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A B S T R A C T

Understanding the factors that influence Aerosol Optical Depth (AOD) is essential
for addressing air pollution and effectively managing air quality. This study examines
the impacts of dust aerosol (DU), sea salt (SS), black carbon (BC), and burned areas
(BA) on AOD across different Köppen climate zones in Nigeria from 2001 to 2019.
Results from a multivariate regression analysis revealed that DU consistently had a
strong and significant impact on AOD across all zones (coefficients: between 0.00106
and 0.00779, p < 0.001), indicating the influence of dust from the Sahara Desert and
the Bodélé Depression. BC and SS increased AOD in southern and coastal zones,
although BC had a negative impact in Aw climate zones. The influence of BC was less
consistent, indicating its varied sources, including gas flaring and urban emissions. BA
showed mixed effects on AOD across different climate zones. In some zones, BA had a
positive but often insignificant impact on AOD, while in others, it exhibited negligible or
negative coefficients. This suggests that although biomass burning contributes to aerosol
levels, its direct effect on AOD may be mitigated by factors such as precipitation and
aerosol interactions during the burning season. SS generally had a significant positive
relationship with AOD. Peaks in SS levels in the mid-2000s and mid-2010s correlated
with higher AOD, emphasizing the maritime influence on aerosol levels in these regions.
However, the impact of SS on AOD was less pronounced in the BWh zone, reflecting
regional differences in aerosol composition and sources. These findings demonstrate the
major impact of dust aerosols and the complex contributions of other sources, offering
insights for climate-sensitive air quality management in Nigeria.
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1. INTRODUCTION
BlackCarbon (BC) emissions significantly impact air quality and
climate, originating from various anthropogenic sources such
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as vehicular emissions, industrial processes, domestic activities,
and wildfires [1, 2]. BC, a short-lived climate forcer, has local-
ized effects due to its relatively brief atmospheric lifetime [3]. It
is a major component of combustion aerosols, alongside organic
carbon (OC); BC primarily absorbs solar radiation, whereas OC
mainly scatters it [4]. Biomass burning from forest fires, driven
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by both natural and human activities, exacerbates environmental
degradation and poses substantial public health risks [2, 5].
In Africa, BC emissions from sub-Saharan regions are known

to influence regional climate and public health. However, limited
ground-based data and uncertain emission sources present chal-
lenges to fully understanding these impacts [6]. The substantial
burned area (BA) in sub-Saharan Africa, often underestimated
in coarse-resolution datasets, significantly contributes to global
carbon emissions [7]. Various methods, including global atmo-
spheric models and satellite observations, are used to study BC’s
transport and dispersion, indicating its far-reaching effects [8–
10].
In Nigeria, air pollution primarily originates from desert dust,

black carbon emitted by gas flares, and biomass combustion [11].
Studies show that emissions from biomass burning in Central
Africa affect air quality in cities along the Gulf of Guinea, with
pollutants being transported and vertically mixed, thereby influ-
encing regional atmospheric conditions [12]. Seasonal variations
andmeteorological phenomena, such as the Intertropical Conver-
gence Zone (ITCZ), play a crucial role in regulating aerosol opti-
cal depth (AOD) across Nigeria’s diverse ecological zones [13].
According to Atai et al. [14], seasonal fluctuations in Saharan
Africa are associated with changes in AOD and the Bodélé De-
pression in Chad, which contributes approximately 40% of the
region’s dust (DU), particularly during the harmattan season.
Unlike earlier AOD studies in Nigeria that primarily focused

on seasonal variations, meteorological effects, or dataset compar-
isons [15–18], this study advances the field by integrating mul-
tiple datasets to analyze the combined impacts of natural and
anthropogenic activities on aerosol loadings. While previous
research has emphasized the influence of humidity, wind, and
the intertropical discontinuity in shaping AOD patterns [13, 15],
our study investigates how wildfire activity (BA) and different
aerosol types (e.g., DU, BC, and SS) interact within various Köp-
pen climate zones inNigeria. By linkingAODvariability towild-
fire emissions and broader atmospheric processes, this work pro-
vides a more comprehensive spatial and temporal understanding
of aerosol variations across climate zones.
Given the significant role of aerosols in influencing climate,

hydrological processes, and ecosystems, this study aims to eval-
uate the temporal impacts of wildfires and aerosols on air pollu-
tion changes inNigeria. Using amultivariatemodeling approach,
the work examines the relationship betweenAOD and key factors
such as BA, BC, DU, and SS, to enhance our understanding of air
pollution dynamics and inform mitigation strategies in Nigeria.

2. METHODOLOGY
2.1. STUDY AREA
Nigeria, located in sub-Saharan Africa, is a diverse country sit-
uated between the Sahara Desert to the north and the Atlantic
Ocean to the south. It comprises 36 states and the Federal Cap-
ital Territory (FCT). The country features a variety of climate
zones, as classified by the Köppen climate classification system
(see Figure 1).
In the southern region, Nigeria has a tropical rainforest cli-

mate (Af), characterized by heavy rainfall and dense vegetation.
Moving slightly northward, the tropical monsoon climate (Am)
predominates, with a short dry season, along with generally high

Figure 1. Study area with Koppen climate classification.

humidity and precipitation. The central part of Nigeria primarily
experiences a tropical savanna climate (Aw), where distinct wet
and dry seasons shape the landscape and weather patterns. The
northern regions experience semi-arid (BSh) and arid (BWh) cli-
mates, which significantly contribute to dust aerosol emissions,
particularly due to their proximity to the Sahara Desert.
Additionally, the southern coastal areas, influenced by the At-

lantic Ocean, are sources of sea salt aerosols. The Csb climate
zone (Mediterranean with warm summers) occurs in small re-
gions across Nigeria. The country’s rapidly growing popula-
tion participates in various activities that contribute to biomass
burning, a major source of air pollution. Moreover, wildfires
are widespread throughout Nigeria, many of which are intention-
ally set by humans. These fires, combined with other pollution
sources, significantly affect air quality and environmental condi-
tions across the country.

2.2. DATA
The burned areas depicting wildfires were obtained from the
Copernicus Climate Change Service [19]. AOD [20] and other
aerosol variables BC, DU, and SS [21] were sourced from the
Modern-Era Retrospective Analysis for Research and Applica-
tions, Version 2 (MERRA-2). The MERRA-2 datasets were re-
sampled to match the resolution of the burned area data, which
is available only from 2001 to 2019. The Köppen climate clas-
sification, as provided by Beck et al. [22], was used to of-
fer a qualitative framework for describing the climates of spe-
cific regions within the study area. This data was accessed from
https://www.gloh2o.org/koppen/. A summary of the datasets is
presented in Table 1.

2.3. METHODOLOGY
2.3.1. Data extraction and data processing
The Köppen climate classification was used to divide the study
area into distinct climate zones, enabling amore detailed analysis
of the data. The specific climate zones included in the analysis
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Table 1. Data summary.
S/N Data Source Resolution Span
1 Burned Area (Km2) CDS 0.25o × 0.25o 2001 - 2019
2 Black Carbon (µg/m3) MERRA2 0.50o × 0.625o 2001 - 2019
3 Dust (µg/m3) MERRA2 0.50o × 0.625o 2001 - 2019
4 Sea salt (µg/m3) MERRA2 0.50o × 0.625o 2001 - 2019
5 AOD MERRA2 0.50o × 0.625o 2001 - 2019
6 Koppen

were Af, Am, Aw, BSh, BWh, and Csb. Data for AOD, BA, BC,
DU, and SS were extracted for each Köppen climate zone. AOD
was treated as the dependent variable, while BA, BC, DU, and
SS served as independent variables. The dataset was split into
training and testing sets, with 70% used to train the model and
the remaining 30% reserved for testing.

2.3.2. Multivariate regression model
A multivariate regression model was employed to analyze the
relationship between AOD and the independent variables (BA,
BC, DU, and SS). The model [23, 24] is expressed as:

AOD = βo + β1BA + β2BC + β3DU + β4SS + ε, (1)

where AOD is the dependent variable, βo is the intercept, β1, β2,
β3, and β4 are the coefficients for the independent variables BA,
BC, DU, and SS, respectively. The error term is represented by
ε.

2.3.3. Model training and testing
The model was implemented in R, a statistical computing lan-
guage. The training set (70% of the data) was used to estimate
the coefficients of the regression model. The model’s perfor-
mance was evaluated on the test set (30% of the data) using
the R-squared metric to measure goodness of fit [25]. The R-
squared value was calculated to assess how well the model ex-
plains the variability of the dependent variable (AOD). The R-
squared value ranges from 0 to 1, with values closer to 1 indicat-
ing a better fit.

R2 = 1 −

n∑
i=1

(xi − ŷi)2

n∑
i=1

(
xi − yi

)2 , (2)

where xi is the observed value, ŷi is the predicted value, and yi is
the mean of the observed values, and n is the number of observa-
tions.

3. RESULTS
3.1. SPATIAL DISTRIBUTION OF AOD AND AEROSOL

VARIABLES IN NIGERIA
Figure 2 illustrates the spatial distribution of mean AOD, DU,
BA, BC, and SS variables across Nigeria from 2001 to 2019.
The spatial patterns of these aerosol-related parameters reveal
distinct regional variations. AOD values peak in the southwest,
parts of the northcentral, and northwest regions, indicating high
aerosol concentrations. In contrast, the central, south-south, and
southeastern regions exhibit moderate levels, while the Mambila
and Jos plateaus show the lowest values. Dust concentrations are

highest in the northern regions, particularly the northeast, due to
the influence of the Sahara Desert, whereas the southern regions
experience minimal dust. Burned areas are concentrated in the
central belt and northern regions, reflecting significant biomass
burning activities, while the southernmost regions have fewer
fires. Black carbon concentrations are highest in the southern
regions, especially the southwest, likely due to urban and indus-
trial activities, with lower levels observed in the north. Sea salt
concentrations are highest along the southern coastal areas, in-
fluenced by the Atlantic Ocean, and decrease sharply inland.

3.2. TEMPORAL DISTRIBUTION OF AOD AND AEROSOL
VARIABLES IN NIGERIA

Figure 3 illustrates the changes in AOD and related variables
across Nigeria from 2001 to 2019, showing significant variability
among different Köppen climate zones. The Af and Am zones
exhibit noticeable peaks in AOD in 2004, 2008, and 2016, fol-
lowed by a decline toward 2019. The Aw zone peaks in 2005 and
2017, with marked decreases around 2010 and 2014. The BSh
and BWh zones are more stable, although the BWh zone shows
a slight upward trend, with highs in 2002, 2008, and 2017, and
lows in 2003, 2010, and 2014. The Csb zone fluctuates errati-
cally, peaking in 2002, 2003, and 2017, and dropping in 2010,
2013, and 2014.

Figure 3b highlights significant fluctuations in DU levels
across various climate zones in Nigeria from 2001 to 2019. The
Af and Am zones show notable variability, with peaks around
2004, 2008, 2015, and 2017, and substantial declines in 2003,
2010, and 2019. The Aw zone also exhibits peaks in 2007, 2008,
2015, and 2017, with marked decreases in 2010, 2013, and 2019.
The BSh and BWh zones generally have higher DU values, peak-
ing in 2002, 2007, 2015, and 2017, and decreasing in 2003, 2010,
2013, and 2019. The Csb zone experiences wide fluctuations,
with peaks in 2004, 2008, 2015, and 2017, and significant drops
in 2010, 2013, 2014, and 2019. There is a general downward
trend in DU from 2017 to 2019 across most zones, indicating a
recent decrease in dust concentration levels.

From 2001 to 2019 (Figure 3c), the SS levels in the Af and Am
zones show an overall increase, with notable peaks in 2005, 2015,
and 2016, and periodic declines in 2008 and 2011. The Aw zone
exhibits a peak in 2005, followed by relatively stable but lower
levels in subsequent years, except for a spike in 2016. The BSh
and BWh zones maintain generally low SS values with minor
fluctuations, showing slight increases around 2007, 2010, and
2016. The Csb zone experiences significant rises in SS levels in
2005, 2007, and particularly in 2015 and 2016, indicating greater
variability compared to other zones. Across all zones, SS levels
generally peak around the mid-2000s and mid-2010s, with some
decline toward the end of the period.

From 2001 to 2019 (Figure 3d), BC levels across the Am and
Aw zones exhibit greater variability, with noticeable increases in
2005 and 2007, followed by periods of relative stability or slight
decline. The BSh and BWh zones also demonstrate a general
upward trend, with peaks in 2010 and a consistent presence of
BC throughout the period, indicating persistent emission sources.
The Csb zone, however, shows a notable peak in 2005 followed
by a decline, reaching its lowest levels in 2014. On the whole,
BC levels fluctuate annually across all zones, with certain years,
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Figure 2. Mean spatial AOD, dust, burned area, black carbon, and sea salt over Nigeria.

such as 2005, standing out due to higher concentrations across
most regions, suggesting potential regional or global events in-
fluencing these spikes.

Figure 3e shows that from 2001 to 2019, BA in the Af zone
peaked in 2007 and 2018, with values exceeding 0.40 km2. The
Am zone experienced substantial increases in BA, particularly in
2007 and 2016, with additional spikes in 2002 and 2011. The Aw
zone consistently recorded the highest BA, reaching over 14.00
km2 in 2004, although there has been a noticeable decline in re-
cent years, with lower values in 2017 and 2019. The BSh and
BWh zones also exhibited high variability, with significant peaks
in 2015, 2016, and 2018 for BSh, and in 2005 and 2016 for BWh.
The Csb zone experienced considerable fluctuations, with high
burned areas in 2005, 2007, and 2016. The data suggest periodic
spikes in burned areas, potentially linked to climatic and environ-
mental conditions or human activities influencing fire incidence
across these regions.

3.3. MONTHLY DISTRIBUTION OF AOD AND AEROSOL
VARIABLES IN NIGERIA

Figure 4 presents the monthly distribution of aerosol variables,
including BA and AOD, across Nigeria. The AOD distribution
varies among Nigeria’s different climatic zones, as illustrated in
Figure 4a. Most zones exhibit peak values in February and min-
imum values in September. In the Af climate, the AOD reaches
a maximum of 0.913 in February and drops to a low of 0.176 in
September. A similar pattern is observed in the Am climate, with
a peak of 0.9601 in February and a low of 0.175 in September.
The Aw climate shows a distinct pattern, with an AOD value of
0.240211 in August and a maximum of 0.805 in March. In the
BSh and BWh climates, AOD levels are higher in March and
lower in August. For the Csb climate, the highest AOD value
occurs in March (0.678), while the lowest is in August (0.150).

In Figure 4b, dust aerosol levels vary across different climate
zones in Nigeria. For most zones, the highest values occur in
January and February. The Af climate peaks at 75.51 µg/m3 in
January and reaches a low of 1.06 µg/m3 in August. The Am
climate experiences its highest levels in January (80.05 µg/m3)
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Figure 3. Annual distribution of AOD, BA, and aerosol species (BC, DU, and SS) across Nigeria. The slope (sl) values represent the annual rate of change for
each variable. All variables are expressed in consistent units: AOD (unitless), BA (km2), and aerosol species (kg/m2).

and February (87.42 µg/m3), with a minimum in August (1.33
µg/m3). The Aw climate shows elevated dust levels in January
(87.84 µg/m3) and February (100.16 µg/m3), with the lowest val-
ues in July (7.84 µg/m3) and August (6.45 µg/m3). In the BSh
climate, DU concentrations are high in January (130.10 µg/m3)
and February (129.50 µg/m3), and lowest in July (18.11 µg/m3)
and August (15.27 µg/m3). The BWh climate peaks in January
(190.06 µg/m3) and February (186.23 µg/m3), with the lowest
levels in July (29.45 µg/m3) and August (20.84 µg/m3). For the
Csb climate zone, the highest DU levels were observed in Jan-
uary (45.03 µg/m3) and February (76.95 µg/m3), with the lowest
in July (5.45 µg/m3) and August (3.45 µg/m3).

In Figure 4c, SS aerosol levels vary across different climate
zones in Nigeria. In June, most zones exhibit their highest values,
while in December, most zones record their lowest values. In
the Af zone, SS aerosol peaks in June (5.22 µg/m3) and declines
to its lowest level in December (2.91 µg/m3). The Am climate
experiences the highest levels in June (3.86 µg/m3) and the lowest
in December (1.93 µg/m3). The Aw climate shows elevated SS
levels in February (1.20 µg/m3) and the lowest in December (0.53
µg/m3). The BSh climate displays increased SS concentrations in
June (0.35 µg/m3) and July (0.31 µg/m3), with the lowest values
in January (0.27 µg/m3) and February (0.28 µg/m3). The BWh
climate reaches its peak in July (0.41 µg/m3) and its lowest point

in March (0.25 µg/m3). The Csb climate records the highest SS
aerosol levels in March (0.77 µg/m3) and the lowest in May (0.29
µg/m3).

In Figure 4d, BC levels vary across different climate zones
in Nigeria. For most zones, the highest values occur in Jan-
uary and December. In the Af zone, BC levels peak in Jan-
uary (2.51 µg/m3) and December (1.86 µg/m3), with a notable
drop in March (0.55 µg/m3). The Am climate experiences its
highest concentrations in January (3.16 µg/m3) and December
(2.41 µg/m3), with the lowest in February (1.54 µg/m3). The
Aw climate shows elevated BC levels in January (2.29 µg/m3)
and November (1.41 µg/m3), with a slight dip in February (1.47
µg/m3). The BSh climate has elevated levels in January (0.58
µg/m3) and remains relatively high throughout the year, peaking
in September (0.87 µg/m3). The BWh climate exhibits its high-
est levels in January (0.18 µg/m3) and peaks again in September
(0.53 µg/m3), with a low in March (0.16 µg/m3). The Csb cli-
mate shows elevated BC levels in December (1.78 µg/m3) and
January (1.68 µg/m3), with a low in March (0.63 µg/m3).

In Figure 4e, BA varies across different climate zones in Nige-
ria. For most zones, the highest values occur in December and
January. The Af climate shows the greatest BA in December
(0.96 km2) and January (0.34 km2), with minimal to no burning
from June to September. The Am climate peaks in January (4.23
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Figure 4. Monthly distribution of AOD, BA, and aerosol variables (BC, DU, and SS) in Nigeria.

km2) and has a notable value in December (1.58 km2), with min-
imal burning during the mid-year months. In the Aw zone, the
maximum BA is observed in January (55.02 km2) and Decem-
ber (36.42 km2), with significantly lower values in the middle of
the year. The BSh climate peaks in November (11.23 km2) and
October (8.21 km2), with low to no burning during the summer
months. The BWh climate experiences its highest BA in October
(28.77 km2) and November (25.16 km2), with minimal activity
mid-year. The Csb climate has the highest BA values in Decem-
ber (36.61 km2) and January (27.94 km2), with no recorded burn-
ing from May to August and in October.

3.4. MULTIVARIATE REGRESSION BETWEEN AOD VERSUS
BURNED AREA, BLACK CARBON, SEA SALT, AND DUST

Table 2 presents the multivariate regression analysis of AOD in
relation to BA, BC, SS, andDU. The results indicate that in theAf
zone, AOD has a significant positive relationship with BC, with
a coefficient of 5.29 × 10−2. Burned Areas (BA) and Sea Salt
(SS) also show positive coefficients with AOD (2.64 × 10-8 and
5.54 × 10-2, respectively), although the coefficient for BA is not
statistically significant (p = 0.272). Additionally, AOD versus
Dust Aerosol (DU) has a coefficient of 7.79 × 10-3, indicating a
strong positive influence on air pollution in the Af zone.
In the Am zone, BC again displays a significant positive co-

efficient (6.25 × 10-2, p = 0.0001), indicating a substantial in-
fluence on AOD. Burned Areas (BA) show a negative coefficient
(-8.84 × 10-9), suggesting a potential decrease in AOD, although
this effect is not significant (p = 0.1309). DU and SS both ex-

hibit positive coefficients (0.0074 and 0.0741, respectively) with
strong significance, demonstrating their impact on AOD in the
Am zone.
In the Aw zone, the intercept is notably positive (0.143), in-

dicating a generally higher baseline AOD impact. Black Car-
bon (BC) shows a significant negative coefficient (-5.33 × 10-2,
p < 0.05), suggesting a decrease in AOD impact associated with
BC. Burned Areas (BA) have a negligible coefficient (1.94 ×
10-10, p = 0.7086), while DU and SS both display positive co-
efficients (5.58 × 10-3 and 1.47 × 10-1, respectively), with SS
having the greatest impact.
For the BSh zone, the intercept is positive (0.148), suggesting

a baseline impact on AOD. BC and SS show significant positive
coefficients (4.70 × 10-2 and 4.46 × 10-1, respectively), indicat-
ing their substantial influence on AOD. BA and DU exhibit sig-
nificant negative and positive coefficients (-6.92 × 10-9 and 2.21
× 10-3, respectively), revealing their roles in AOD dynamics.

In the BWh zone, the intercept is significantly positive (0.388),
indicating a higher baseline impact on AOD compared to other
zones. Both BC and BA exhibited significant coefficients, with
BC showing a positive coefficient (4.26 × 10−2) and BA a
negative coefficient (−3.76 × 10−9), suggesting their influence
on AOD. DU showed a significant positive coefficient (1.06 ×
10−3), whereas SS exhibited an insignificant negative coefficient
(−1.45 × 10−2).
Lastly, in the Csb zone, the intercept is significantly posi-

tive (0.092), indicating a baseline AOD. BC exhibits a signifi-
cant positive coefficient of 0.0468, demonstrating its influence
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Figure 5. Annual variation of AOD, BA, and aerosol species (BC, DU, and SS) across Nigeria. The units are: AOD (unitless), BA (km2), and aerosol species
(kg/m2).

on AOD. BA has a negligible, insignificant negative coefficient
(-1.55 × 10-10, p = 0.71), while DU and SS both show strong,
significant positive coefficients of 5.04 × 10-3 and 9.76 × 10-2,
respectively, indicating their impact on AOD changes.

3.5. MODEL EVALUATION
The results in Figure 6 illustrate the performance of a multivari-
ate regression model in predicting AOD across different Köppen
climate zones in Nigeria, as measured by the R-squared (R2) val-
ues. The model performs exceptionally well in the tropical mon-
soon (Am) and Mediterranean (Csb) zones, with high R2 val-
ues of 0.93, indicating that it explains 93% of the variance in
these regions. The tropical savanna (Aw) zone also shows strong
performance, with an R2 of 0.91. Moderate model performance
is observed in the tropical rainforest (Af) and semi-arid (BSh)
zones, with R2 values of 0.84 and 0.54, respectively. However,
the model struggles in the desert (BWh) zone, achieving a low R2

of 0.22, suggesting poor predictive power in this region. These
results indicate that the model is highly effective in more humid
and moderate climates but less reliable in arid and desert regions,

reflecting the complexity and variability of aerosol sources and
atmospheric conditions across Nigeria’s diverse climatic zones.

To further validate the regression models, residual analyses
were performed for each climatic zone (Figure 7). The resid-
ual plots demonstrate that the residuals are randomly distributed
around zero across all fitted values, indicating that the models ef-
fectively capture the underlying trends without systematic bias.
The lack of strong patterns or heteroscedasticity suggests that
the assumptions of linearity and homoscedasticity are reasonably
satisfied.

4. DISCUSSION
4.1. TEMPORAL TRENDS OF AEROSOL COMPONENTS
Long-term changes in aerosol properties across Nigeria’s Köp-
pen climate zones reveal that both seasonal processes and large-
scale atmospheric dynamics influence aerosol behavior. Rather
than focusing on isolated peaks, the overall temporal pattern in-
dicates periodic changes in AOD corresponding to years of in-
creased dust transport, biomass burning activity, and shifts in
monsoonal circulation. These multi-year oscillations are partic-
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Figure 6. Multivariate regression model performance across Nigeria’s climate zones based on the coefficient of determination (R2).

ularly evident in dust aerosols, whose variability reflects emis-
sions from the Sahara and the Bodélé Depression, consistent
with earlier observations of high dust deposition rates in northern
Nigeria reported by McTainsh [26].
SS increases are associated with periods of enhanced marine

influx, while BC fluctuations correspond to variations in anthro-
pogenic combustion sources. The burned area (BA) exhibits dis-
tinct cycles characteristic of the regional fire regime. These tem-
poral trends align with observations by Aklesso et al. [27], who
identified similar aerosol optical depth (AOD) oscillations over
West Africa.

4.2. SEASONAL AND ZONAL VARIATIONS
Seasonal changes explain the significance of atmospheric circu-
lation in influencing aerosol dispersal over Nigeria. In the south-
ern Af and Am zones, AOD and DU uplift peak early in the
year during the dry season and decrease as rainfall intensifies,

facilitating effective wet aerosol deposition. Conversely, the Aw,
BSh, and BWh zones exhibit pronounced effects of the Harmat-
tan season, with dust-laden northeasterly winds increasing AOD
and DU before declining mid-year.

Sea salt concentrations increase during periods of intense
monsoon activity, while BC persists primarily throughout the dry
season due to increased burning and reduced atmospheric cleans-
ing. Burned area activity aligns with the typical December-
January fire season. These patterns correspond with the influ-
ences of the Intertropical Convergence Zone (ITCZ), Harmattan
winds, and maritime inflow, as described by Engelstaedter et al.
[28] and supported by Ayanlade et al. [13], who identified sea-
sonal ITCZ movement as a key driver of aerosol distribution in
Nigeria.
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Figure 7. Multivariate regression model performance across Nigeria’s climate zones based on the residual plots versus fitted values of AOD.

4.3. MULTIVARIATE REGRESSION ANALYSIS

The regression study demonstrates how the impact of various
aerosol sources on AOD varies across Nigeria’s climatic zones.
Although BC and SS generally show positive correlations with
AOD, the strength of these relationships differs by region. In
some zones, BC exhibits weaker or even negative associations
with AOD, suggesting interactions with more optically dominant
aerosols such as dust or the moderating effects of rainy seasons.

DU consistently emerges as a significant contributor to AOD
across all climatic zones, underscoring its role as a key driver
of aerosol loading in Nigeria. This strong DU-AOD relationship
aligns with previous regional studies that emphasize the influ-
ence of Saharan dust on West African atmospheric conditions
[29–31].

Burned areas typically exhibit mixed or weak correlations with
AOD, indicating that fire emissions interact with atmospheric
processes such as rainfall, humidity, and dust mixing. This aligns
with the findings of Yakubu and Chelty [32], who demonstrated
that although biomass burning increases AOD, the direct effect
varies depending on environmental factors. Generally, the re-
gression results suggest that the impact of aerosol components
on AOD depends on the climatic zone, aerosol mixing states, and
seasonal meteorological conditions.

4.4. COMPLEX INTERACTIONS AND IMPLICATIONS

The presence of negative BC–AOD or BA–AOD relationships
in several regions underscores the complexity of aerosol inter-
actions in Nigeria’s atmosphere. Although BC is a strong light-
absorbing aerosol and a tracer for gas flaring [33], it does not
always increase AOD proportionally when mixed with scatter-
ing aerosols such as dust and sea salt. The dominance of dust in
northern regions can mask or dilute the optical effects of BC,
while in southern regions, rainfall during the wet season en-
hances aerosol scavenging, thereby reducing the apparent con-
tribution of biomass burning [34, 35].

These interactions explain why BC and BA exhibit inconsis-
tent patterns across different climate zones. Meanwhile, the per-
sistent positive relationship between DU and AOD across all re-
gions aligns with Provençal et al. [36] and reflects the long-range
transport and optical dominance of dust over other aerosol types.
This study extends previous findings by demonstrating how these
relationships manifest within the specific climatic contexts of
Nigeria’s diverse zones.

4.5. REGIONAL CONTEXT AND BROADER PERSPECTIVES

The majority of the findings support Nigeria’s position at the in-
tersection of vital natural and anthropogenic aerosol processes.
High AOD values in the southern Af and Am climate zones are
linked to dust incursions transported southward by the northeast
trade winds, consistent with reports by McTainsh [26], Koren et
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Table 2. Multivariate regression analysis (∗ for p < 0.05, ∗∗ for p < 0.001, and
∗∗∗ for p < 0.0001).
Koppen Coefficients: Estimate Std. Error P-value Significance
Af (Intercept) -2.20E-02 4.94E-02 0.6566

BC 5.29E-02 1.82E-02 0.0042 **
BA 2.64E-08 2.40E-08 0.2727
DU 7.79E-03 3.19E-04 0.0000 ***
SS 5.54E-02 9.93E-03 0.0000 ***

Am (Intercept) -5.00E-02 4.38E-02 0.2554
BC 6.25E-02 1.58E-02 0.0001 ***
BA -8.84E-09 5.82E-09 0.1309
DU 7.40E-03 2.68E-04 0.0000 ***
SS 7.41E-02 1.10E-02 0.0000 ***

Aw (Intercept) 1.43E-01 2.57E-02 0.0000 ***
BC -5.33E-02 2.26E-02 0.0197 *
BA 1.94E-10 5.18E-10 0.7086
DU 5.58E-03 1.59E-04 0.0000 ***
SS 1.47E-01 1.55E-02 0.0000 ***

BSh (Intercept) 1.48E-01 8.68E-02 0.0911 .
BC 4.70E-02 1.13E-01 0.6788
BA -6.92E-09 1.71E-09 0.0000 ***
DU 2.21E-03 3.25E-04 0.0000 ***
SS 4.46E-01 1.15E-01 0.0001 ***

BWh (Intercept) 3.88E-01 6.39E-02 0.0000 ***
BC 4.26E-02 1.23E-01 0.7289
BA -3.76E-09 9.55E-10 0.0001 ***
DU 1.06E-03 2.50E-04 0.0000 ***
SS -1.45E-02 9.80E-02 0.8828

Csb (Intercept) 9.20E-02 7.34E-03 0.0000 ***
BC 4.68E-02 8.60E-03 0.0000 ***
BA -1.55E-10 4.15E-10 0.7100
DU 5.04E-03 1.70E-04 0.0000 ***
SS 9.76E-02 1.95E-02 0.0000 ***

al. [37], and Li et al. [38]. Emissions from the Bodélé Depres-
sion significantly amplify DU levels across much of the country.
Ayanlade et al. [13] and Onyeuwaoma et al. [39] have empha-
sized that anthropogenic sources, such as biomass burning, in-
dustrial activities, and vehicular emissions, contribute to aerosol
complexity.
The spatial and temporal variations observed across climate

zones demonstrate the need for region-specific monitoring ap-
proaches. The interactions among DU, BC, SS, and wild-
fire aerosols indicate that air quality in Nigeria is influenced
by a combination of local emissions, long-range transport, and
climate-dependent processes. These findings provide a stronger
scientific foundation for developing zone-specific pollution con-
trol measures and policy initiatives.

5. CONCLUSION
This study reveals that the correlations between AOD and its pri-
mary influencing factors vary significantly across Nigeria’s cli-
matic zones. Dust aerosol (DU) generally has the strongest pos-
itive impact on AOD, demonstrating its crucial role in determin-
ing air visibility and radiative properties throughout the coun-
try. This finding aligns with the well-documented contribution
of Saharan and Bodélé dust transport to aerosol loading in West
Africa.
The effect of black carbon (BC) is more variable, as it in-

creases AOD in humid southern zones but has negative or in-
consistent effects in middle and northern zones where dust and
seasonal rains modify its optical properties. Burned area (BA)
contributes to aerosol loading but has varying impacts on AOD,

reflecting complex interactions with rainfall, aerosol mixing,
and fire intensity. Sea salt (SS) significantly increases AOD in
coastal and transitional zones, confirming the maritime influence
on aerosol composition.
In conclusion, our findings emphasize the importance of con-

sidering climate-zone-specific processes when analyzing aerosol
behavior in Nigeria. By incorporating various aerosol types, the
study offers a more comprehensive understanding of how their
interactions vary across biological and climatic gradients. This
enhanced knowledge can inform more targeted air quality mon-
itoring and the development of locally tailored strategies to reg-
ulate and mitigate aerosol-related impacts.

6. DATA AVAILABILITY
The data used in this study are publicly available and were
obtained from the Climate Data Store (DOI: https://doi.org/10.
24381/cds.f333cf85) and the Modern-Era Retrospective Anal-
ysis for Research and Applications, Version 2 (MERRA-
2), provided by NASA’s Global Modeling and Assimila-
tion Office (GMAO), with the following DOIs: https://
doi.org/10.5067/FH9A0MLJPC7N and https://doi.org/10.5067/
XOGNBQEPLUC5.
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