highest in the southern part of
Abia State, particularly around Aba and Umuahia (7.08177e-05 mol/m2), the northwestern region of Anambra State
encompassing Onitsha, Awka, and Nnewi, as well as the central part of Imo State (around Owerri), Enugu city, and
the South-Western zone of Enugu State. Lower concentrations were recorded in the South-Eastern region of Ebonyi
State (93% of the area) and the northeastern part of Abia State, with values near 5.13131e-05 mol/m2, as well as
in the northern part of Enugu State. In the South-South, elevated NO:z levels were observed in the central part of
Edo State, particularly around Benin City, and in the South-Western part of Delta State (around Warri), as well as the
northeastern area near Asaba, with concentrations peaking at 7.8449e-05 mol/m2. The South-Eastern part of Rivers
State (Port Harcourt) and the northern region of Akwa Ibom State (including Uyo and Ikot Ekpene) also recorded high
concentrations. The lowest levels, around 4.25586e-05 mol/m2, occurred in the central and South-Eastern parts of
Bayelsa State and the northeastern area of Cross River State, particularly along the outskirts of Delta and Edo States
(western fringe). In the South-West, Lagos State, particularly the South-Western zone including Ikeja and Lagos city,
recorded the highest NO2 concentration (over 86%) at 0.000111987 mol/m2. Elevated levels were also found in the
southern part of Ogun State (Abeokuta and Sagamu) and the South-Eastern region of Oyo State (Ibadan). The lowest
concentrations, approximately 4.4938e-05 mol/m2, were recorded across the entirety of Ondo, Osun, and Ekiti States,
as well as approximately 92% of Oyo State.
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NITROGEN DIOXIDE CONCENTRATION
2024 South-East South-South | South-West
MINIMUM 5.64e-05 4.47e-05 4.92e-05
MAXIMUM 7.51e-05 8.33e-05 | 0.000114698
MEAN 6.58e-05 6.40e-05 8.20e-05
STANDARD DEVIATION 1.32e-05 2.73e-05 4.63e-05

Table 6: Minimum, Maximum, Mean and Standard Deviation of Nitrogen Dioxide Concentration Across the
Study Regions (2024)

Table 6 shows NO2 statistics for 2024. The results indicate an increase in mean NO2 concentrations across all regions
compared to 2019. The South-West continued to record the highest mean value at 8.20e-05 mol/m?2, followed by the
South-East (6.58e-05 mol/m2) and the South-South (6.40e-05 mol/m2). The maximum concentration again appeared
in the South-West (1.15e-04 mol/m2), consistent with 2019. Notably, the minimum concentrations remained lowest
in the South-South (4.47e-05 mol/m2). The standard deviations were high in the South-West (4.63e-05 mol/m2) and
South-South (2.73e-05 mol/m?2), indicating persistent variability. The increase in mean and maximum values across
the regions points to an upward trend in nitrogen dioxide levels over time. Although the order of NO2 concentration by
region remained unchanged, the absolute increase across all metrics emphasizes a steady accumulation of this pollutant
between 2019 and 2024.
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Figure 9: Nitrogen Dioxide Concentrations in South-East, South-South and South-West for 2024

In 2024 (Figure 9), NO2 concentrations increased across all regions. In the South-East, high levels were observed in
the northwestern zone of Anambra State (Onitsha, Awka, Nnewi), southern Imo (Owerri), most parts of Abia (especially
Aba), and central Enugu State (Enugu), reaching up to 7.51374e-05 mol/m2. The lowest concentrations, around
5.64182e-05 mol/m2, persisted in the northeastern part of Abia and about 89% of Ebonyi State. In the South-South,
NO2 concentrations peaked at 8.3273e-05 mol/m2 in the north-central region of Edo State (Benin City), the South-
Western part of Delta State (Warri), the northeastern zone around Aniocha North (Asaba), the South-Eastern part of
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Rivers State (Port Harcourt), and the central belt of Akwa Ibom (Uyo). Lower concentrations, approximately 4.47099%e-
05 mol/m2, were found in the central region of Bayelsa and the northeastern part of Cross River State. In the South-
West, the highest NO2 concentrations were recorded in the South-Western part of Lagos State (Ikeja and Lagos city),
southern Ogun State (Abeokuta, Ijebu Ode, and Sagamu), and north-central Oyo State (Ibadan), with a peak value of
0.000114698 mol/m2. The lowest levels, near 4.92041e-05 mol/m2, were observed across the entirety of Ekiti and Osun
States, the northern part of Ondo State, and approximately 90% of Oyo State excluding Ibadan.

NITROGEN DIOXIDE South-East South-South South-West

2019 6.10654¢e-05 6.05038e-05 7.84624¢e-05
2024 6.57778e-05 6.39914e-05 8.19509¢e-05
MEAN 6.34216¢e-05 6.22476e-05 8.02067¢e-05

Table 7: Nitrogen dioxide Concentration Across the Study Regions (2019 and 2024)

Table 7 summarizes the NO2 values for 2019 and 2024 across the three regions. In 2019, the NO2 values were 6.11e-05
mol/m2 (South-East), 6.05e-05 mol/m2 (South-South), and 7.85e-05 mol/m2 (South-West). By 2024, these increased
to 6.58e-05 mol/m2, 6.40e-05 mol/m2, and 8.20e05 mol/m2 respectively. The average for both years placed the South-
West highest at 8.02e-05 mol/m2, while the South-South had the lowest mean concentration (6.22e-05 mol/m2). The
data indicate that while all regions recorded an increase, the South-West consistently had the highest NO2 values. The
increase from 2019 to 2024 was modest but consistent, highlighting sustained accumulation. The five-year average
further supports the trend of higher nitrogen dioxide levels in the South-West, with the South-East in the middle and
South-South being the lowest throughout the period. This table offers a comparative look at long-term trends and the
persistent gap between the zones.

Nitrogen dioxide concentration across the study regions
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Figure 10: Bar Chart Showing the Trend of Annual NO, Concentration (2019 and 2024)

Figure 10 graphically illustrates the trend of nitrogen dioxide concentration from 2019 to 2024 across the three regions.
The bar chart confirms a consistent increase in NO2 levels over the five years for all zones. The South-East and South-
South showed modest rises, while the South-West recorded a relatively larger difference between 2019 and 2024. This
sustained upward trend across all regions underscores a general increase in nitrogen-based pollution over time. The
chart visually distinguishes the South-West as the region with the highest NO2 concentration in both years, clearly
separating it from the other zones. This consistent pattern in the bars, both terms of height and progression, reinforces
the spatial hierarchy observed in the data tables and supports a conclusion of persistent inter-regional differences in
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NO:2 burden over the years under study.

SULFUR DIOXIDE CONCENTRATION
2019 South-East South-South South-West
MINIMUM -0.000111483 -9.74e-05 -0.000113075
MAXIMUM 5.79e-05 8.19e-05 7.95e-05
MEAN -2.06e-05 -7.74054e-06 -1.67827e-05
STANDARD DEVIATION 0.000119747 0.000126808 0.000136178

Table 8: Minimum, Maximum, Mean and Standard deviation of Sulfur dioxide Concentration Across the
Study Regions (2019)

Table 8 presents the 2019 data on sulfur dioxide (SO2) concentrations across South-East, SouthSouth, and South-
West. All the mean values are negative, with South-East at -2.06e-05 mol/m2, South-South at -7.74e-06 mol/m?2, and
South-West at -1.68e-05 mol/m2. These negative values suggest the presence of very low SO2 concentrations during
this year. The minimum recorded concentrations are also negative across all regions, with South-West registering the
lowest minimum (-0.000113075 mol/m2). Maximum values are positive, ranging from 5.79e-05 mol/m2 in South-East
to 8.19e-05 mol/m2 in South-South. Standard deviations are relatively high, with the highest variability in the South-
West (0.000136178 mol/m2). The spread between minimum and maximum values in each zone shows considerable
variability despite the low average concentrations. The data highlight notable fluctuations in SOz levels during 2019,
with SouthSouth having the least negative mean and South-East showing a broader concentration range, reflecting
possible spatial inconsistencies in SO2 emissions or measurement variability.
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Figure 11: Sulfur dioxide Concentrations in South-East, South-South and South-West for 2019

The spatial distribution of Sulphur dioxide in 2019 (Figure 11) shows irregular concentration levels across the different
southern geopolitical zones. In the South-East, States such as Ebonyi, Enugu and parts of Abia and Anambra experienced
majorly high and moderate levels of Sulphur dioxide (approximately 5.78658e-05 mol/m2) while other parts of Abia
and Anambra as well as Imo state, experienced much lower concentrations levels of Sulphur dioxide (approximately
-0.000111483 mol/m2) for the year 2019. In the South-South zone, States such as Cross-river, Akwa Ibom and Edo,
experienced elevated concentration levels of approximately 8.19264e-05 mol/m2, while other States such as Delta,
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Bayelsa and Rivers, experienced a lower concentratio (about -9.74074e-05 mol/m2) for the year 2019. The South-West
zone comprising of States such as Oyo, Ogun, Osun, Ekiti and Ondo, experienced concentrations levels of Sulphur
dioxide as high as 7.95095e-05 mol/m2 in some areas, and as low as -0.000113075e-05 mol/m? in others for the year
2019.

SULFUR DIOXIDE CONCENTRATION
2024 South-East South-South South-West
MINIMUM -7.73e-05 -8.69¢-05 -9.75e-05
MAXIMUM 0.000111142 0.000115032 0.000130327
MEAN 1.69329¢-05 1.40893e-05 1.64053e-05
STANDARD DEVIATION 0.000133231 0.000142755 0.000161109

Table 9: Minimum, Maximum, Mean and Standard deviation of Sulfur dioxide Concentration Across the
Study Regions (2024)

Table 9 outlines sulfur dioxide concentration statistics for 2024. Unlike 2019, all three regions recorded positive mean
values, indicating a shift in concentration levels. The South-East posted the highest mean at 1.69329e-05 mol/m2,
followed closely by the South-West (1.64053e-05 mol/m2), and the South-South recorded the lowest mean (1.40893e-
05 mol/m2). The minimum concentrations remained negative across all regions, with the lowest minimum in the South-
West at -9.75e-05 mol/m2. The highest maximum concentration was found in the South-West (0.000130327 mol/m2),
indicating that despite the overall increase, significant variability persists. The standard deviation values are also higher
compared to 2019, ranging from 0.000133231 mol/m2 in the South-East to 0.000161109 mol/m2 in the South-West,
further suggesting greater fluctuations in SO2 concentrations. This table highlights an overall increase in SOz levels
from 2019, with the highest increases seen in the South-East and South-West. Nonetheless, the SouthSouth continued
to reflect the lowest average SO:2 levels, albeit with considerable variability.
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Figure 12: Sulfur dioxide Concentrations in South-East, South-South and South-West for 2024
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The spatial distribution of Sulphur dioxide for the year 2024 (Figure 12) revealed the concentration levels across
the three southern geopolitical regions. South-East experienced mostly high and moderate levels of sulphur dioxide
concentrations in places such as Ebonyi state, Enugu state, Umuahia (Abia state), and the northern part of Anambra
state. These areas had concentration levels as high as 0.00011142 mol/m2. In the South-South, Cross-river and Akwa
Ibom state remained dominated by high and moderate levels of Sulphur dioxide (approximately 0.0001115032 mol/m?)
for the year 2024. While in the South-West, concentration levels experienced were as high as 0.000130327 mol/m? and
as low as -9.7516-e05 mol/m? across the States Lagos, Ogun, Osun, Ondo and Ekiti for the year 2024.

SULFUR DIOXIDE | South-East South-South South-West

2019 -2.6808e-05 -7.7405e-06 -1.6783e-05
2024 1.69329¢-05 1.40893e-05 1.64053e-05
MEAN -4.938e-06 -3.1744e-06 -1.165e-07

Table 10: Sulfur dioxide Concentration Across the Study Regions (2019 and 2024)

Table 9 compares the SO2 concentrations in 2019 and 2024 across the regions. In 2019, mean values were negative,
with South-East at -2.68e-05 mol/m2, South-South at -7.74e-06 mol/m2, and South-West at -1.68e-05 mol/m2. By 2024,
these values became positive: 1.69329e-05 mol/m2 (South-East), 1.40893e-05 mol/m2 (South-South), and 1.64053e-
05 mol/m2 (South-West). The mean over the two years shows South-East with a slightly negative average (-4.938e-
06 mol/m2), while South-South and South-West average -3.1744e-06 mol/m2 and -1.165e-07 mol/m2 respectively.
These figures demonstrate a transition from generally low or negligible SO2> concentrations in 2019 to consistently
higher values in 2024. The South-West showed the smallest change in average concentration over the five years, while
the South-East shifted from the most negative to the highest positive value. The consistent rise in all three zones is
evident, but the South-South maintained the lowest mean value across both years, indicating a relatively lower SO2
concentration profile over time.

Sulfur dioxide concentration across the study regions
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Figure 13: Bar Chart Showing the Trend of Annual SO, Concentration (2019 and 2024)

Figure 13 presents a bar chart showing SO2 concentration trends in 2019 and 2024. In 2019, all three regions had
negative SO2 concentrations, suggesting either negligible amounts. By 2024, all bars had risen into the positive range,
clearly indicating an increase in SOz levels over the five years. The South-East recorded the most significant change,
transitioning from the lowest 2019 value to the highest 2024 level. The South-South region showed the smallest
change in bar height between the two years, indicating a relatively stable SO2 profile. The South-West also showed a
considerable upward trend. The visual contrast between the years demonstrates that sulfur dioxide levels increased
across all regions, with the South-East experiencing the sharpest rise. The figure thus affirms the transition observed in
the tabulated data, where initially negative or near-zero values in 2019 were replaced by clearly positive values in 2024,
reflecting an observable rise in SO2 concentration across Southern Nigeria.
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METHANE CONCENTRATION
2019 South-East South-South South-West
MINIMUM 1841.8 1819.6 1837.0
MAXIMUM 1915.4 1924.1 1920.4
MEAN 1878.6 1871.8 1878.7
STANDARD DEVIATION 52.0 73.9 59.0

Table 11: Minimum, Maximum, Mean and Standard deviation of Methane concentration across the study
regions (2019)

Table 11 provides methane (CH4) concentration data for 2019. The average methane values were 1878.6 mol/mol in
the South-East, 1871.8 mol/mol in South-South, and 1878.7 mol/mol in the South-West. The South-West recorded the
highest maximum value (1920.4 mol/mol), and the South-South had the lowest minimum (1819.6 mol/mol). Standard
deviation values were notably different across regions: South-South exhibited the highest variability (73.9 mol/mol),
suggesting more fluctuation in methane levels. The South-East and South-West displayed more stable concentrations,
with standard deviations of 52.0 and 59.0 mol/mol respectively. This table shows relatively consistent methane levels
across regions in 2019, with very narrow differences in means. However, the standard deviation in South-South indicates
that despite the similar mean, concentration levels may have been more erratic. These results illustrate that methane,
this year, was broadly similar across Southern Nigeria, although the spread of values suggests varying degrees of
emission control or methane source activity among the regions.
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Figure 14: Methane Concentrations in South-East, South-South and South-West for 2019

The spatial distribution of methane concentration in 2019 (Figure 14) reveals a noticeable presence of moderate to high
methane levels across key urban and semi-urban locations in Southern Nigeria, with each geopolitical zone showing a
unique pattern of emission intensity. In the South-East, methane concentrations were moderately high, with peak values
reaching 1915.37 mole fraction. Cities such as Awka and northern Anambra State recorded elevated concentrations,
mirroring trends seen in neighboring Enugu State, particularly around the capital city, Enugu. Ebonyi State displayed

Int J Evol Sus Renew Energy Sol, 2025 Ll


https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable

extensive areas of high methane, especially around Abakaliki and Afikpo, suggesting increased anthropogenic activities
in the region. Imo State also reflected notable methane emissions, with Owerri exhibiting relatively high values, while
Aba in Abia State contributed significantly to the regional emissions, all within the mid-to-upper concentration range
of the 2019 methane scale. Moving to the South-South region, methane distribution was even more intense, with a
maximum concentration of 1924.08 mole fraction. This region recorded the highest methane levels in 2019 among
the three zones. Delta State, particularly the southern region, experienced elevated values. Bayelsa State was heavily
affected, with nearly three-quarters of its territory, especially the southern and western portions, displaying consistently
high methane levels. The metropolitan area of Port Harcourt in Rivers State emerged as a prominent hotspot, reinforcing
the link between fossil fuel activity and elevated methane presence. Edo State, particularly around Benin City, also
exhibited considerable concentrations, which extended into southern parts of the state. Similarly, Uyo and its environs
in Akwa Ibom, as well as Calabar and the northern stretches of Cross River State, showed moderate to high methane
concentrations, indicating a broader distribution of emissions in the South-South region. In contrast, the South-West
region showed slightly lower but still significant methane levels, with a maximum value of 1920.39 mole fraction. Lagos
State, particularly in and around the Ikeja industrial zone, stood out with the highest concentrations in the region. Ogun
State followed closely, with elevated values recorded in Abeokuta and IjebuOde, reflecting a combination of urban
growth and industrial activity. Akure in Ondo State and locations in Oyo State also displayed notable concentrations,
especially in Ibadan and Oyo town, while areas in Osun State such as Oshogbo showed mild to moderate methane
levels. On the other hand, Ekiti and parts of northern Ondo recorded the lowest methane values across the South-West,
suggesting fewer anthropogenic sources and limited industrial development in these locations during this period.

METHANE CONCENTRATION
2024 South-East South-South South-West
MINIMUM 1886.8 1777.8 1882.9
MAXIMUM 1976.9 2017.4 1974.5
MEAN 1931.8 1897.6 1928.7
STANDARD DEVIATION 63.7 169.5 64.8

Table 12: Minimum, Maximum, Mean and Standard Deviation of Methane Concentration Across the Study
Regions (2024)

Table 12 displays methane concentration data for 2024. Compared to 2019, all three regions recorded higher mean
values. The South-East had the highest average at 1931.8 mol/mol, followed by the South-West at 1928.7 mol/mol,
and South-South at 1897.6 mol/mol. Minimum and maximum values were also elevated, with the South-South region
showing the lowest minimum (1777.8 mol/mol) and the highest maximum (2017.4 mol/mol), suggesting an expanded
range and greater fluctuations. The standard deviation in South-South increased significantly to 169.5 mol/mol, nearly
tripling from its 2019 value, indicating substantial variability in methane emissions or concentrations. The South-East
and South-West maintained moderate variability with standard deviations of 63.7 and 64.8 mol/mol respectively. This
data suggests not only a general increase in methane across all regions but also more erratic concentrations, particularly
in South-South. The broader concentration range and increased averages across the board point to notable temporal
changes in methane presence between 2019 and 2024.
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Figure 15: Methane Concentrations in South-East, South-South and South-West for 2024

In 2024 (Figure 15), methane concentrations had significantly increased across all three geopolitical zones, highlighting
a continued upward trend in greenhouse gas emissions. The South-East experienced a marked rise, with concentrations
peaking at 1976.86 mole fraction. The expansion of urbanization and increased waste decomposition likely contributed
to the elevated levels observed in major cities. Enugu, Onitsha, Awka, and Nnewi recorded visibly higher concentrations
compared to 2019. This upward trend extended across most parts of Anambra and Enugu States. In Ebonyi, the
concentration was widespread and persistent, with nearly the entire state covered in high values, particularly around
Abakaliki and Afikpo. Imo and Abia States also followed this trend, with cities such as Owerri, Aba, and Umuahia reflecting
increased emissions across larger surface areas. The South-South region remained the most methane-concentrated
zone in 2024, with values climbing to 2017.45 mole fraction.

This stark increase was particularly evident in oil-producing and industrial locations. Bayelsa State emerged as the
epicenter of methane activity, where nearly the entire region registered elevated concentrations. Rivers State, especially
Port Harcourt and its surroundings, exhibited intensified values, likely driven by continuous fossil fuel operations and
flaring activities. Warri and Asaba in Delta State also saw further increases in methane levels, while Benin City in Edo
State showed consistent emissions comparable to those observed in 2019. Akwa Ibom and Cross River also reflected
higher concentrations, particularly around Uyo and Calabar, indicating a broader regional contribution to atmospheric
methane. In the South-West, methane levels also rose significantly, with the highest values reaching 1974.53 mole
fraction. Lagos State remained the primary source of emissions, with the city and surrounding industrial belts, such as
Ikeja and the South-Western coastal area, showing intense methane concentrations. Ogun State again recorded high
values, especially in Abeokuta and its southern corridors. Oyo State experienced a similar rise, with Ibadan continuing to
serve as a regional hotspot. Interestingly, Osun State, particularly its northern parts, saw a notable increase compared
to 2019, while Ekiti and Ondo States, though still among the least polluted within the zone, also exhibited modest
rises in methane levels, hinting at a gradual spread of urban and industrial footprints. Overall, the 2024 distribution
indicates that methane emissions have escalated throughout Southern Nigeria. The South-South region remains the
most critically affected due to its concentration of oil exploration and flaring activities. The South-East is not far behind,
particularly due to its dense urban settlements and growing population centers. The South-West, though slightly more
moderate in concentration, has experienced a steady rise as well, especially in states like Lagos, Ogun, and Oyo. This
trend underscores a deepening environmental concern tied to industrialization, urban waste management practices, and
fossil fuel reliance across all three zones.
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METHANE South-East South-South South-West

2019 1878.6 1871.8 1878.7
2024 1931.8 1897.6 1928.7
MEAN 1905.2 1884.7 1903.7

Table 13: Methane Concentration Across the Study Regions (2019 and 2024)

Table 13 compares methane concentrations across 2019 and 2024. The South-East recorded values of 1878.6 mol/
mol in 2019 and 1931.8 mol/mol in 2024, with a five-year mean of 1905.2 mol/mol. The South-South increased from
1871.8 to 1897.6 mol/mol, with a mean of 1884.7 mol/mol, while the South-West rose from 1878.7 to 1928.7 mol/mol,
averaging 1903.7 mol/mol. These figures reflect a consistent upward trend in methane levels across all regions, with
the largest increase occurring in the South-East. The South-South had the smallest overall rise and the lowest five-year
average, indicating comparatively lower methane concentrations over the study period. Despite the general similarity of
values, these differences in mean and annual progression suggest slight but noticeable variations in methane dynamics
across regions. The table demonstrates not only the direction of change in methane levels but also reinforces the
stability and relative concentration hierarchy among the zones.

Methane concentration across the study regions
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Figure 16: Bar Chart Showing the Trend of Annual Methane (CH4) Concentration (2019 and 2024)

Figure 16 illustrates the change in methane concentration from 2019 to 2024 across the study regions. The bar chart
reflects an increase in all three regions over the five years, with South-East and South-West registering the most
significant growth. South-South, while also increasing, recorded the smallest change in bar height, consistent with the
numerical data. The visual symmetry between the South-East and South-West bars in 2024 reflects how closely their
methane concentrations align, especially compared to their 2019 levels. The chart supports the conclusion that methane
levels increased uniformly across the regions, with the South-East maintaining the lead in terms of concentration levels.
The data visualized here confirms the steady rise in methane over time and further highlights the consistency in the
ranking of the zones, with South-East and South-West at the higher end and South-South remaining slightly lower in
both years.

Int J Evol Sus Renew Energy Sol, 2025 AL


https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable

AEROSOL CONCENTRATION
2019 South-East South-South South-West
MINIMUM -0.873 -1.087 -0.930
MAXIMUM -0.583 -0.394 -0.334
MEAN -0.728 -0.740 -0.632
STANDARD DEVIATION 0.205 0.490 0.422

Table 14: Minimum, Maximum, Mean and Standard Deviation of Aerosol Concentration Across the Study
Regions (2019)

Table 14 presents aerosol concentration data for the year 2019 across the South-East, South-South, and South-West
regions. The mean values are negative in all regions: -0.728 for the South-East, -0.740 for South-South, and -0.632 for
the South-West. The negative values suggest either very low or baseline-adjusted aerosol concentrations, as sometimes
reflected in remotely sensed aerosol optical depth indices. Among the regions, the South-West had the least negative
mean, indicating relatively higher aerosol presence compared to the other two zones. Minimum concentrations were
lowest in the South-South (-1.087) and highest in the South-East (-0.873), while the maximum concentrations ranged
from -0.583 (South-East) to -0.334 (South-West). The highest standard deviation was recorded in the South-South
(0.490), followed by the South-West (0.422), and the South-East had the lowest variability (0.205). These results
suggest more stable aerosol conditions in the South-East and more fluctuations in the South-South, despite the latter
having a lower mean. The South-West showed relatively elevated aerosol levels with moderate variability.
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Figure 17: Aerosol Concentrations in South-East, South-South and South-West for 2019

Spatial distribution of aerosol concentration in 2019 (Figure 17) shows cities like Onitsha, Nnewi and Awka located
in Anambra, Enugu city located at Enugu state, Abakaliki located at Ebonyi, Owerri located at Imo Aba and Umuahia
located at Abia state all fall under the high category of -0.583 in the South-East, while in the South-South Benin city and
the South-Western part of Edo state, warri and Asaba in Delta state, 78% of Bayelsa (Both the southern and western
part), Port Harcourt located in Rivers state, Uyo and the southern part of Akwa ibom, Calabar and the Northern part of
Cross river all fall under the high category of -0.394. in the South-Western Nigeria cities like Oyo and Ibadan located
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at Oyo state, Abeokuta and 93% of Ogun state, ikeja and 66% of Lagos state all fall under the high category of -0.334
while region like Ekiti and North part of Ondo state has relatively lower aerosol concentration of about -0.930

AEROSOL CONCENTRATION
2024 South-East South-South | South-West
MINIMUM -0.101 -0.363 -0.093
MAXIMUM 0.236 0.238 0.383
MEAN 0.067 -0.062 0.145
STANDARD DEVIATION 0.238 0.425 0.336

Table 15: Minimum, Maximum, Mean and Standard Deviation of Aerosol Concentration Across the Study
Regions (2024)

Table 15 presents the aerosol data for the year 2024. Unlike in 2019, the mean values are positive in two of the three
regions, with the South-West registering the highest mean aerosol concentration at 0.145, followed by the South-East
at 0.067. The South-South, however, still had a negative mean value (-0.062), indicating comparatively lower aerosol
levels. The minimum values ranged from -0.363 in South-South to -0.093 in the South-West, while the maximum values
ranged from 0.236 in the South-East to 0.383 in the South-West. Standard deviations were highest in South-South
(0.425), indicating significant variability, followed by South-West (0.336), and South-East (0.238). The 2024 results
show a considerable shift from the 2019 values, with an evident increase in aerosol levels in all regions, especially the
South-West. This transition from predominantly negative to positive mean values reflects a measurable increase in
atmospheric aerosol concentrations, most notably in the South-West and South-East, suggesting a change in aerosol
dynamics within the five years.
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Figure 18: Aerosol Concentrations in South-East, South-South and South-West for 2024

In 2024 (Figure 18), aerosol concentration was high in Enugu city in Enugu state, Onitsha, Awka, Nnewi and the
northwestern part of Anambra state, also in Owerri and southern part of Imo and Aba in Abia state and the entirety of
Ebonyi state with the concentration of about 0.236. In the South-Southern region cities like Benin city and the western
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part of Edo state, warri and aniocha North including Asaba located in Delta state, Port Harcourt in Rivers, Uyo in Awka
ibom and the northwestern part of Cross rivers all fall under the high category of about 0.238. In the South-Western
part of Nigeria states like Oyo especially in Ibadan, Abeokuta and the southern part of Ogun state, ikeja and the western
part of Lagos Northern part of Osun state all fall in the high category of about 0.383.

AEROSOL | South-East South-South South-West

2019 -0.728 -0.740 -0.632
2024 0.067 -0.062 0.145
MEAN -0.330 -0.401 -0.244

Table 16: Aerosol Concentration Across the Study Regions (2019 and 2024)

Table 16 compares the mean aerosol concentrations across 2019 and 2024. In 2019, all three regions had negative
mean values, with South-South at -0.740, South-East at -0.728, and SouthWest at -0.632. In 2024, the values shifted
significantly: South-East increased to 0.067, South-South to -0.062, and South-West to 0.145. The five-year averages
were: South-East (-0.330), South-South (-0.401), and South-West (-0.244). These data indicate an upward trend in
aerosol concentrations in all zones, particularly in the South-West, which recorded the least negative five-year mean and
the highest value in 2024. The South-South remained the only region with a negative average in both years, suggesting
persistently lower aerosol concentrations over time. The South-East followed with a moderate increase, while the
South-West consistently ranked highest across all parameters. This table demonstrates the relative shifts in aerosol
pollution levels over the study period, with significant increases, particularly apparent in the South-West, where values
transitioned from negative to strongly positive.
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Figure 19: Bar Chart Showing the Trend of Annual Aerosol Concentration (2019 and 2024)

Figure 19 shows the bar chart of aerosol concentrations in 2019 and 2024 across the three study regions. In 2019, all
regions recorded negative values, with the South-South having the most negative, followed by South-East and South-
West. By 2024, the South-West exhibited a sharp rise into positive territory, registering the highest concentration, while
the South-East showed a more moderate increase. The South-South, although improved from 2019, remained slightly
negative. The bar chart effectively illustrates this shift, clearly demonstrating a rising trend in aerosol levels over time
in all regions. The tallest bar in 2024 belongs to the South-West, visually reinforcing its position as the region with
the most significant increase in aerosol presence. The contrast in bar heights between the two years captures the
extent of change in aerosol dynamics across Southern Nigeria. This visual presentation aligns with the numerical data,
highlighting a clear escalation in particulate presence between 2019 and 2024, most notably in the South-West region.
Across both periods, the South-West consistently recorded the highest concentrations for several key air pollutants.
Carbon monoxide (CO) had the highest mean in 2019 and remained among the top in 2024, with only a slight narrowing
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of the regional gap. Nitrogen dioxide (NO2) was also highest in the South-West across both years, showing the widest
range and greatest variability, indicating more frequent emission peaks. Sulfur dioxide (SO2) levels transitioned from
negative in 2019 to positive in 2024 in all regions, but the South-West recorded one of the most significant increases in
both mean and variability, indicating growing sulfur-based emissions. Methane (CHa4) levels in the South-East and South-
West were similar, but the SouthEast recorded a larger increase between 2019 and 2024. The South-South, in contrast,
showed the lowest mean methane concentrations and the highest variability in 2024, suggesting sporadic but intense
emission events. For aerosols, the South-West also recorded the greatest increase, shifting from the lowest negative
mean in 2019 to the highest positive mean in 2024, indicating a clear rise in particulate pollution.

The South-South region generally showed the lowest pollutant concentrations. It had the lowest CO mean in 2019
and shared the lowest mean in 2024. NO2 values were also lowest across both years, and SOz remained consistently
below the other regions in both absolute values and rate of increase. Methane remained lowest in the South-South, and
although variability increased in 2024, the overall mean stayed below that of the South-East and South-West. It was also
the only region to maintain a negative aerosol mean in 2024, reinforcing its position as having the cleanest air overall.
The South-East presented more moderate values, typically falling between the South-South and South-West. It recorded
the highest CO value in 2024 and the steepest SO2 increase but had lower NO2 and methane concentrations compared
to the South-West. This shows variable conditions, without consistent high or low values.

The South-East’s pollutant load is largely due to high population density, rapid urban growth, and open burning of waste
[4,39,49,66,67,68]. Cities like Onitsha, Aba, Owerri, and Enugu experience intense pressure from energy demand, mostly
met through biomass fuels such as firewood and charcoal, which release CO and aerosols [4,39,49,66,67,68]. Limited
access to formal waste disposal systems has led to frequent open waste burning, emitting CH4, SOz, and particulates
[4,23,39,49,68]. Urban expansion into peri-urban areas like Awka and Nnewi, lacking infrastructure and regulation,
contributes further [4]. Transport emissions are another factor—aging motorcycles and minibuses emit NO2 and CO in
large quantities, especially in traffic-prone areas [66,68]. Although industrial activity is lower than in the South-West,
the accumulation of emissions from domestic, transport, and waste-related sources has raised pollutant levels over time.
Between 2019 and 2024, CO, CH4, and SO:2 all increased, driven by combustion and declining vegetation cover. The
South-East shows mid-range pollution—higher than the South-South but below the South-West.

Despite being the base of Nigeria’s oil industry, the South-South recorded the lowest overall pollutant levels. Key oil-
producing states like Rivers, Bayelsa, and Delta face pollution from gas flaring, refining, and crude transport. Port
Harcourt, Warri, and Yenagoa show localized spikes near oil facilities [69-72]. However, the coastal setting provides
natural dispersion through sea breeze, reducing ground-level concentrations [69,72]. Lower population density in parts
of Cross River and Bayelsa also contributes to reduced domestic and transport emissions [69-72]. Still, the region
showed high variability in CH4 and aerosols, likely from flaring and artisanal refining [69-72]. Although spikes occur,
especially near industrial zones, average values remain low. This makes the South-South the least polluted region, with
natural dispersion and lower urban intensity playing key roles.

The South-West had the highest and most consistent pollution across both years. States like Lagos, Ogun, and Oyo host
large industrial zones, with Ogun ranking among the most industrialized in [73-77]. Emissions from factories, generators,
and diesel machinery contribute heavily to NO2, CO, and SOz levels. Lagos, Nigeria's economic hub, experiences chronic
traffic, with old vehicles running on low-quality fuel emitting high levels of CO and NO2 (Amaechi et al., 2023; Amaechi et
al., 2024). Household fuel use— charcoal, kerosene, and biomass—is widespread in low-income areas [73-77]. Waste is
often burned in the open, especially in peri-urban zones, adding aerosols and CHa4 to the atmosphere. Urban expansion
and construction projects also stir up dust, contributing to aerosol load, especially in areas like Ibadan and Abeokuta
[73-77]. Unlike the coastal South-South, the inland location and stagnant air in the South-West trap pollutants close to
the ground. Widespread use of generators due to poor electricity access further adds to CO and NO2 emissions. These
combined factors— industrialization, traffic, biomass use, waste burning, and poor dispersion—explain the consistently
high pollution in the South-West. Between 2019 and 2024, it ranked highest in NO2, aerosols, CO, and CHa.

Overall, the South-South had the cleanest air, the South-West the most polluted, and the South-East fell in between.
These patterns reflect differences in industrial activity, population pressure, waste practices, and atmospheric conditions.

Recommendations

Air pollution patterns in Southern Nigeria vary by region, requiring distinct, zone-specific control strategies based on the
dominant sources of emissions and socio-economic context. In the South-East, pollution is driven by high population
density, informal transport systems, waste burning, and reliance on biomass for cooking. To reduce pollutant loads, state
and local governments must ban open waste burning and provide structured waste collection services that reach peri-
urban and densely populated settlements. Fuel-efficient stoves and cleaner cooking fuels such as LPG should be made
affordable through subsidies. Motor vehicle emissions must be controlled through regular inspection and phase-out of
outdated vehicles. Energy poverty must be addressed by expanding access to reliable grid electricity to limit household
reliance on firewood, charcoal, and generators.

In the South-South, pollution stems mainly from gas flaring, artisanal refining, crude oil spills, and poorly regulated
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industrial emissions. Stronger enforcement of existing gas flaring policies is essential. Flare reduction technologies
should be made compulsory for oil companies operating in Bayelsa, Rivers, and Delta States. Illegal refineries must be
shut down using a multi-agency approach, while offering alternative livelihoods to communities involved in informal
refining. Environmental monitoring units should be set up in proximity to major oil infrastructure to enable real-time
tracking of pollutant levels. Additionally, environmental remediation programs must address the cumulative pollution
load from decades of flaring and spills.

In the South-West, rapid urbanization, traffic congestion, industrial discharges, and widespread use of generators are
the primary pollution sources. Lagos and Ogun should implement vehicle emission control zones and restrict the use of
high-emission generators. Industrial estates must adopt stringent emission standards with regular environmental audits.
Urban planning should incorporate green buffers to reduce particulate dispersion. To address traffic-related emissions,
expanding public transport options such as rail and Bus Rapid Transit (BRT) systems is crucial. Additionally, promoting
the adoption of Electric Vehicles (EVs) and increasing the number of trains will help reduce vehicular emissions and
ease traffic congestion. Government incentives, infrastructure for EV charging, and improved rail connectivity should
be prioritized. Furthermore, power infrastructure must be upgraded to reduce dependence on private energy sources,
which are often heavy polluters.

Conclusion

Air quality across Southern Nigeria has significantly worsened from 2019 to 2024, with pollutant concentrations rising in
all three geopolitical zones. The South-West remains the most polluted, driven by heavy industrialization, high vehicle
density, and widespread generator use due to unreliable electricity. The South-East follows closely, where population
growth, unregulated transport, biomass combustion, and open waste burning contribute heavily to emissions. In the
South-South, although overall pollutant averages are lower, localized spikes from gas flaring, crude oil refining, and
artisanal bunkering create serious environmental and health risks. The data confirm that air pollution is not evenly
distributed but shaped by specific economic activities, land use patterns, and environmental enforcement gaps in each
zone. The steady rise in CO, NO2, SO2, CH4, and aerosol levels signals a growing threat to public health, agricultural
productivity, and climate stability. Without effective policy enforcement, continued exposure to these pollutants will
increase the burden of respiratory diseases, reduce labor productivity, and worsen regional environmental inequality.
The absence of robust air quality monitoring systems across many states has further limited early detection and
response capacity. Regional intervention is not optional—it is a necessity. Control measures must reflect the sources of
pollution unique to each region. A one-size-fits-all approach will fail to address the scale and complexity of the problem.
Urgent investments in regulatory enforcement, clean energy, sustainable transport, and waste management systems are
essential to reverse current trends. Long-term planning must also integrate environmental data into urban development,
public health policy, and infrastructure design. Addressing air pollution in Southern Nigeria requires both immediate
action and sustained coordination between government, industry, and affected communities [78-95].

References

1. Amaechi, C. F, Nzeagwu, O. F, & Okoduwa, A. K. (2023). EFFECT OF FUEL SUBSIDY REMOVAL ON AIR QUALITY
IN LAGOS STATE, SOUTH WESTERN, NIGERIA. Ethiopian Journal of Environmental Studies & Management, 16(6),
816-829.

2. Amaechi, C. F, Enuneku, A., Amadi, U. S., & Okoduwa, A. K. (2024). Effects of COVID-19 Policy on Air Quality in
Lagos State, Nigeria. Applied Environmental Research, 46(1).

3. Mahmud, K., Mitra, B., Uddin, M. S., Hridoy, A. E. E., Aina, Y. A,, Abubakar, I. R,, ... & Rahman, M. M. (2023).
Temporal assessment of air quality in major cities in Nigeria using satellite data. Atmospheric Environment: X, 20,
100227.

4. Ezeonyejiaku, C. D., Okoye, C. O., Ezeonyejiaku, N. J., & Obiakor, M. O. (2022). Air quality in Nigerian urban
environments: A comprehensive assessment of gaseous pollutants and particle concentrations. Current Applied
Science and Technology, 10-55003.

5. Abulude, F. O., Arifalo, K. M., Kenni, A. M., Akinnusotu, A., Oluwagbayide, S. D., & Sunday, A. (2022). Air quality
index levels of particulate matter (PM2. 5) in Yenogua, Nigeria. Jurnal Geografi Gea, 22(2), 95-105.

6. Bikis, A. (2023). Urban air pollution and greenness in relation to public health. Journal of environmental and public
health, 2023(1), 8516622.

7. Katoto, P. D., Byamungu, L., Brand, A. S., Mokaya, J., Strijdom, H., Goswami, N., ... & Nemery, B. (2019). Ambient
air pollution and health in Sub-Saharan Africa: Current evidence, perspectives and a call to action. Environmental
research, 173, 174-188.

8. Olowoporoku, A. O., Longhurst, J., Barnes, J., & Edokpayi, C. (2011). Towards a new framework for air quality
management in Nigeria. Air Pollution, 19(147), 1.

9. Okoduwa, A., & Amaechi, C. F. (2024). Exploring Google Earth Engine, Machine Learning, and GIS for Land Use Land
Cover Change Detection in the Federal Capital Territory, Abuja, between 2014 and 2023. Applied Environmental
Research, 46(2).

10. Mir Alvarez, C., Hourcade, R., Lefebvre, B., & Pilot, E. (2020). A scoping review on air quality monitoring, policy and
health in West African cities. International Journal of Environmental Research and Public Health, 17(23), 9151.

11. Borge, R., Lange, S., & Kehew, R. (2023). Analysis of air quality issues and air quality management status in five
major African cities. Clean Air Journal, 33(2), 1-22.

Int J Evol Sus Renew Energy Sol, 2025 25



https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable
https://ejesm.org/wp-content/uploads/2023/12/ejesm.v16i6.12.pdf
https://ejesm.org/wp-content/uploads/2023/12/ejesm.v16i6.12.pdf
https://ejesm.org/wp-content/uploads/2023/12/ejesm.v16i6.12.pdf
https://ph01.tci-thaijo.org/index.php/psru/www.tci-thaijo.org/index.php/aer/article/view/252609
https://ph01.tci-thaijo.org/index.php/psru/www.tci-thaijo.org/index.php/aer/article/view/252609
https://www.sciencedirect.com/science/article/pii/S2590162123000278
https://www.sciencedirect.com/science/article/pii/S2590162123000278
https://www.sciencedirect.com/science/article/pii/S2590162123000278
https://li01.tci-thaijo.org/index.php/cast/article/view/253534
https://li01.tci-thaijo.org/index.php/cast/article/view/253534
https://li01.tci-thaijo.org/index.php/cast/article/view/253534
https://www.researchgate.net/profile/Francis-Abulude/publication/364934894_AIR_QUALITY_INDEX_LEVELS_OF_PARTICULATE_MATTER_PM25_IN_YENOGUA_NIGERIA/links/635f6f1a12cbac6a3e0f1481/AIR-QUALITY-INDEX-LEVELS-OF-PARTICULATE-MATTER-PM25-IN-YENOGUA-NIGERIA.pdf?_sg%5B0%5D=started_experiment_milestone&origin=journalDetail&_rtd=e30%3D
https://www.researchgate.net/profile/Francis-Abulude/publication/364934894_AIR_QUALITY_INDEX_LEVELS_OF_PARTICULATE_MATTER_PM25_IN_YENOGUA_NIGERIA/links/635f6f1a12cbac6a3e0f1481/AIR-QUALITY-INDEX-LEVELS-OF-PARTICULATE-MATTER-PM25-IN-YENOGUA-NIGERIA.pdf?_sg%5B0%5D=started_experiment_milestone&origin=journalDetail&_rtd=e30%3D
https://onlinelibrary.wiley.com/doi/abs/10.1155/2023/8516622
https://onlinelibrary.wiley.com/doi/abs/10.1155/2023/8516622
https://www.sciencedirect.com/science/article/pii/S0013935119301574
https://www.sciencedirect.com/science/article/pii/S0013935119301574
https://www.sciencedirect.com/science/article/pii/S0013935119301574
https://books.google.com/books?hl=en&lr=&id=YVsdEPKI0p4C&oi=fnd&pg=PA1&dq=8.%09Olowoporoku,+A.,+Longhurst,+J.,+Barnes,+J.+and+Edokpayi,+C.+(2011).+Towards+a+new+framework+for+air+quality+management+in+Nigeria.+WIT+Transactions+on+Ecology+and+the+Environment,+147:+1-10.&ots=t4fgGDc0Po&sig=2gZwG9sZhU-mpgkV5RY14RihG0A
https://books.google.com/books?hl=en&lr=&id=YVsdEPKI0p4C&oi=fnd&pg=PA1&dq=8.%09Olowoporoku,+A.,+Longhurst,+J.,+Barnes,+J.+and+Edokpayi,+C.+(2011).+Towards+a+new+framework+for+air+quality+management+in+Nigeria.+WIT+Transactions+on+Ecology+and+the+Environment,+147:+1-10.&ots=t4fgGDc0Po&sig=2gZwG9sZhU-mpgkV5RY14RihG0A
https://ph01.tci-thaijo.org/index.php/saujournalst/www.tci-thaijo.org/index.php/aer/article/view/254819
https://ph01.tci-thaijo.org/index.php/saujournalst/www.tci-thaijo.org/index.php/aer/article/view/254819
https://ph01.tci-thaijo.org/index.php/saujournalst/www.tci-thaijo.org/index.php/aer/article/view/254819
https://www.mdpi.com/1660-4601/17/23/9151
https://www.mdpi.com/1660-4601/17/23/9151
https://www.scielo.org.za/scielo.php?pid=S2410-972X2023000200001&script=sci_abstract&tlng=en
https://www.scielo.org.za/scielo.php?pid=S2410-972X2023000200001&script=sci_abstract&tlng=en

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25,

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Int J Evol Sus Renew Energy Sol, 2025

Lelieveld, J., Evans, J. S., Fnais, M., Giannadaki, D., & Pozzer, A. (2015). The contribution of outdoor air pollution
sources to premature mortality on a global scale. Nature, 525(7569), 367-371.

Gbémez-Pelaez, L., Santos, J. M., Albuguerque, T., Jr, N., Andredo, W. and Andrade, M. (2020) ‘Air quality status and
trends over large cities in South America. Environmental Science and Policy, 114: 422—435.

Mathew, A., Shekar, P. R., Nair, A. T., Mallick, J., Rathod, C., Bindajam, A. A., Alharbi, M. M. and Abdo, H. G. (2024).
Unveiling urban air quality dynamics during COVID-19: A Sentinel-5P TROPOMI hotspot analysis. Scientific Reports,
14(1): 21624.

Ogunsola, O.E., Enitan, 0.0., Shaibu, V.0., Adeyemi, A.A., Alabi, M.O., Eze, C.P. and Usikalu, M.R. (2023). Assessment
of air quality and attendant impacts of criteria and particulate pollutants: A case of Niger Delta region of Nigeria.
Open Access Library Journal. 10(7): 1-15.

Utang, P. B., & Peterside, K. S. (2011). Spatio-temporal variations in urban vehicular emission in Port Harcourt city,
Nigeria. Ethiopian Journal of Environmental Studies and Management, 4(2), 38-51.

Anenberg, S. C., Henze, D. K., Tinney, V., Kinney, P. L., Raich, W., Fann, N., ... & Kuylenstierna, J. C. (2018).
Estimates of the global burden of ambient PM 2.5, ozone, and NO 2 on asthma incidence and emergency room
visits. Environmental health perspectives, 126(10), 107004.

Gulia, S., Nagendra, S. S., Khare, M., & Khanna, I. (2015). Urban air quality management-A review. Atmospheric
Pollution Research, 6(2), 286-304.

Apte, 1. S., Marshall, J. D., Cohen, A. J., & Brauer, M. (2015). Addressing global mortality from ambient PM2. 5.
Environmental science & technology, 49(13), 8057-8066.

Lanzafame, R., Monforte, P. and Scandura, P.F. (2016). Comparative analyses of urban air quality monitoring systems:
passive sampling and continuous monitoring stations. Energy Procedia. 101: 321-328.

Fowler, D., Brimblecombe, P, Burrows, J., Heal, M. R., Grennfelt, P,, Stevenson, D. S., ... & Vieno, M. (2020). A
chronology of global air quality. Philosophical Transactions of the Royal Society A, 378(2183), 20190314.
Akinfolarin, O. M., Boisa, N. and Obunwo, C. C. (2021). Air quality and health risk assessment of NO2 and SO2 in a
typical urban city in Nigeria. Environmental Health Insights, 15: pp.1-11.

Okoye, D. (2025) Tropospheric assessment of carbon monoxide, nitrogen dioxide, and aerosols in Onitsha, Anambra
State, Southeastern Nigeria — a case study of 2019-2024. [online] 22 February. Available at: [Accessed 19 Apr.
2025].

Amaechi, C. F, & Biose, E. (2016). Gas flaring: Carbon dioxide contribution to global warming. Journal of Applied
Sciences and Environmental Management, 20(2), 309-317.

Oguntoke, O., & Yussuf, A. S. (2010). Air pollution arising from vehicular emissions and the associated human health
problems in abeokuta metropolis, Nigeria. ASSET: An International Journal (Series A)}, 8(2), 119-132.

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Intergovernmental Panel on Climate Change.

Ezeh, G.C., Agbo, C.P. and Ugochukwu, E.E., 2020. Aerosol optical depth and implications for air quality in Nigeria.
Environmental Monitoring and Assessment, 192(3), pp.1-11.

Obisesan, A., & Weli, V. E. (2019). Assessment of air quality characteristics across various land-uses in Port-Harcourt
Metropolis. Journal of Environmental Pollution and Management, 2, 106.

Nhamo, L., Rwizi, L., Mpandeli, S., Botai, J., Magidi, J., Tazvinga, H., ... & Mabhaudhi, T. (2021). Urban nexus and
transformative pathways towards a resilient Gauteng City-Region, South Africa. Cities, 116, 103266.

Said, M., Safwat, G., Turki, M. and Mamoun, A. (2016) Spatiotemporal analysis of fine particulate matter (PM2.5) in
Saudi Arabia using remote sensing data. Egyptian Journal of Remote Sensing and Space Sciences, 19(2): 195-205.
Shabani, N.B. (2023). A comparative evaluation of Al-based methods and traditional approaches for air quality
monitoring: analyzing pros and cons. Available at SSRN: https://ssrn.com/abstract=4680965 (|Accessed 20th
November, 2024).

Kaplan, G., & Avdan, Z. Y. (2020). Space-borne air pollution observation from sentinel-5p tropomi: Relationship
between pollutants, geographical and demographic data. International Journal of Engineering and Geosciences,
5(3), 130-137.

Singh, D., Dahiya, M., Kumar, R., & Nanda, C. (2021). Sensors and systems for air quality assessment monitoring
and management: A review. Journal of environmental management, 289, 112510.

Hassaan, M. A., Abdallah, S. M., Shalaby, E. S. A., & Ibrahim, A. A. (2023). Assessing vulnerability of densely
populated areas to air pollution using Sentinel-5P imageries: a case study of the Nile Delta, Egypt. Scientific Reports,
13(1), 17406.

Elshorbany, Y. F, Kapper, H. C., Ziemke, J. R., & Parr, S. A. (2021). The status of air quality in the United States
during the COVID-19 pandemic: a remote sensing perspective. Remote Sensing, 13(3), 369.

Kazemi-Karyani, A., Soltani, S., Rezaei, S., Irandoust, K., & Dizaj, J. Y. (2023). The Effect of COVID-19 Pandemic on
Households’ Utilization of Rehabilitation Services: National Evidence from Iran Health System. Journal of Lifestyle
Medicine, 13(2), 101.

NIEHS (National Institute of Environmental Health Sciences). (2024). Air Pollution and Your Health.  Available

at: [Accessed 13th November, 2024].

Ephraim-Emmanuel, B. C., Enembe, O., & Ordinioha, B. (2023). Respiratory health effects of pollution due to
artisanal crude-oil refining in Bayelsa, Nigeria. Annals of global health, 89(1), 74.

Anyika, L. C., Alisa, C. O., Nkwoada, A. U., Opara, A. L., Ejike, E. N., & Onuoha, G. N. (2020). Spatio-Temporal Study
of Criteria Pollutants in Nigerian City. Asian Journal of Applied Chemistry Research, 6, 1-13.

Dimelu, M., Ozioko, R., Madukwe, M. and Eze, S., 2014. Capacity for research and outreach on climate change

26



https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable
https://www.nature.com/articles/nature15371
https://www.nature.com/articles/nature15371
doi:10.1016/j.envsci.2020.09.009.
doi:10.1016/j.envsci.2020.09.009.
doi:10.1038/s41598-024-72276-4.
doi:10.1038/s41598-024-72276-4.
doi:10.1038/s41598-024-72276-4.
https://www.ajol.info/index.php/ejesm/article/view/69150
https://www.ajol.info/index.php/ejesm/article/view/69150
https://ehp.niehs.nih.gov/doi/abs/10.1289/EHP3766
https://ehp.niehs.nih.gov/doi/abs/10.1289/EHP3766
https://ehp.niehs.nih.gov/doi/abs/10.1289/EHP3766
https://www.sciencedirect.com/science/article/pii/S1309104215302373
https://www.sciencedirect.com/science/article/pii/S1309104215302373
https://pubs.acs.org/doi/abs/10.1021/acs.est.5b01236
https://pubs.acs.org/doi/abs/10.1021/acs.est.5b01236
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.2019.0314
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.2019.0314
https://doi.org/10.21203/rs.3.rs-6082534/v1
https://doi.org/10.21203/rs.3.rs-6082534/v1
https://doi.org/10.21203/rs.3.rs-6082534/v1
https://www.ajol.info/index.php/jasem/article/view/140405
https://www.ajol.info/index.php/jasem/article/view/140405
https://publications.funaab.edu.ng/index.php/Series_A/article/view/55
https://publications.funaab.edu.ng/index.php/Series_A/article/view/55
https://www.researchgate.net/profile/Vincent-Weli/publication/352540434_Assessment_of_Air_Quality_Characteristics_across_Various_Land-Uses_in_Port-Harcourt_Metropolis/links/60cde2ed458515dc179267fa/Assessment-of-Air-Quality-Characteristics-across-Various-Land-Uses-in-Port-Harcourt-Metropolis.pdf
https://www.researchgate.net/profile/Vincent-Weli/publication/352540434_Assessment_of_Air_Quality_Characteristics_across_Various_Land-Uses_in_Port-Harcourt_Metropolis/links/60cde2ed458515dc179267fa/Assessment-of-Air-Quality-Characteristics-across-Various-Land-Uses-in-Port-Harcourt-Metropolis.pdf
https://www.sciencedirect.com/science/article/pii/S0264275121001669
https://www.sciencedirect.com/science/article/pii/S0264275121001669
https://dergipark.org.tr/en/pub/ijeg/issue/54181/644089
https://dergipark.org.tr/en/pub/ijeg/issue/54181/644089
https://dergipark.org.tr/en/pub/ijeg/issue/54181/644089
https://www.sciencedirect.com/science/article/pii/S0301479721005727
https://www.sciencedirect.com/science/article/pii/S0301479721005727
https://www.nature.com/articles/s41598-023-44186-4
https://www.nature.com/articles/s41598-023-44186-4
https://www.nature.com/articles/s41598-023-44186-4
https://www.mdpi.com/2072-4292/13/3/369
https://www.mdpi.com/2072-4292/13/3/369
https://pmc.ncbi.nlm.nih.gov/articles/PMC10630718/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10630718/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10630718/
https://www.niehs.nih.gov/health/topics/agents/air-pollution
https://www.niehs.nih.gov/health/topics/agents/air-pollution
https://pmc.ncbi.nlm.nih.gov/articles/PMC10607629/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10607629/
https://www.researchgate.net/profile/Amarachi-Nkwoada/publication/343295103_Spatio-Temporal_Study_of_Criteria_Pollutants_in_Nigerian_City/links/5f21d680a6fdcccc43992a09/Spatio-Temporal-Study-of-Criteria-Pollutants-in-Nigerian-City.pdf
https://www.researchgate.net/profile/Amarachi-Nkwoada/publication/343295103_Spatio-Temporal_Study_of_Criteria_Pollutants_in_Nigerian_City/links/5f21d680a6fdcccc43992a09/Spatio-Temporal-Study-of-Criteria-Pollutants-in-Nigerian-City.pdf

agricultural adaptation in the faculties of agriculture of universities in South-East Nigeria. African Journal of
Agricultural Research, 9(26), pp.1921-1931.

41. Olumba, C.C., Olumba, C.N. and Okpara, U., 2023. Household headship, resource ownership and food security: New
evidence from South-East Nigerian cities. Scientific African, 22, e01974.

42. Nwachukwu, C., Benedicta, C., Iloanya, S. and Emmanuel, T., 2024. Geo-tourism for wealth creation: Unveiling the
geoscience potential of South-East Nigeria. The Asian Review of Civil Engineering, 13(1), pp.6—-15.

43. Merem, E., Twumasi, Y., Wesley, J., Alsarari, M., Fageir, S., Crisler, M., Romorno, C., Olagbegi, D., Hines, A., Mwakimi,
0., Nwagboso, E., Leggett, S., Foster, D., Purry, V. and Washington, J., 2019. Analyzing land use and change
detection in Eastern Nigeria using GIS and remote sensing. American Journal of Geographic Information System,
8(2), pp.103-117.

44. Iwuoha, S. E., & Lawal, O. O. Exploration of urban growth trends in States of South East Nigeria: 1986 to 2016.

45. Chikaire, J.U., Atoma, C.N. and Ajaero, O., 2022. Socio-economic and political drivers of renewable natural resource
conflicts among crop farmers in South-East Nigeria. Journal of Sustainability and Environmental
Management 1(2), pp.46-51.

46. Nwankwo, M., Okamkpa, C.J. and Danborno, B., 2022. Comparison of diagnostic criteria and prevalence of metabolic
syndrome using WHO, NCEP-ATP III, IDF and harmonized criteria: A case study from urban South-East Nigeria.
Diabetes and Metabolic Syndrome: Clinical Research and Reviews, 16(12), 102665.

47. Okechukwu, N. and Ugochukwu, O., 2024. Man, as nature’s prodigal: A study of environmental degradation in South
East Nigeria, 1990-2022. Journal of Advanced Research and Multidisciplinary Studies, 4(1), pp.61-69.

48. Obande-Ogbuinya, N.E., Aleke, C.0., Omaka-Amari, L.N., etal., 2024. Prevalence of Methamphetamine (Mkpurummiri)
use in South East Nigeria: A community-based crosssectional study. BMC Public Health, 24, 2436.

49. Anyika, L. C. (2018). Alisa, CO Nkwoada, AU Opara, Al Ejike, EN and Onuoha, GN (2018). GIS and MATLAB modeling
of criteria pollutants: a study of lower onitsha basin during rains. Journal of Science, Technology and Environment
Informatics, 6(01), 443-457.

50. Ibe, F, Opara, A., Njoku, C. and Alinnor, 1., 2017. Ambient air quality assessment of Orlu, South-Eastern Nigeria.
Journal of Applied Sciences, 17(9), pp.441-457.

51. Edet, J.E. and Gboshe, P.N., 2025. Comparative studies of selected browses of South-Southern part of Nigeria with
particular reference to their proximate and some anti-nutritional constituents in different locations. International
Journal of Scientific Research and Advances, 15(1). Available at: [Accessed 18 Apr. 2025].

52. Crossouard, B., Dunne, M., Szyp, C., Madu, T. and Teeken, B., 2021. Rural youth in southern Nigeria: Fractured lives
and ambitious futures. Journal of Sociology, 58(2), pp.218-235.

53. Amzat, J., Aminu, K., Kolo, V. I., Akinyele, A. A., Ogundairo, J. A. and Danjibo, M. C. (2020). Coronavirus outbreak
in Nigeria: Burden and socio-medical response during the first 100 days. International Journal o  f
Infectious Diseases, 98: pp.218-224.

54. Ugwu, C.A,, Alao, O., John, O.G., Akinnawo, B., Ajayi, 1., Odebode, O., Bejide, 1., Campbell, A., Campbell, J., Adole,
J.A., Olawoye, B.I., Akano, K., Okolie, J., Eromon, P., Olaitan, P., Olagunoye, A., Adebayo, 1., Adebayo, V., Babalola,
E., Abioye, O., Ajayi, N., Ogah, E., Ukwaja, K., Okoro, S., Oje, O., Kingsley, O.C., Eke, M., Onyia, V., Achonduh-
Atijegbe, O., Ewah, FE., Obasi, M., Igwe, V., Ayodeji, O., Chukwuyem, A., Owhin, S., Oyejide, N., Abah, S,
Ingbian, W, Osoba, M., Alebiosu, A, Nadesalingam, A., Aguinam, E.T., Carnell, G., Krause,
N., Chan, A., George, C., Kinsley, R., Tonks, P,, Temperton, N., Heeney, J. and Happi, C., 2024. Immunological
insights into COVID-19 in  Southern Nigeria. Frontiers in Immunology, 15, 1305586.

55. Igwe, A. and Nwankwo, N., 2016. Hernia in South Southern Nigeria: Five-year retrospective study. IOSR Journal of
Dental and Medical Sciences, 15(9), pp.96—-111.

56. Oyewole, O. A., & Oyelade, O. J. (2014). Diversity and distribution of spiders in southwestern Nigeria. Natural
Resources, 5(15), 926-935.

57. Adedeji, W. A., Dairo, M. D., Nguku, P. M., Oyemakinde, A. and Fehintola, F. A. (2023). Pattern and predictors of
medication use among adults in South-Western Nigeria: A community-based cross-sectional study. Pharmacology
Research and Perspectives, 11(1): e01017.

58. Akinsoji, A. (1990). Studies on epiphytic flora of a tropical rain forest in South-Western Nigeria. Vegetatio, 88(1):
pp.87-92.

59. Ibrahim, A.O., Aremu, S.K., Afolabi, B.A., Ajani, G.O., Kolawole, F.T. and Oguntoye, O., 2023. Acute severe asthma
and its predictors of mortality in rural South-Western Nigeria: A five-year retrospective observational study. Chronic
Respiratory Disease, 20, 14799731221151183.

60. Reshi, A. R,, Pichuka, S., & Tripathi, A. (2024). Applications of sentinel-5p tropomi satellite sensor: A review. IEEE
Sensors Journal, 24(13), 20312-20321.

61. Bodah, B. W., Neckel, A., Maculan, L. S., Milanes, C. B., Korcelski, C., Ramirez, O., ... & Oliveira, M. L. (2022).
Sentinel-5P TROPOMI satellite application for NO2 and CO studies aiming at environmental valuation. Journal of
Cleaner Production, 357, 131960.

62. Verhoelst, T., Compernolle, S., Pinardi, G., Lambert, J. C., Eskes, H. J., Eichmann, K. U, ... & Zehner, C. (2021).
Ground-based validation of the Copernicus Sentinel-5p TROPOMI NO 2 measurements with the NDACC ZSL-DOAS,
MAX-DOAS and Pandonia global networks. Atmospheric Measurement Techniques, 14(1), 481-510.

63. Amaechi, C. F, Enuneku, A., Omatsola, O. P, & Okoduwa, A. K. (2024). Evaluation of fuel subsidy removal policy
on air quality: A case study on Federal Capital Territory, Abuja, Nigeria. Malawi Journal of Science and Technology,
16(1), 85-99.

Int J Evol Sus Renew Energy Sol, 2025 27



https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable

64.

65.
66.

67.

68.

69.

70.

71,

72,

73.

74.

75.

76.

77.

78.
79.
80.

81.
82.
83.

84.

85.

86.

87.

88.

89.

90.

Int J Evol Sus Renew Energy Sol, 2025

Zhang, B., Wu, Y., Zhao, B., Chanussot, J., Hong, D., Yao, J., & Gao, L. (2022). Progress and challenges in intelligent
remote sensing satellite systems. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing,
15, 1814-1822.

Mutanga, O., & Kumar, L. (2019). Google earth engine applications. Remote sensing, 11(5), 591.

Ezeudu, O. B., Ezeudu, T. S., Ugochukwu, U. C., Agunwamba, J. C., & Oraelosi, T. C. (2021). Enablers and barriers to
implementation of circular economy in solid waste valorization: The case of urban markets in Anambra, Southeast
Nigeria. Environmental and Sustainability Indicators, 12, 100150.

Ibeneme, S.C., Ativie, R.N., Ibeneme, G.C. et al. (2022) ‘Evidence of seasonal changes in airborne particulate matter
concentration and occupation-specific variations in pulmonary function and haematological parameters among some
workers in Enugu South-East Nigeria: a randomized cross-sectional observational study’, Archives of Public Health,
80, p. 213.

Nkwocha, K., Phil-Eze, P., Iheukwumere, S., Shettima, M.K. and Zulum, U. (2023) ‘Towards sustainable solid waste
management in selected urban areas of South-East Nigeria: Issues and strategies’, Environmental and Sustainability
Indicators, 3, pp. 150-153.

Mustapha, B.A., Blangiardo, M., Briggs, D.J. and Hansell, A.L. (2011) ‘Traffic air pollution and other risk factors
for respiratory illness in schoolchildren in the Niger-Delta region of Nigeria’, Environmental Health Perspectives,
119(10), pp. 1478-1482.

Kalu, N. and Zakirova, Y. (2019) ‘A review in South-Eastern Nigeria: Environmental problems and management
solutions’, RUDN Journal of Ecology and Life Safety, 27(3), pp. 231- 240.

Pona, H.T., Xiaoli, D., Ayantobo, O.0. and Narh, D.T. (2021) ‘Environmental health situation in Nigeria:Current
status and future needs’, Heliyon,7(3), €06330.

Ebong, G.A., Anweting, 1., Etuk, H., Ambrose, I. and Okon, A. (2023) ‘Impacts of varied industrial activities within
Southern Nigeria on air environment and human health’, GSC Advanced Research and Reviews,
17(3), pp. 134-144.

Ipeaiyeda, A.R. and Adegboyega, D.A. (2017) ‘Assessment of air pollutant concentrations near major roads in
residential, commercial and industrial areas in Ibadan City, Nigeria’, Journal of Health and Pollution, 7(13), pp.
11-21.

Ogunyemi, A., Oguntoke, O. and Clement, A. (2019) ‘Assessment of air and noise pollution from industrial sources
in Ibadan, South-West, Nigeria’, Environment and Natural Resources Journal, 17(1), pp. 1-10.

Okimiji, O.P.,, Techato, K., Simon, J.N., Tope-Ajayi, O.0., Okafor, A.T., Aborisade, M.A. and Phoungthong, K. (2021)
‘Spatial pattern of air pollutant concentrations and their relationship with meteorological parameters in coastal slum
settlements of Lagos, SouthWestern Nigeria’, Atmosphere, 12(11), p. 1426.

Akinwumiju, A. S., Ajisafe, T., & Adelodun, A. A. (2021). Airborne particulate matter pollution in akure metro city,
southwestern Nigeria, west africa: attribution and meteorological influence. Journal of Geovisualization and Spatial
Analysis, 5, 1-17.

Omokungbe, O.R., Olufemi, A.P,, Toyeje, A.B. et al. (2023) ‘Investigating the evolution of gaseous air pollutants with
prevailing meteorology across selected sites within a pollution hotspot in Ile-Ife, South-Western Nigeria’, Discover
Environment, 1, p. 5.

Jurnal Geografi Gea. 22: 95-105.

Journal of Applied Sciences and Environmental Management, 20(2): 309-317.

AMAECHI, C., EZENWA, J., OKODUWA, A., EMEJULU, J., & BIOSE, E. (2024). COMPARATIVE ASSESSMENT OF AIR
QUALITY BETWEEN THE TWO MAJOR COMMERCIAL STATES IN NIGERIA, SUB-SAHARAN AFRICA. Ethiopian Journal
of Environmental Studies & Management, 17(5), 596-622.

Saharan Africa. Ethiopian Journal of Environmental Studies and Management, 17(5): 596-622.

Chemistry Research, 6(3): 1-13.

C., Lung, S.-C.C., Martin, R.V., Pdschl, U., Pope, C.A. III, Roberts, J.M., Russell, A.G. and Wiedinmyer, C. (2016). What
we breathe impacts our health: improving understanding of the link between air pollution and health. Environmental
Science and Technology. 50(10):4895-4904.

Anenberg, S. C., Henze, D. K., Tinney, V., Kinney, P. L., Raich, W., Fann, N., ... & Kuylenstierna, J. C. (2018).
Estimates of the global burden of ambient PM 2.5, ozone, and NO 2 on asthma incidence and emergency room
visits. Environmental health perspectives, 126(10), 107004.

ESA. (2019). Methane and ozone data products from Copernicus Sentinel-5P. Available at: [Accessed 29th

Lamsal, L., Duncan, B., Martin, R.V., van Donkelaar, A., Brauer, M., Doherty, R., Jonson, J.E.,monitoring, policy and
health in West African cities. International Journal of Environmental Research and Public Health. 17(23): 9151.
NRDC (Natural Resources Defense Council). (2016). Air Pollution: Everything You Need to Know: How smog, soot,
greenhouse gases, and other top air pollutants are affecting the planet—and your health. Available at: [Accessed
13th November, 2024].

PM2. s, ozone, and NO2 on asthma incidence and emergency room visits. Environmental Health Perspectives.
126(10): 107004.

Saetae, S., Abulude, F.O., Ndamitso, M.M., Akinnusotu, A., Oluwagbayide, S.D., Matsumi, Y., Kanegae, K., Kawamoto,
K. and Nakayama, T. (2024) ‘Multi-year continuous observations of ambient PM2. s at six sites in Akure, South-
Western Nigeria’, Atmosphere, 15(7), p. 867.

UNEP (United Nations Environment Programme). (2022). Air pollution in Africa: An urgent health and environmental
crisis.  Available at: stories/press-release/africa-could-prevent-880000-deaths-year-taking-action-air-pollution

28



https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable

91.

92.

93.

94,

Int J Evol Sus Renew Energy Sol, 2025

[Accessed 3rd November, 2024].

Virghileanu, M., Savulescu, 1., Mihai, B. A., Nistor, C., & Dobre, R. (2020). Nitrogen Dioxide (NO2) Pollution monitoring
with Sentinel-5P satellite imagery over Europe during the coronavirus pandemic outbreak. Remote Sensing, 12(21),
3575.

West, 1. J., Cohen, A., Dentener, F, Brunekreef, B., Zhu, T., Armstrong, B., ... & Wiedinmyer, C. (2016). What we
breathe impacts our health: improving understanding of the link between air pollution and health.

WHO (World Health Organization). (2021). Monitoring ambient air quality for health impact assessment. Available
at: [Accessed 5th November, 2024].

World Health Organization  (WHO). (2024a). Air pollution. Available at: [Accessed 14th November
2024].

p1)



https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions.asp#:~:text=International%20Journal%20Evolving%20Sustainable%20and%20Renewable%20Energy%20Solutions%20publishes%20original,Energy%20Policy%20and%20Regulation%2C%20Sustainable

