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Abstract

Nigeria’s Federal Capital Territory (FCT) of Abuja has witnessed rapid urbanization,
and this urbanization has significantly impacted the development of neighbouring
states with the attendant increase in air pollution. This study presents a
comprehensive multi-sensor satellite assessment of the spatiotemporal fluctuations of
key pollutants—nitrogen oxides (NOXx), sulfur dioxides (SO;), carbon (II) oxides
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(CO), methane (CH,), ozone (Os), and formaldehyde (HCHO), and the absorbing Submitted
aerosol index (Al)—across Abuja and its neighbouring states (Nasarawa, Kogi, July 16, 2025
Niger, and Kaduna) from 2019 to 2024. Using satellite remote sensing data from Revised

Sentinel-5P/TROPOM I together with other atmospheric data, the temporal dynamics
of pollutants and their connections to parameters such as ambient temperature,
Normalized Difference Vegetation Index (NDVI), and precipitation have been
investigated. NO, and HCHO were found to be increasing around Suleja, Abuja, and
Lokoja, as SO, and CO were found to be decreasing, indicating an improved,
efficient use of fuel and emission control. A positive correlation (r = 0.62) between
precipitation and ozone was found, showing there is more convective transport and
photochemical production during the rainy season. The effects of plants on the
absorption of air pollution were shown through the negative correlations between
NDVI, CO, and Al. Methane, on the other hand, moved from north to south in space,
which was the same direction as changes in the intensity of farming. The findings
show how unified policies, such as proper city planning, vegetation protection, and
emission reduction, are important in sprawling urban areas for air pollution
reduction.
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asthma, and ischemic heart disease. The World Health
Organization [8] has linked high urban pollution in

Introduction
Rapid urbanization in sprawling cities of developing

countries produces atmospheric pollutants that have
debilitating effects on public health, the environment,
and sustainable development [1]. General development
across Nigerian cities has contributed to the increase in
atmospheric pollutants by resulting in industrial waste
products in the environment, along with biomass
burning and increased human waste production. There
is a growing epidemic of air, water, and soil pollution in
the rapidly growing capital city of Nigeria, Abuja, due
to enhanced industrial activities, increased construction
activities, and ever-increasing vehicular traffic [2, 3].
Elevated environmental pollutants can lead to various
health issues, such as respiratory problems and diseases
carried by water bodies [4, 5].

The impacts of reduced air quality on human health in
Nigeria are a well-documented phenomenon: studies in
epidemiology, such as Omole et al. [6] and Liu et al.
[7], have shown the strong associations between
deteriorating air quality and elevated incidences of
illnesses such as infections of the respiratory tract,
chronic obstructive pulmonary disease (COPD),
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cities like Abuja to increased mortality rates. Besides
human health issues, the effects of elevated atmospheric
pollution have been found to significantly affect the
health of vegetation and the degradation of soils,
thereby impacting agricultural output. Atmospheric
pollution also affects how solar radiation reaches the
Earth's surface, which negatively impacts both global
and regional climates [9].

Ground-based instruments for the monitoring of the
atmospheric pollutants are sparsely available with a
minimal temporal resolution [10]; this makes the
availability of satellite remote sensing platforms a more
efficient and cost-effective way to monitor atmospheric
pollutants over a large area with a very high temporal
resolution [11, 12]. Sensors onboard satellites are
capable of monitoring atmospheric pollutants such as
formaldehyde, methane, ozone, nitrogen dioxide, sulfur
dioxide, carbon (Il) oxide, and aerosols, thereby
providing essential data for use in assessments of the
environmental impacts of air pollutants [13, 14].
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Investigations of air pollution in African cities have
been demonstrated in recent studies; for instance,
Omokpariola et al. [15] used Sentinel-5P and 3A/B
offline datasets to study pollutant concentrations across
Nigeria, linking them to atmospheric parameters such
as temperature. Timofeev and Nerobelov [8] highlight
the importance of satellite data for assessing the
atmospheric composition of the globe, emphasizing its
application in developing regions where in situ
observation data might be scarce. Research on
atmospheric pollution in Abuja, given its rapid
urbanization and political importance, remains
inadequate.

In this study, we aim to investigate the dynamics of
pollutants in and around the Nigerian capital city of
Abuja and relate the temporal variation to some
atmospheric variables.
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Materials and Methods

Study area

The study area is within the central region of Nigeria,
bounded by latitude 6.0 °N and 12.0 °N as well as
longitude 3.0 °E and 9.5 °E, as shown in Fig. 1. The
area includes the Federal Capital Territory of Abuja,
Kogi State, Nasarawa State, Niger State, and Kaduna
State, with the focus on Abuja Central District, being
the seat of the Nigerian government. The study area
spans ~70,000 km? with a climate of tropical savannah
characterized by a distinct wet season in the months of
May to October and a dry season in the months of
November to April. There is a period of heavy dust
influx from the Sahara Desert known as the harmattan
period within the months of November, December, and
January [16]. The seasonality of rainfall and
temperature  strongly influences the atmospheric
chemistry and the dispersion of pollutants in this area.
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Figure 1: Map of the study area in Nigeria

Data sources and processing

Pollutant data were obtained from the Google Earth
Engine platform hosting Sentinel-5 Precursor air quality
products provided by Copernicus Atmosphere
Monitoring Service (CAMS), using a TROPOMI
instrument, which employs a multispectral sensor to
record wavelength reflectance to infer the values of
pollutants in the earth’s troposphere, including clouds,
at a resolution of 0.01°.

Temperature data were obtained from the ERA5-Land
Reanalysis provided by the Copernicus Climate Data
Store through the GEE. ERA5-Land temperature data is
a 2-meter, 9 km resolution [17]. Precipitation data were
obtained from the Climate Hazards Center InfraRed
Precipitation with Station data (CHIRPS), through the
GEE, at a resolution of 0.05° [18]. Normalized
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Difference Vegetation Index (NDVI) was calculated
from the Landsat 8 images, courtesy of the U.S.
Geological Survey through the GEE, using Equation 1,
NDVI = (SR_B5)—(SR_B4) 1
(SR_B5)+(SR_B4)
where SR_B4 is the red band and SR_BS5 is the near-
infrared band.

Mapping of spatial distribution was completed for
consistent colour scales using the QGIS platform, while
the time-series plots and correlation heatmaps were
developed in Python using pandas, matplotlib, and
numpy with transparency of axes/ticks for
interpretability.
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Results and Discussion

Nitrogen oxides (NO,)

Anthropogenic activities such as fossil fuel (with a
large amount from vehicular traffic and industrial
activities) and biomass burning/combustion, together
with natural processes such as lightning, wildfires,
microbial processes in soils, etc., produce atmospheric
nitrogen oxides (NOy), which is used to represent a
combination of nitrogen (1V) oxide (NO;) and nitrogen
(I1) oxide (NO). Bacterial activities in the soil produce
atmospheric dinitrogen monoxide (NO); this then
travels to the upper atmosphere and stratosphere, where
atomic oxygen, a result of ozone dissociation, reacts
with it to form NO [19]:

N,O + O - 2NO

The nitrogen (I1) oxide is then further reacted with
ozone to form nitrogen (IV) oxide and molecular
oxygen [19].

NO+03_>N02+02

Figure 2 shows the distribution of atmospheric nitrogen
dioxide across Abuja FCT and the four adjoining states.
Fig. 2 displays the capital cities and a major city for
each state. Major cities such as Suleja in Niger State
and Masaka in Nasarawa are very close to and at the
boundary with the FCT; hence, air quality in these
places could affect the air quality in the FCT. The unit
of measurement is mol/m? and on Fig. 2, this value
ranges from 4.49 to 72.9 mol/m® across the region
within the two years shown (2019 and 2024). The
spatial spread of nitrogen dioxides shows an increase in
2024 compared to 2019.

Urbanization, with its attendant high vehicular
emissions coupled with fossil fuel combustion and
industrial  activity effects on the atmospheric
concentration of NO,, can be seen in Fig. 2, with urban
areas such as Abuja Central, Kaduna, Suleja, and
Masaka, and also industrial locations such as Obajana,
which hosts a major cement manufacturing industry,
showing elevated NO, concentration levels. It is
important to note that cities like Lafia, Lokoja, and
Keffi, despite being capital cities with significant
sprawl, have very little industrial activity and a much
smaller human population compared to Abuja, Suleja,
or Kaduna.

From Fig. 2, it can be observed that only Suleja and
Masaka may have interaction and influence on the NO,
pollution in Abuja, with a stronger influence observed
to be from Masaka and its environs.

The maps from 2019 and 2024 reveal an increase in
NO, atmospheric concentration, particularly in Kaduna
State. Although slight increments are observed in other
states, these increases align with findings from studies
in Nigeria, including those by AbdulRaheem et al. [20]
and Oluleye [21], and reflect the ongoing urbanization
and industrialization trends in the country.
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Figure 2: Spatio-temporal distribution of nitrogen
oxides (NO,) in Abuja FCT and adjoining states for
the years 2019 and 2024
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Figure 3: Spatio-temporal distribution of sulfur
oxide (SO,) in Abuja FCT and adjoining states for
the years 2019 and 2024
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Sulfur dioxide (SO,)

There are both natural and man-made sources of sulfur
dioxide (SO,) in the air. The main natural source of SO,
is when hydrogen sulfide (H,S) is oxidized in
geothermal activities and when volcanoes erupt.
Anthropogenic sources of sulfur dioxide in the
atmosphere include emissions from cars, factories,
power plants, and the burning of fossil fuels like coal
and oil. In Nigeria, especially in the oil-producing
regions in the south, gas flaring contributes
significantly to the atmospheric sulfur dioxide pollution
[22, 23].

Atmospheric SO, pollution can cause serious damage to
the soil and water bodies through the formation of acid
rain, which results when SO, reacts with atmospheric
oxygen and water vapor. Contamination of soil and
water bodies in this manner will have serious negative
effects on the aquatic ecosystem as well as cause
damage to plants by interfering with the photosynthesis
process. Inhalation of SO, can cause respiratory
discomfort, including coughing, breathing difficulties,
and a sore throat; prolonged exposure may lead to
cardiovascular diseases and throat infections.

Figure 3 shows the spatial distribution of SO, (in
pmol/m?) for the years 2019 and 2024 across the region
of interest. The values shown are characteristics of
satellite UV products, such as those of TROPOMI; the
bias correction often leads to negative values that
should be interpreted as “near-zero background” instead
of actual negative values [24].

In 2019, the background atmospheric sulfur dioxide
levels were predominantly low (indicated by greens to
blues), with scattered localized enhancements (shown
by yellow to red) occurring near urban and industrial
corridors, including areas around Abuja, the
AMAC/Gwagwalada axis, the Keffi-Lafia corridor in
Nasarawa State, certain locations around Minna in
Niger State, and parts of southern Kaduna State. The
spotty sulfur dioxide enhancements, as observed, can be
attributed to vehicular traffic and small-scale industrial
sources, coupled with energy usage in urban centres,
instead of a single dominant source.

The pattern of sulfur dioxide distribution does not differ
appreciably in 2024, save for some mild reduction in
the spatial extent of high concentration centers around
the FCT Central and the Keffi-Lafia corridor, with
some more background distribution of sulfur dioxide.
High concentrations of sulfur dioxide in some localized
areas around major roads and settlement clusters are a
typical sign of short-lived bursts in sulfur dioxide,
resulting from biomass combustion and small
industries. The observed subtle yearly variation in
sulfur dioxide is in agreement with the recent report of
marginal changes in sulfur dioxide between 2018 and
2022, with an observed dip during the COVID-19
period and subsequent rebounds [25, 26].

Formaldehyde (HCHO)

In the troposphere, one of the low-lifetime volatile
organic compounds (VOC) is formaldehyde. The
primary source of formaldehyde in the atmosphere is
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vehicular traffic, industrial emissions, and emissions
from the burning of biomass. Formaldehyde is also an
oxidation byproduct of hydrocarbons such as isoprene.
The spatial distribution and temporal dynamics of
formaldehyde are critical sources of data on regional air
pollution, photochemistry, and potential for ozone
formation [27].

Figure 4 depicts the atmospheric concentration of
formaldehyde in Abuja FCT, Nasarawa State, Kogi
State, Niger State, and Kaduna State, with values
ranging from 266.9 umol/m2 to 155.9 umol/m2. It can be
observed that in 2019, urban fringe settlements around
Abuja, such as Gwagwalada, Suleja, Masaka, and Keffi,
show some elevated levels of atmospheric
formaldehyde; this elevated level, which exceeds 239
pmol/mz, can also be observed around parts of Kabba
and Lokoja in Kogi State. These observed values are
consistent with the association of atmospheric
formaldehyde with enhanced emissions from high
traffic density, the burning of biomass in urban settings,
and varied domestic energy usage. Moderate
atmospheric levels of formaldehyde of about 211
pumol/m2 can be observed around Minna in Niger State
and southern Kaduna in Kaduna State, indicating a
combination of anthropogenic sources from urban areas
and natural emissions of volatile organic compounds
(VOCs). Conversely, northern Kaduna in Kaduna State
and remote rural areas have lower atmospheric
formaldehyde levels of between 156 and 184 pmol/m2.
This pattern demonstrates that human activities and
vegetation, the source of isoprene emissions, influence
atmospheric formaldehyde levels [28].

Moving to the year 2024, it could be observed that there
is a similarity in the spatial distribution of atmospheric
formaldehyde in the study area, with Abuja and its
environment together with areas along the Lokoja
corridor,  showing some lingering  hotspots.
Notwithstanding, the high concentration regions of
atmospheric formaldehyde can be observed to have
increased, in particular, regions southward towards
Lokoja as well as eastward into Nasarawa. Enhanced
levels of atmospheric formaldehyde persist in the urban
sprawl centered on Abuja, emphasizing the dependence
of urbanization, household energy consumption, and
increases in vehicular activities. On the other hand, in
2024, places such as Kaduna and Zaria, in the northern
region, show some reductions in atmospheric
formaldehyde, which can be linked to clean energy and
its effect on pollution dispersion.
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Figure 4:  Spatio-temporal distribution  of
formaldehyde (HCHO) in Abuja FCT and adjoining
states for the years 2019 and 2024
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Figure 5: Spatio-temporal distribution of ozone (O3)
in Abuja FCT and adjoining states for the years
2019 and 2024
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Ozone (O3)

Ozone in the troposphere arises from the photo-induced
chemical oxidation of a class of volatile organic
compounds, for instance, formaldehyde; this reaction is
usually in the presence of nitrogen oxides. Atmospheric
circulations together with solar radiation greatly
influenced the atmospheric distribution of ozone, with
about 90% of the atmospheric ozone residing in the
stratosphere at about 15 to 30 km above the earth’s
surface, in a zone called the ozone layer [29].

Figure 5 shows the distribution of atmospheric ozone
(in units of mol/m2?) across Abuja FCT and the
neighbouring states of Nasarawa, Kogi, Niger, and
Kaduna for the years 2019 and 2024; the concentration
of ozone could be observed to range from 0.01226
mol/m2 to about 0.01214 mol/m2. For the year 2019, an
enhanced level of ozone concentration of around
0.01226 mol/m? could be observed at the southern
fringe of the map, especially around Lokoja and
Obajana, stretching to the suburban area of Abuja. This
high ozone level area corresponds to the geographic
area with a high level of atmospheric formaldehyde
observed for 2019, showing that volatile organic
compounds strongly drive the formation of ozone in
urban and industrial areas. Abuja Central, which has
heavy vehicular traffic and nitrogen oxide combustion
emission sources, shows atmospheric ozone levels that
are between moderate and high levels. Kaduna and
Zaria, in Kaduna state, as well as northern Niger state,
display a contrasting lower atmospheric ozone level of
between 0.01214 mol/m2 and 0.01217 mol/m2; this
range again corresponds to regions of lower
formaldehyde in 2019, indicating low-level
anthropogenic emissions in this region.

There is a subtle shift in atmospheric ozone by the year
2024 within the study area; localized and constantly
higher values of ozone can be observed around the
southern part of Nasarawa State (along the bank of the
River Benue), the eastern part of Abuja FCT, and the
southern part of Kogi State. Nevertheless, moderate
ozone levels can be observed in the northern part of
Niger State, the eastern part of Kaduna State, and the
western part of Kogi State, indicating a slight decline in
regional atmospheric ozone levels. The decline in ozone
aligns with the observed decrease in formaldehyde from
2019 to 2024, indicating that reductions in volatile
organic compound precursors directly impact the
variability of atmospheric ozone. However, the
consistently high levels of atmospheric ozone observed
around Abuja indicate that rapid urban growth and the
resulting high energy demand contribute to the
formation of photochemical smog.

Carbon (1) oxide (CO)

Carbon (11) oxide (CO), which is a primary atmospheric
pollutant, is a by-product of fossil fuels' incomplete
combustion; it is also emitted from the burning of
biomass and from domestic burnings. Carbon (I1) oxide
is a notable hazardous pollutant that adversely affects
human health and indirectly contributes to climate
warming; it alters hydroxyl radical (OH) reactivity and
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facilitates the development of secondary pollutants by
serving as a precursor in tropospheric photochemistry
[30]. Fig. 6 shows the atmospheric concentration of
carbon (Il) oxide across Abuja FCT, Nasarawa State,
Kogi State, Kaduna State, and Niger State for the years
2019 and 2024, with a range of 52.3 mmol/m? to a lower
value of about 43.3 mmol/m2.

In 2019, around Abuja Central, Obajana, Gwagwalada,
Lokoja, and Suleja, atmospheric CO exceeds 50
mmol/m2, forming hotspots around these places. These
places, particularly Obajana with its cement
manufacturing industry, exhibit high vehicular traffic
and industrial activity. Additionally, extensive use of
fuel-burning electricity-generating systems can be
observed in these areas. Moderate carbon (1) oxide of
around 47.8 mmol/m?2 and 50.0 mmol/m? can be
observed around Lafia in Nasarawa State, Kaduna in
Kaduna State, and Minna in Niger State, while lower
concentrations of around 43.3 mmol/m?2 and 45.6
mmol/m2 could be observed around Kabba in Kogi State
and the northern parts of Kaduna and Niger States.

By the year 2024, the constant hotspots will still be
present in areas such as Abuja Central, Obajana, and
Lokoja; however, there will be a slight reduction in
their spatial extent, indicating a minor improvement in
air quality within the study area. Additionally, areas
such as Zaria and Kaduna town in northern Kaduna
State, the northern part of Niger State, Kabba in Kogi
State, and the eastern region of Kogi State are observed
to maintain low levels of atmospheric carbon (I1) oxide
(CO). This observation suggests a slight improvement
in air quality in the study area and perhaps increased
pollution dispersion aided by weather activities.

Figures 3 and 6, for sulfur dioxide and carbon (1)
oxide, respectively, demonstrate correspondence
between atmospheric SO, and atmospheric CO within
and around Abuja and Lokoja, indicating similar
sources, for instance, emissions from industries,
vehicular traffic, and domestic. However, isolated
spikes in atmospheric SO, are observed in Nasarawa
and Niger states, which are characterized by specific
industrial emissions, while the distribution of CO is
more widespread due to biomass burning and vehicular
traffic [31]. There is an observed strong similarity
between the distribution of CO and formaldehyde
(HCHO), as can be seen in Figs 3 and 4; some spikes in
Abuja and Lokoja indicate these pollutants are from
volatile organic compounds and incomplete combustion
emissions. The CO is known to be long-lived in the
atmosphere and hence can disperse more widely,
whereas HCHO, being a product of anthropogenic
VOCs and local oxidation of biogenic sources, shows
sharper hotspots [32]. Formation of ozone is closely
linked to CO and HCHO, being a carbon precursor with
the influence of solar radiation [29], and these patterns
can be observed in Figs 3, 4, and 5. Since nitrogen
oxides and meteorological conditions also influence
atmospheric ozone, we can observe a wider spatial
distribution of ozone.
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Figure 6: Spatio-temporal distribution of carbon(ll)
oxide (CO) in Abuja FCT and adjoining states for
the years 2019 and 2024

Methane (CHy)

Methane has a significant impact on the earth’s climate,
ranking very close to CO, on the global climate over a
short period of time and ranking higher than CO, over a
longer period of more than 100 years [33]. Aside from
being a greenhouse gas, CH, functions as a secondary
atmospheric pollutant by acting as a precursor to the
formation of tropospheric ozone consequent upon
photochemical oxidation and hence impacts human
health, crop yields, and vegetation health. Methane is
also a significant contributor to Earth’s radiative
forcing due to its strong absorption in the infrared
spectrum band [34].

Methane spatial distribution across the study area for
the years 2019 and 2024 is shown in Fig. 7 with a scale
ranging from 1959.9 ppb to around 1922.2 ppb.
Methane values exceeding 1950 ppb are observed to
predominate in the northern part of the study area,
especially around the towns of Kaduna and Zaria in
Kaduna State in 2019. These elevated methane zones
are associated with methane emissions from agricultural
activities such as livestock rearing and rice farming;
burning of waste can also be observed in these regions.
Areas close to Abuja Central, such as Suleja,
Gwagwalada, Keffi, and Masaka, can be observed to
show moderately high levels of atmospheric methane of
around 1945-1950 ppb due to vehicular traffic and
industries. On the other hand, a relatively low
atmospheric methane level of about 1925-1935 ppb can
be observed around Minna and southern Kogi State,
showing these areas to have less human-induced
methane emission.
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By 2024, we can observe a slight shift in the spatial
distribution of atmospheric methane. Places such as
Abuja Central, Lokoja in Kogi State, and Lafia in
Nasarawa State are now showing higher levels of
atmospheric methane of around 1945 to 1955 ppb.
Meanwhile, the northern regions of Kaduna State,
particularly around Kaduna and Zaria, are currently
experiencing a moderate reduction in methane levels.
The observed spatial methane redistribution suggests
dynamism of the sources of methane emission; for
instance, the human population is growing in Abuja and
Kogi State, leading to more waste production and
burning, while there is a stabilization in methane
production due to agricultural practices in Kaduna
State. The Lokoja-Obajana axis is observed to be
increasing in methane emissions due to more industrial
emissions and greater agricultural activities.

According to the work of Parker et al. [35], there is
agreement between the observed methane concentration
over Abuja and that observed over West Africa, with an
average atmospheric Methane level range from
approximately 1900 to 2000 ppb, exhibiting seasonal
variations due to biomass burning and agricultural
activities. The methane levels recorded for Ghana and
Cote d’Ivoire, which are significantly influenced by rice
farming and waste combustion [36], closely resemble
those found in this study.
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Figure 7: Spatio-temporal distribution of methane
(CH,) in Abuja FCT and adjoining states for the
years 2019 and 2024
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Figure 8: Spatio-temporal distribution of the aerosol
index in Abuja FCT and adjoining states for the
years 2019 and 2024

Aerosol index (Al)

The absorbing aerosol index (AAIl or Al) is based on
wavelength-dependent changes in Rayleigh scattering
in the ultraviolet (UV) spectral range for a pair of
wavelengths. The positive value indicates dust and
smoke and is suitable for tracking episodes of aerosol
plumes from dust outbreaks, carbon black, mineral dust,
volcanic ash, and biomass burning, while the negative
value indicates non-absorbing aerosols, such as sulfate
aerosols [37, 38].

Figure 8 shows the spatial distribution of aerosol load
deduced from aerosol index for the years 2019 and
2024 over the study area. For the year 2019, places such
as Abuja, Minna, Zaria, and Kabba show localized
enhanced aerosol index values of around 0.28 to about
0.39, indicating possible sources from industrial
emissions, widespread biomass burning, and transport
of dust from the Sahara Desert. The aerosol index along
the Abuja-Suleja-Gwagwalada corridor reflects the
effects of urbanization, including heavy vehicular
traffic and waste burning.

A slight increase in the aerosol index at the hotspots can
be observed in the year 2024, with places like Zaria,
Abuja, Suleja, Masaka, and Lokoja observed to retain
high values of aerosol index. Regions along the major
rivers of Niger and Benue can be observed to have
increased aerosol index in 2024, probably due to
increased agricultural activities along the riverbanks
and increased biomass burning. We can also observe
increased urbanization and anthropogenic emissions as
a result of the increased atmospheric aerosol load.
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Correlation  structure  of and
meteorological drivers

Figure 9 is a statistical correlation heat map for the
pollutants, ambient temperature, precipitation, and
normalized differential vegetation index (NDVI) for
Abuja Central Zone, Masaka, Gwagwalada, and Suleja.
The Pearson correlation coefficient is used to offer
additional details about the dynamics of the pollutants
along with the meteorological and environmental
variables. The interactions between pollution emission
sources, atmospheric chemical processes, and
meteorological dynamics and their influence on the
spaces above Abuja FCT and its suburban environment
can be observed in the correlational pattern in Fig. 9.

In Abuja Central and the adjoining suburban towns
surrounding it, it can be observed that the correlation
between nitrogen dioxides and sulfur dioxide shows the
highest positive correlation of 0.68 in Gwagwalada,
0.73 in Abuja, 0.57 in Masaka, and 0.71 in Suleja, as
summarized in Table 1. In these places, the dominant
pollutant sources are the burning of biomass and fossil
fuels, as well as industrial activities and vehicular
traffic. This finding is in agreement with the results of
Fioletov et al. [24] and Fioletov et al. [39], which were
done in Lagos and other African megacities and showed
the unified anthropogenic sources of nitrogen oxides
and sulfur dioxide.

On the other hand, moderately high negative
correlations can be observed between both carbon (1)
oxide and sulfur dioxide with precipitation, showing the
efficiency of rainfall in wet deposition of the pollutants
and cleansing of the atmosphere. The work of Krotkov
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et al. [40] supports this finding by illustrating the
correlation between rainfall and air quality dynamics in
West Africa.

The role of vegetation in sinking pollutants can be
observed in the normalized difference vegetation index
(NDVI) correlations with the pollutants, most
importantly, the aerosol and carbon (Il) oxide; this
result shows how the vegetation can act as regulators of
pollutants and modifiers of the planetary boundary
layer.

The correlational results, indicating the strongest
positive and negative correlations, are given in Table 1.

Table 1: Strongest positive and negative Pearson
correlations (2019-2024)

Strongest "
City Positive r-value Strgggﬁ;talzi%sg;lve r-value

Correlations

Abuja NO, - SO, 0.73 O3 — Precipitation -0.64
NO, - CO 058 CO-NDVI -0.52
03 -HCHO 0.62  Aerosol — NDVI -0.48

Gwagbalada NO, - SO, 0.68 SO, — Precipitation —0.52
NO, -CO 055 CO —Precipitation  -0.47
03 - Temp 0.39  Aerosol — NDVI -0.45

Masaka CO - S0, 0.62 CO - Precipitation  —0.49
NO, - SO, 0.57  Aerosol — NDVI -0.44
03 - HCHO 0.41 SO, —Precipitation —0.42

Suleja NO; - SO, 0.71  CO —Precipitation ~ —0.52
NO,-03 048 SO,-NDVI —-0.49
CO - S0, 0.46  Aerosol — NDVI —0.47

,-"f)’j\_ff x‘f- {ff’

o - Y

4 :X"f‘p‘

Figure 9: Pearson correlation coefficients between the pollutants, as well as other variables

129




Lafia Journal of Scientific & Industrial Research, 3(2)

E
B) |
= 140 500
£
< 120 - 400
g
= 100 | H 200
£ 2
E o] L 200 g
= &
S 60 - 100
e
= : : : : i : : o
2019 2020 2021 2022 2023 2024 2025
E
2 60000 | rsoo
2 =
g - 400 £
o =
> 50000 | 500 &
= =
8 =
= 200 =
5
£ 40000 A g
s 100
k=l
6] : " . : : " : o
2019 2020 2021 2022 2023 2024 2025
1975 |
- S00
= 1950 4 =
= £
g - 400 £
£ 1925 - -
1= - 300 2
© 1900 4 £
= - 200 2
T 1875 2
= - 100
1850
2019 2020 2021 2022 2023 2024 z025
100
E
@ - so0
g 501 =
5 a0 £
2 =
) 0 A - 300 2
s =
] =2
=  —504 200 5
=] ]
o L 100 ™
2 —100
AR o
2019 2020 2021 2022 2023 2024 2025
1.5 1 I so00
1.0 =
% I 400 é
5 0.5 =
= I 200 2
2 0.0 B
=4 =
= =1
% —0.54 I 200 S
—1.0- L 100 &
—1.5 o
2019 2020 2021 2022 2023 2024 2025
E 350 1
@
z + s00
£ 300 —
= £
- - 400 £
S 250 1 £
= - 300 2
2 200 4 B
2 200 2
Z 150 @
o] £
= L 100
£ 100 4
E
5 . ; : : : ; : o
= 2019 2020 2021 2022 2023 2024 2025
L so0
= 0.125 4 =
= | ac0 £
=] =
£ 0.120 I 300 2
i 5
= =
2 0.115 r2o0g
S @
S g
S L 100 &
0.110 4
2019 2020 2021 2022 2023 2024 2025

Figure 10: Time series visualization of the pollutants and precipitation in Abuja
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Figure 11: Time series visualization of the pollutants and ambient temperature in Abuja
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Figure 12: Time series visualization of the pollutants and normalized difference vegetation index (NDVI) in
Abuja

Temporal evolution of pollutants and the role of
precipitation, ambient temperature and vegetation
Figures 10, 11, and 12 illustrate the temporal evolution
of pollutants from 2019 to 2025, alongside
precipitation, ambient temperature, and the normalized
difference vegetation index (NDVI).
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Figure 10 shows the effect of wet scavenging by
rainfall during the rainy season, coupled with the
convective monsoon conditions that aid pollution
dispersion during this period. The pollutants, nitrogen
dioxides, carbon (I1) oxide, formaldehyde, and aerosol,
can be observed to show peaks during the dry season
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months of December to March of each year, while the
lows of the pollutants can be seen during the rainy
season months of June to September of each year.
Methane and sulfur dioxide show little variation with
precipitation; this trend is connected with the relatively
longer residence time of these pollutants in the
atmosphere, and such is confirmed by the correlations
in Fig. 9. On the other hand, ozone shows a positive
correlation with precipitation, as shown in Fig. 9, and in
Fig. 10, it is synchronized with precipitation, reaching
peak values during peak precipitation periods and vice
versa. This observation can be associated with the
atmospheric convective transport, the impact of
lightning activities on nitrogen oxides, solar recovery
after rainfall, and emissions of volatile organic
compounds by vegetation, as observed by researchers
such as Bronnimann et al. [41], Fan et al. [42],
Robertson et al. [43], and Kawichai et al. [44].

Figure 11 closely follows the time evolutions shown by
Fig. 10, as ambient temperature variation is closely
related to precipitation period; the rainy season is
generally associated with lower temperature, while the
dry season is associated with elevated ambient
temperature. The effect of Saharan dust during the
harmattan season is evident as the heavy atmospheric
dust loading leads to a cooler atmosphere. The observed
positive correlation of ozone and formaldehyde is an
indication of the photochemical source of these
pollutants.

The impact of vegetation on the dynamics of the
atmospheric pollutants is more complex than that of
precipitation or ambient temperature, even though
vegetation evolution is closely related to precipitation
and ambient temperature. Vegetation evolution, as
measured by the NDVI, impacts the atmospheric
pollutants in two important pathways: (1) the emission
pathway and (2) the absorption pathway [45]. In Fig.
12, we can observe the absorption of pollutants during
the rainy season when greenery is abundant, while the
emission pathway in the case of ozone shows that this
greenery leads to higher ozone levels.

Conclusion

This study demonstrates the utility of satellite remote
sensing in tracking the evolution of air pollutants and
identifying their links with anthropogenic activities,
meteorology, and land surface dynamics in Abuja and
its adjoining states. We found clear evidence of
increasing nitrogen oxides and formaldehyde, reflecting
persistent traffic and industrial emissions, while sulfur
dioxide and carbon monoxide show slight reductions,
likely due to improved combustion efficiency and
partial transition to cleaner energy sources. The strong
positive correlations between NO, and SO, suggest
common combustion-related sources, whereas the
negative correlations of CO and SO, with precipitation
affirm the atmospheric cleansing role of rainfall.
Ozone’s positive association with precipitation further
underscores the role of convective mixing, lightning
NOx production, and VOC-driven photochemistry in
0zone generation during the wet season.
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The spatial redistribution of methane emissions and
increasing aerosol index hotspots highlight the dual
challenge of agricultural expansion and biomass
burning, which will continue to contribute to air quality
deterioration if not managed. Vegetation dynamics,
captured via NDVI, were shown to play a dual role by
both modulating pollutant emissions (through VOC
release) and facilitating pollutant removal, emphasizing
the importance of preserving green cover in urban and
peri-urban areas.

This  synthesis of multi-pollutant  observations,
meteorological drivers, and land surface indices
provides a robust evidence base for policymakers. The
results call for integrated air quality management that
includes emission reduction from transport and
industry, enhancement of urban vegetation, promotion
of clean cooking technologies, and regulation of
biomass burning. Such strategies will not only improve
air quality and public health outcomes but also
contribute to climate mitigation targets under Nigeria’s
Nationally Determined Contributions (NDCs).
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