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Abstract: Air pollution is a major environmental issue that is of significant concern globally, due to its detrimental
health impacts. The impacts of air pollution depend on several factors. For effective air quality management, the
effect of meteorological factors on air pollutants is crucial. This study, therefore, investigates this influence across
Nigeria using data on air pollutants: carbon monoxide (CO), nitrogen dioxide (NO2), methane (CH4), ozone (O3),
and formaldehyde (HCHO), and meteorological variables: maximum temperature (Tmax), minimum temperature
(Tmin), precipitation (PRCP), wind speed, and cloud cover from Sentinel-5P TROPOMI and Climatic Research Unit.
The study covered November 2018 to December 2023 (2018-2023). Hierarchical cluster and Pearson correlation
analyses were applied. Seasonally, both tropospheric air pollutants and climatic parameters varied from one month
to another. Pollutants showed similar seasonal patterns except O3; however, their concentrations differed from
month to month. Our findings show relationships between climatic parameters and pollutants, but the significance
and direction varied with the pollutant and the parameter. This suggests that the influence of climatic parameters on
pollutants depends on both the parameter and the pollutant considered. This study provides scientific insight for
effective air quality management.
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INTRODUCTION

Air pollution is a major environmental issue that is of significant concern globally, because of its
detrimental health impacts. It is one of the major environmental problems in urban areas. Densely
populated areas are particularly vulnerable due to increased road traffic, concentration of emission
sources, industrial activities, power generation, instability of the atmosphere, etc. (Anderson, 2009). Air
pollution poses a significant threat to human health and well-being as well as the environment (Agarwal
et al., 2006).

Air pollutants can be emitted directly from the emission sources (primary pollutants) or formed
through chemical reactions in the air (secondary pollutants). Key pollutants are ozone (Os), carbon
monoxide (CO), nitrogen dioxide (NO,), sulfur dioxide (SO,), particulate matter (PM), and volatile
organic compounds (VOCs). Sources of these pollutants include human activities (combustion of fossil
fuels, traffic exhaust, power generation, industrial processes, and agriculture) and natural sources
(wildfires, volcanic eruptions, dust storms, and biological processes).

The effects of air pollution on human health, ecosystems, and the global climate depend on
meteorological factors, exposure time, chemical composition, and concentration of pollutants, among
others. For instance, Oz and NO- can cause asthma, bronchitis, lung cancer, and even premature death
(Curtis et al., 2006). SO, and NO, can cause acid rain, which affects ecosystems and biodiversity. This
can lead to acidification of soils and water bodies, which are harmful to aquatic life and forest health
(Likens, 2021). Tropospheric O3 can damage crop yield leading to food shortage (Mills et al., 2018; Sicard
et al., 2020; Mahmud et al., 2023). CO; and CH, are greenhouse gases that contribute to global warming
and climate change by trapping heat radiated from the Earth's surface and preventing it from escaping
into space. These effects of air pollution, however, vary from short-term to long-term.

Meteorological parameters (temperature, cloud cover, wind speed and direction, etc.) and
atmospheric stability have been reported to influence pollutant formation, dispersion, movement, and
dilution of pollutants through the atmosphere (Beamish et al., 2011). For effective air quality management,
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the interplay between air pollutants and meteorological factors is very crucial (Bobak, 2000). Several
studies have been carried out to understand the complex interplay between meteorological factors and
pollutant dispersion across the globe, including Nigeria. Assessment of air pollution and air quality has
been carried out in different regions of Nigeria (Akinfolarin et al., 2018; Okimiji et al., 2021; Daful et al.,
2020; Omoko et al., 2021; Amanabo and Umaru, 2022; Atubi and Osoyibo, 2020; Onwosi and
Nymphas, 2022; Chukwu et al., 2022; Abulude et al., 2022; Omokpariola et al., 2024). Omoko et al.
(2021) reported high concentrations of pollutants in Southeastern Nigeria. They noted that air quality in
the area was poor and needed to be monitored regularly.

Working on air quality parameters (particulate matter, gaseous pollutants, relative humidity, and
temperature) in Port Harcourt, Akinfolarin et al. (2018) reported that the emerging industrial areas might
not be responsible for the emissions of the soot observed in the study area. Amanabo and Umaru (2022)
concluded from their study on ambient air quality assessment for three criteria air pollutants that air
quality monitoring should be considered a priority for urban and rural areas.

Investigating the relationship between air pollutants (CO., NO;, SO, VOCs, PM;s) and
meteorological parameters (temperature, relative humidity, atmospheric pressure) for three slum
settlements, Okimiji et al. (2021) observed a positive correlation between CO, and temperature but an
inverse relationship between relative humidity and PM, s. Similarly, Onwosi and Nymphas (2022) found
a strong correlation between CO; and temperature, as well as NO, and wind speed from their study.

Despite these studies on air pollution and the relationship between air pollutants and
meteorological parameters in the country, further studies are needed. Worthy of note is that Okimiji et
al. (2021), who worked on the relationship between air pollutants and meteorological parameters
considered three coastal slum settlements in Lagos, whereas Onwosi and Nymphas (2022) and Atubi and
Osoyibo (2020) focused on Delta State and Vincent et al. (2017) considered major traffic corridors in
Port Harcourt. Such localized studies may not give a national view of the relationship between air
pollutants and meteorological parameters over the country. This study addresses that research gap by
examining the seasonal pattern of tropospheric air pollutants and the influence of climatic parameters on
their seasonal distribution across the country. The results of this study could serve as a reference for future
studies, especially in Nigeria.

Nigeria is located in West Africa with geographical coordinates of 4° to 14° N latitude and 2° to
15° E longitude. The population of the country is approximately 202 million people. The tropical climate
experienced in the country is characterized by two main seasons: wet (April-October) and dry
(November—March). Meteorological parameters (humidity, wind speed, atmospheric pressure, etc.) vary
across the country from the coastal region to the northern region depending on the interplay of the air
masses that control the atmospheric conditions of the country. Air pollution in the country has been
increasing, especially in urban areas due to increased vehicular emissions, urbanization, power generation,
and industrialization (Mahmud et al., 2023).

Nigeria's air pollution dynamics are distinct from those of other regions. This could be due to
high oil exploitation and production, oil bunkering, gas flaring, oil explosions, and other anthropogenic
activities, which are major sources of pollutant emissions in the country, leading to poor air quality that
falls below the World Health Organization's recommendations (Okoro et al., 2023). This suggests the
need for continuous monitoring of air pollutants nationwide.

In this study, we used satellite-derived air pollutant dataset from the TROPOspheric Monitoring
Instrument (TROPOMI) with a spatial resolution of 3.5 km X 5.5 km (Veefkind et al., 2012). Theoretical
analyses have been carried out on the uncertainties of this dataset as well as comparative validations (see
Li et al., 2025 for more details). The use of satellite-derived datasets is largely due to limitations associated
with ground-based measurement of meteorological parameters and air pollutants in the country, because
the available datasets are not freely accessible and are costly. Generally, ground monitoring and
measurements are often limited in spatial and temporal coverage (Li et al., 2025); while satellite remote
sensing provides data with high spatial and temporal resolution at regional and global scales (Okoro et
al., 2023). Therefore, most studies employ satellite data because they offer high spatial and temporal
resolution, consistency, ready availability, and free access.

It is pertinent to note that studies on the validation of satellite data with ground monitor datasets
have been carried out in Nigeria, with slight variations reported (Olomiyesan & Oyedum, 2016; Datti et
al., 2024). For instance, comparing ground-measured data of solar radiation from the Nigerian
Meteorological Agency (NiMet) and satellite-derived data from the National Aeronautics and Space
Administration (NASA) for the North-Western region of Nigeria, Olomiyesan & Oyedum (2016)
observed slight variation across the region based on the observed percentage error between the two
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datasets. Thus, several scholars have employed satellite observation data of atmospheric parameters and
pollutants in their studies (Olomiyesan & Oyedum, 2016; Okoro et al., 2023).

Worth mentioning is the reduction of air pollutants during the COVID-19 pandemic. During the
lockdown, significant reductions in pollutant concentrations were reported worldwide (Olatunde & Ajayi,
2020; Adeyemi et al., 2021; Odediran et al., 2022). These reductions were due to the decreased emission
of pollutants from both point and line sources such as industrial activities and vehicle operations. The
effect of the decrease observed during the lockdown may be negligible relative to the period under
investigation (November 2018—-December 2023), since the lockdown lasted for less than two months in
the country (30 March-15 May 2020) and monthly mean daily concentrations of air pollutants were
used in this study.

METHOD

Monthly mean daily CO, NO,, CHa4, O3, and HCHO provided by Sentinel-5P TROPOMI offline
Level 3  (OFFL/L3) downloaded from the Copernicus Data  Space  Ecosystem
(https://dataspace.copernicus.eu/; accessed on 30 January 2025) and maximum temperature (Tmax),
minimum temperature (Tmin), precipitation (PRCP), wind speed, and cloud cover from the Climatic
Research Unit gridded Time Series (CRU TS 4.08; University of East Anglia, Norwich, United Kingdom)
were used in this study. This study spanned from November 2018 to December 2023.

The following methods were employed in data analysis. Google Earth Engine was used to extract
air pollutants data from Sentinel-5P TROPOMI in GeoTiff format using the geographic extent of Nigeria.
The data were then converted into raster and thereafter into CSV format using ArcGlS 10.8. R software
was used to extract meteorological data for Nigeria from CRU in CSV format. Monthly averages of both
air pollutants and climatic parameters were then computed. The corresponding monthly percentage
variation was also computed. Bar charts were then plotted to visualize of the monthly variation of
pollutant concentrations and climatic parameters. Hierarchical cluster analysis was performed using
Ward's linkage method to assess the relation between the air pollutants and the climatic variables. To
ascertain the strength and direction of the relationship, Pearson correlation analysis was performed at p
< 0.01 and p < 0.05 using SPSS software.

RESULTS & DISCUSSION
Monthly Mean Daily Variation of Air Pollutants and Climatic Variables (2018-2023)

Figure 1(i) shows that the concentration of CO was high during the dry season (i.e., November—
March), but low during the rainy season (i.e., April-October). Similar variation patterns were observed
for other pollutants (i.e., NO,, CH4, and HCHO) except O3, which was high during the rainy season and
low during the dry season (Figure 1(ii-iv)). During the dry season, the highest percentage concentrations
of 10.2 %, 12.5 %, 8.38 %, and 11.8 % for CO, NO,, CH,4, and HCHO were observed in March, except
for NO,, which was observed in January. On the other hand, during the rainy season, the lowest
percentage concentrations of 6.8 %, 5.4 %, 8.27 %, and 4.4 % for CO, NO,, CH4, and HCHO were
observed in September, October, July, and August respectively.

On the contrary, the highest and lowest percentage concentrations of 8.7 % and 7.8 % were
observed for Oj; during the rainy season (July and August) and dry season (January and December)
respectively (Figure 1(v)). This variation could be attributed to O; formation from other pollutants (i.e.,
precursor pollutants). Tropospheric ozone is formed from photochemical reaction of nitrogen oxides and
volatile organic compounds (Alonso et al., 2025). Thus, it is considered a secondary pollutant. Generally,
our observations show that air pollutants may have similar variation patterns; however, their
concentrations varied from one month to another. This could be attributed to their sources and to factors
such as meteorology, dispersion, and chemical transformation (Zhao et al., 2021).

Similarly, wind speed, Tmax, and Tmin were high during the dry season but low during the rainy
season, whereas the reverse is true for cloud cover and PRCP (Figures 1(vi) and 2). The highest
percentages (9.2 %, 9.2 %, and 9.1 %) and lowest (6.5 %, 7.4 %, and 7.2 %) for wind speed, Tmax,
and Tmin were observed during dry season (April, March, and April) and during rainy season (October,
August, and December / January) respectively. On the other hand, the highest percentages of 10.4 %
and 18.1 % for cloud cover and PRCP were recorded in August and September, while the lowest
percentages of 6.8 % and 0.5 % were observed in November/December and January respectively. This
implies that the climatic parameters also vary seasonally from one month to another, suggesting a possible
relationship between air pollutants and climatic variables. To ascertain the significance of this relationship
for the period under study, we employed cluster and correlation analyses.
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It is interesting to note that the high and low concentrations of HCHO observed in March, April,
and May (dry season) and June, August, and September (rainy season), respectively, in this study are in
contrast to the highest and lowest HCHO concentrations reported in summer (June, July, and August)
and spring (March, April, and May) over North China by Li et al. (2025). This could be attributed to the
atmospheric condition of the study area and other factors that influence the formation, transportation,
and dispersion of pollutants.

Dendrogram Cluster of Air Pollutants and Climatic Variables

Figure 3(i—v) presents the dendrogram cluster of CO, NO,, CH,, HCHO, and O3 with climatic
variables while Figure 3(vi) shows the dendrogram cluster for climatic variables. From the dendrogram
cluster of air pollutants and climatic variables, two clusters were distinguished (Figure 3). The dendrogram
of CO and the climatic variables shows that the first cluster is composed of PRCP, cloud cover, and Tmin
(Figure 3(i)). Similar patterns are seen in the clusters of NO,, CH4, and HCHO wiith the climatic variables,
except for the cluster of O3, in which the first cluster is composed of PRCP, cloud cover, Os, and Tmin
(Figure 3(i—v)). The compositions of the second clusters are CO, Tmax, and wind speed (Figure 3(i)),
NO,, wind speed, and Tmax (Figure 3(ii)), CH4, Tmax, and wind speed (Figure 3(iii)), HCHO, Tmax,
and wind speed (Figure 3(iv)), and Tmax and wind speed (Figure 3(v)). This depicts that Tmax and wind
speed could have a strong relation with all the pollutants, since they appear in second cluster of all the
pollutants except the second cluster of Os.

Thus, we suggest that among the climatic parameters considered, Tmax and wind speed could
have more influence on the seasonal variation of air pollutants (that is, in dispersion, transformations of
pollutants, etc.) compared with the other parameters. Ahmadi et al. (2015) reported from their study
that temperature and wind speed have greater effects on pollutants than other parameters because they
increased pollutant concentrations. Assessing air pollutant concentrations (VOC, NO,, CO,, PM,s, and
SO,) and meteorological parameters (atmospheric pressure, temperature, and relative humidity) in Lagos,
Okimiji et al. (2021) reported that the major meteorological parameters affecting the air pollutants are
atmospheric pressure, temperature, and relative humidity.

Worthy of note is the dendrogram cluster of O3 with the climatic parameters (Figure 3(v)). It is
seen that the first cluster is composed of PRCP, cloud cover, O3, and Tmin while the second cluster is
composed of Tmax and wind speed. This implies a good relationship between O3 and PRCP, cloud cover,
and Tmin as compared to Tmax and wind speed. This suggests that PRCP, cloud cover, and Tmin could
have more influence on Os than Tmax and wind speed.

From the dendrogram cluster of climatic parameters (Figure 3(vi)), the first cluster shows that
among the climatic parameters, Tmax, Tmin, and wind speed tend to be related, which is linked to cloud
cover. The second cluster presents PRCP which is however linked to the first cluster. Furthermore, the
correlation matrix of gaseous pollutants and climatic variables was analyzed using Pearson correlation
for more insight.

Correlation Matrix of Air Pollutants and Climatic Variables
Correlation Matrix of Air Pollutants

The correlation matrix of air pollutants depicts a strong positive correlation of 0.783, 0.860,
and 0.728 for CO-NO,, CO-HCHO, and NO»,-HCHO at p < 0.01 and a strong positive correlation of
0.600 for CH4-HCHO at p < 0.05. Strong negative correlations of -0.723 and -0.890 were observed for
CO-0O3 and NO,-O; at p < 0.01 and a strong negative correlation of -0.658 for O3-HCHO at p < 0.05.
Weak positive correlations of 0.419 and 0.135 were observed for CO-CH4 and NO,-CH4 and a weak
negative correlation of -0.387 for CH4-Os. This implies that relationships exist among pollutants, which
is consistent with earlier findings (e.g., Mahmud et al., 2023); however, the significance of the correlation
varied based on the concentration of pollutants in the study area. The observed correlation could be
attributed to the emission sources. This suggests that pollutants from the same sources may be correlated
with each other. According to Mahmud et al. (2023), pollutants are mainly emitted from fossil fuel
combustion, industrial production, and motor vehicles.

Notably, O; was negatively correlated with CO (-0.723), NO, (-0.890), CH, (-0.387), and
HCHO (-0.658). Mahmud et al. (2023) reported a negative correlation for O3-NO, and O3-CO. This
indicates that the presence of higher concentrations of other air pollutants may affect O; either directly
or indirectly. The relation observed among the pollutants is consistent with the results of Zhao et al.
(2021).
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Correlation Matrix of Climatic Variables

The correlation matrix of climatic variables shows positive, negative, strong, as well as weak
correlations (Table 1). The correlation coefficient for Tmax — PRCP, Tmax - cloud cover, and PRCP -
cloud cover are -0.741, -0.721, and 0.971 at p < 0.01. For Tmin — PRCP and Tmin - cloud cover are
0.503 and 0.504 at p < 0.05. For Tmax — Tmin, Tmax - wind speed, Tmin - wind speed, wind speed -
PRCP, and wind speed - cloud cover are 0.179, 0.426, 0.155, -0.310, and -0.160 respectively. Among
the climatic parameters considered, it could be observed that wind speed, Tmax, and Tmin tend to
correlate with each other as compared to PRCP and cloud cover (which are strongly correlated).

Correlation Matrix of Air Pollutants and Climatic Variables

From the correlation matrix of air pollutants and climatic variables (Table 1), the correlation
coefficient observed for CO - Tmax, CO - wind speed, and CO - PRCP are 0.800, 0.772, and -0.736 at
p < 0.01, for CO - cloud cover was -0.595 at p < 0.05 and CO - Tmin was -0.041 respectively. Similarly,
the correlation coefficient obtained for NO, — Tmax and NO; - wind speed are 0.606 and 0.632 at p <
0.05, NO; - PRCP and NO.- cloud cover are -0.830 and -0.773 at p < 0.01, and NO, — Tmin was -
0.463. The correlation coefficient for CH4- Tmax was 0.716 at p < 0.01, while CH4— Tmin, CH4 - wind
speed, CH,4 — PRCP, and CHg- cloud cover are 0.165, -0.143, -0.460, and -0.463 respectively.

For O; - Tmax and O; - Tmin are -0.629 and 0.634 at p < 0.05, O3 - PRCP and O; - cloud cover
are 0.952 and 0.911 at p < 0.01, while O3 - wind speed was -0.331. For HCHO - Tmax, HCHO — PRCP,
and HCHO - cloud cover are 0.964, -0.726, and -0.687 respectively at p < 0.01, HCHO - wind speed
was 0.575 at p < 0.05, and HCHO — Tmin was 0.147. This implies that correlations exist between air
pollutants and climatic variables at varying strengths and directions. Using TROPOMI data, Crosman
(2021) reported the influence of meteorological drivers on the variation of CHy4 in the Permian Basin.
The relationship observed between HCHO - Tmax and HCHO - wind speed is consistent with Li et al.
(2025) who noted that HCHO was strongly correlated with temperature and wind speed over North
China. For HCHO — PRCP, we observed a strong but negative correlation in contrast to the weak
correlation reported by Li et al. (2025).

Generally, our observation shows that in the correlation of air pollutants with climatic
parameters, the significance of the correlation may vary based on the emission sources, concentration of
pollutants, and atmospheric condition and stability of the study area. We hereby recommend industrial
emission controls in November—March when pollutant concentrations peak. Also, real-time air quality
alerts during high-temperature/low-wind episodes should be put in place due to their influence on
pollutant dispersion. This will help to reduce exposure to air pollutants and the associated health impacts.
The impacts of exposure to air pollutants observed could be short-term or long-term, resulting in
respiratory challenges and complications in the lungs and heart. Short-term impacts include wheezing,
chest constriction, coughing, nausea, headaches, and others. In contrast, long-term impacts include
asthma, pneumonia, bronchitis, and possibly death (Gul & Das, 2023).

Temporal Trends of Air Pollutants from 2018 to 2023

The variation trend of yearly mean air pollutant concentrations over Nigeria from 2018 to 2023
is presented in Figure 4. A notable observation is that all the pollutants varied from year to year.
Generally, increasing trends were observed for the period under study. The observed increasing trend in
the pollutants is consistent with the global warming trend. This may be due to the fact that most of the
pollutants are greenhouse gases, which are the major contributors to global warming. Another notable
observation is the reduction in pollutant concentrations during the COVID-19 lockdown in 2020, as
mentioned earlier. The decrease was larger for NO, than for the other pollutants (Figure 4). This suggests
that the reductions in pollutants reported earlier during the lockdown varied from one pollutant to
another.
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Table 1. Pearson correlation matrix of air pollutants and climatic variables

Pollutants Wind Cloud
and co NO, CH, O; HCHO  Tmax Tmin PRCP

. speed cover
variables

co 1.000

NO, 0.783"  1.000

CH, 0.419 0.135 1.000

O; -0.723* -0.890™  -0.387 1.000

HCHO 0.860*  0.728"  0.600*  -0.658" 1.000

Trnax 0.800*  0.606* 0.716™  -0.629* 0.964™  1.000

Tmin -0.041  -0.463 0.165 0.634" 0.147 0.179 1.000

fg‘e';‘il 0.772"  0.632* -0.143  -0.331  0.575°  0.426 0.155  1.000

PRCP -0.736* -0.830% -0.460  0.952* -0.726* -0.741* 0.503* -0.310  1.000

Sl -0.595* -0.773* -0.463 0911 -0.687* -0.721* 0504 -0.160 0.971*  1.000

cover

**_Correlation is significant at the 0.01 level (1-tailed)
*_ Correlation is significant at the 0.05 level (1-tailed)
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CONCLUSION

The following conclusions were drawn from this study. Tropospheric air pollutants and climatic
parameters varied seasonally from one month to another. Similar variation patterns were observed
among the pollutants except Os; however, their concentrations differed from one month to another.
Tropospheric Os has a unique variation pattern that differs entirely from those of the other pollutants.
Our observations suggest that PRCP, cloud cover, and Tmin could have more influence on O3 than Tmax
and wind speed. Significant relationships were observed among some pollutants, among some climatic
variables, and between climatic parameters and pollutants, consistent with earlier findings; however, the
significance of the correlation varied based on the pollutants and the variables considered. Therefore,
the influence of climatic parameters on pollutants varies from one study area to another. This may be
attributed to emission sources, concentration of pollutants, and atmospheric condition and stability of
the study area. This study provides a national-scale overview of tropospheric gaseous pollutants in
Nigeria from November 2018 to December 2023. We suggest further studies of each vegetation zone of
Nigeria and possibly each meteorological station in each region for more insight. Further studies on the
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effects of factors such as natural events, extreme climate events, and anthropogenic activities on the
seasonal distribution of tropospheric air pollutants are also recommended.
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