


SPATIOTEMPORAL VARIABILTY OF AEROSOL OPTICAL DEPTH OVER NIGERIA BASED ON MODIS SATELLITE OBSERVATIONS (2004–2023)


ABSTRACT
Aerosol optical depth is a key parameter and important factor for understanding climatic change and environmental pollution. This study presents long term (2004-2023) investigation of spatial and temporal variation and trends in AOD over Nigeria retrieved from Moderate Resolution Imaging spectroradiometer (MODIS) Aqua [dark target (DT) and deep blue (DB)]. Monthly mean data was utilized. The spatial variability of AOD in the North West (NW) and South West (SW) regions is large then followed by South East (SE) and North Central (NC) and the least is North East (NE) and South South (SS). The mean AOD values ranged from 0.252 to 0.851.Three out of six major political zones had the highest AOD values in winter, while the remaining three had the highest AOD in spring. Such differences might be attributed to different driving forces, the South and some part of the North West had high level of AOD in winter. In addition, the AOD values show that there are obvious regional differences in the study area, with decreasing value from winter to autumn. Among them, the level of mean AOD in South-South reduces from 1.2 in winter to 0.2 in autumn. The spatial distribution of AOD also varies slightly among seasons, which may be related to meteorological factors, elevation and population.
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1.INTRODUCTION
“Aerosols, which have aerodynamic dimensions between 10−3 μm and 100 μm, are tiny solid and liquid particles that are suspended in the atmosphere” (Xin et al., 2014).The environment and climate are significantly influenced by aerosols on both a regional and global level. In addition to directly absorbing and scattering solar radiation, which is a crucial characteristic for preserving the Earth-atmosphere radiation balance (Lacagnina et al., 2017), they can also have an impact on atmospheric visibility (Wang. et al., 2022). Through aerosol–cloud interactions, aerosols can also directly influence the processes that lead to cloud formation (Tsui et al., 209), and they can also indirectly intensify or mitigate climate change related warming (Luo et al., 2021).”For example, the concentration of aerosols influences the scattering and absorption of solar radiation, impacts cloud formation and their optical characteristics, and consequently affects temperature and precipitation patterns” (Zheng et al., 2020). “Additionally, aerosols have significant impacts on human health” (Madadi et al., 2021, Okuda et al., 2014, Isazade et al, 2022). Their distribution varies greatly across different locations and time periods (Al-Salihi et al., 2018). Understanding long-term trends and year-to-year variations in aerosols is essential for assessing climate change and environmental quality. Aerosol optical properties play a key role in influencing atmospheric radiation. Among these properties, Aerosol Optical Depth (AOD) serves as an important indicator of regional aerosol concentration (Zhao et al., 2018), “helping to analyze the effects of aerosols on radiation and, consequently, global climate. Fine particulate aerosols, especially those with diameters under 2.5μm, can carry biological organisms, reproductive materials, and pathogens. They also contribute to the onset and worsening of respiratory, cardiovascular, infectious, and allergic diseases, raising major health concerns, particularly in developing nations. Atmospheric aerosols, originating from both natural and human activities, significantly impact the environment, urban air quality, climate change, and public health” (Gautam et al. 2021; Bisht et al. 2022; Gupta et al. 2022). The rising concentration of suspended particles over cities has notably reduced visibility in most major urban centers across the Indian subcontinent (Singh and Chauhan 2020; Gautam 2020a, b). Gaining a deeper understanding of aerosol characteristics at both regional and global scales is crucial, as they influence climate, health, and ecosystems. High-resolution temporal and spatial data are particularly important in densely populated areas where aerosol effects are more pronounced (Smirnov et al. 2002; Dey and Di Girolamo 2010).Additionally, the accumulation of aerosols near the ground can diminish atmospheric visibility and degrade air quality, significantly disrupting daily life and posing serious health risks (Kloog et al., 2011; Evans et al., 2013; Kumar et al., 2015). “Aerosol pollution exhibits regional variations, making it essential to investigate their physical and chemical properties and monitor their spatiotemporal distribution on a regional scale” (Wang et al., 2015; Banerjee et al., 2017; Chen et al., 2023).
“Aerosol Optical Depth (AOD) is a crucial parameter for understanding atmospheric physics and regional air quality, as it quantifies the aerosol load in the atmosphere” (Bhatia et al., 2018; Filonchyk et al., 2018; Li et al., 2019). “AOD is typically estimated using satellite observations. There are two primary methods for measuring AOD: ground-based observations using sun photometers and remote sensing inversion, which relies on satellite sensor data.
Currently, several ground-based monitoring networks provide AOD data worldwide, including the AERosol Robotic NETwork (AERONET) (Holben et al., 1998), the Sun-Sky Radiometer Observation Network (SONET) (Ma et al., 2016), and the Sky Radiometer Network (SKYNET)” (Pilahome et al., 2022). Various satellite sensors are also used for AOD monitoring, such as the Moderate Resolution Imaging Spectroradiometer (MODIS) (Pilahome et al., 2022), the Visible Infrared Imaging Radiometer (VIIRS) (He et al., 2018), the Advanced Very High Resolution Radiometer (AVHRR) (Xue et al., 2017),. “Among these, MODIS, developed by NASA and mounted on the TERRA and AQUA satellites, is widely used for regional AOD studies due to its accessibility and superior spatial and temporal resolution.Ground-based observation networks, such as the Aerosol Robotic Network (AERONET), offer precise time-series AOD measurements at various locations worldwide” (Estelle et al., 2012; Cesnulyte et al., 2014). “However, due to the limited number of monitoring sites, generating AOD data that comprehensively cover large geographical regions remains a challenge” (Liu et al., 2016; Aklesso et al., 2018).
To address this limitation, satellite-based observations, such as Moderate Resolution Imaging Spectroradiometer (MODIS) AOD products, have proven valuable in ensuring the spatiotemporal continuity of AOD measurements (Liu et al., 2016; Nichol et al., 2016, Salman et. al 2020 and Isazade et al, 2021). MODIS AOD products provide daily operational retrievals over land using the Dark Target (DT) and Deep Blue (DB) algorithms (Ma et al., 2014; He et al., 2018). The DT algorithm is designed to retrieve AOD over dark surfaces, such as water bodies and dense vegetation, while the DB algorithm is capable of retrieving AOD over both dark and bright surfaces, including arid, semiarid, and urban areas (Tao et al., 2015; Fan et al., 2017).
Currently, most studies examine the spatiotemporal distribution of AOD and its influencing factors on a regional scale. However, this approach is limited when interpreting AOD characteristics under different sections. Therefore, this study utilizes the 550 nm AOD data from the MODIS terra to analyze the spatiotemporal variation and driving factors of AOD in six political zones of Nigeria from 2004 to 2023. This study can provide a thorough understanding of the spatiotemporal pattern of AOD at different geographical regions and help decision-makers consider the order of priority in environmental governance.

2 MATERIALS AND METHODS
This part outlines the data sources and methods used in this research. The information is analyzed and processed through statistical techniques, offering a comprehensive overview of the study region, including its geographical setting, climate conditions, and demographic features. The region was chosen due to its diverse climatic conditions and significant urban development.
2.1 Study area
Nigeria is located at the extreme central corner of the Gulf of Guinea on the West Africa coast and the longitude and latitude range is approximately9.08200N, 8.67530E as shown in Fig 1. On the south, it is bordered by Gulf of Guinea, on the west and north, it is bordered by the Republics of Benin and Niger respectively, and on the east it adjoins the Cameroun Republics. Nigeria has a land area of 923,768 km2 in which land comprises 910,768 km2 and water account for 13,000 km2. Its greatest length from North to South is 1046 km, and its maximum breadth from East to West is 1127 km with a total boundary length of 4900 km, of which 853 km coastline.
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Figure 1: Map of the study area
2.2 MODIS Satellite
The Moderate Resolution Imaging Spectrometer (MODIS) is a device located on NASA’s Earth Observing System (EOS) satellites, Terra, which was launched in December 1999, and Aqua, which was launched in May 2002. The Terra and Aqua satellites are capable of detecting a broad range of electromagnetic energy across various spectral wavelengths. MODIS can capture high radiometric-sensitive images (12 bit) across 36 spectral bands ranging from 0.62 to 14.385 μm, with a scanning width of 2330 km. The spatial resolutions offered by the sensor are 250 m, 500 m, and 1 km in several bands, allowing it to scan the entirety of the Earth's surface every 1 to 2 days( Donlon et al., 2019).While Terra has a morning orbit, with an equator crossing time of 10:30 a.m., Aqua’s is in the afternoon, with an equator crossing time of 1:30 p.m. (Chang. et al, 2018). MODIS can evaluate the AOD values over land and ocean using the Dark Target (DT) and Deep Blue (DB) algorithms
2.3 AERONET 
“The AERONET (Aerosol Robotic NETwork) is a global consortium of ground based sun-sky radiometers where data is centrally archived and disseminated by Internet to all users. A sunphotometer is an instrument which measures the intensity of the Sun’s light, when pointed directly at the Sun. Any aerosols and gases (haze) between the Sun and the photometer tend to decrease the Sun's intensity. A hazy sky would read a lower intensity of sunlight and give a lower voltage reading on the photometer. A clear blue sky would result in a greater intensity and a higher voltage reading” (Holben et al., 1998) “The AERONET was originally established by AERONET and PHOTONS and greatly expanded by AEROCAN and other agency, institute, and university partners. The goal of this site is to assess aerosol optical properties and validate satellite retrievals of aerosol optical properties. The network imposes standardization of instruments, calibration, and processing. Data from this collaboration provides globally distributed observations of spectral AODs, inversion products, and perceptible water in geographically diverse aerosol regimes. AER-ONET data is available in 340 nm, 380 nm, 440 nm, 500 nm, 670 nm, 870 nm and 1020 nm. Three levels of data are available from this website: Level 1.0 (unscreened), Level 1.5 (cloud-screened), and Level 2.0 (Cloud -screened and quality-assured) (reference from Aeronet website). Since the AOD is generally less than unity, a good calibration of the radiometer is essential for the successful retrieval of aerosol optical density from space” (Griggs, 1975).
2.3 Statistical Analysis	
The data were analyzed using the following criteria: the arithmetic mean (), standard deviation (σ)


where is the arithmetic mean of the MODIS AOD, and𝑥Iis the AOD value at intiali, with𝑛number of samples.
3. RESULTS AND DISCUSSION
This section addresses the results and related discussions regarding the temporal and spatial variation in Aerosol Optical Depth (AOD) during the study period from 2004 to 2023 across six geopolitical zones
.3.1 Spatial and temporal Variation in AOD
Figure 2 indicates that the MODIS AOD data products exhibit strong accuracy and a significant consistency in trends. A correlation analysis between the deep blue and dark target measurements share a good spatiotemporal consistency. Consequently, it is feasible and reasonable to investigate the spatiotemporal distribution of aerosols in Nigeria over the past two decades using MODIS satellite AOD data products. An analysis of AOD data in Nigeria from 2004 to 2023 shows a moderate level of variability, with an annual average AOD of 0.1580 and a standard deviation of 0.281. The data ranges from a low of 0.040 to a high of 3.321, with August having the lowest average AOD and March having the highest. These findings are summarized in Table 1, which provides details of the monthly AOD statistics. The monthly minimum, maximum, mean, and standard deviation of the AOD data also recorded for deep blue measurement in Nigeria from 2004 to 2023 are summarized in Table 2, showing a mean AOD of 0.486 with a standard deviation of 0.1969, indicating moderate variability. The minimum AOD dropped as low as 0.043, while the maximum reached a concerning 2.584. The month of November for deep blue measurement exhibited the lowest mean AOD (0.3192), whereas March showed the highest (0.826)
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Figure 2: Variation of aerosol optical depth with year, red line shows variation of the mean ‘Deep-Blue’ measurement while the blue line shows that of ‘Dark’ measurement

Table 1.Monthly average of AOD from 2004 to 2023 for Dark target measurement over Nigeria
	Variable
	Observations
	Mean
	Minimum
	Maximum
	Std

	Jan
	972
	0.651236
	0.088
	2.006
	0.28742

	Feb
	1120
	0.883165
	0.157
	2.275
	0.356878

	Mar
	1076
	0.902405
	0.139
	3.321
	0.388226

	Apr
	867
	0.675335
	0.148
	2.385
	0.27219

	May
	621
	0.436905
	0.096
	1.596
	0.150757

	Jun
	706
	0.498899
	0.065
	2.218
	0.190605

	Jul
	559
	0.366259
	0.059
	0.980
	0.148403

	Aug
	435
	0.247268
	0.054
	0.783
	0.122793

	Sep
	451
	0.312685
	0.062
	1.161
	0.114886

	Oct
	556
	0.358264
	0.060
	1.249
	0.142761

	Nov
	606
	0.368231
	0.040
	2.170
	0.164682

	Dec
	857
	0.512007
	0.083
	2.296
	0.282995

	Annual  
	
	0.157722
	
	
	  0.28155


Table 2.Monthy average of AOD from 2004 to 2023 for deep blue measurement over Nigeria
	Variable
	Observations
	Mean
	Minimum
	Maximum
	Std

	Jan
	938
	0.595505
	0.103
	2.006
	0.280770

	Feb
	1004
	0.773209
	0.161
	1.939
	0.291260

	Mar
	1143
	0.826517
	0.144
	2.584
	0.355667

	Apr
	847
	0.595646
	0.157
	1.694
	0.238082

	May
	585
	0.406812
	0.095
	1.026
	0.142966

	Jun
	681
	0.453594
	0.099
	1.182
	0.178974

	Jul
	508
	0.377052
	0.114
	0.972
	0.126576

	Aug
	461
	0.362324
	0.093
	1.050
	0.117304

	Sep
	433
	0.328673
	0.077
	0.898
	0.099722

	Oct
	500
	0.335368
	0.081
	0.980
	0.119186

	Nov
	594
	0.319226
	0.043
	1.010
	0.143738

	Dec
	860
	0.459253
	0.070
	2.292
	0.269075

	  Annual
	
	0.486098
	
	
	0.196943



The mean and standard deviation of AOD for each year in the study area over the last two decades are shown in Figure 3. Overall, the AOD was higher from 2004 to 2010, with an annual mean AOD value greater than 0.5. Furthermore, the annual average AOD was even up to 0.6 during 2015 which was the highest value of AOD reached and the AOD trend started decreasing from 2016–2019. This suggests that the atmospheric turbidity was very low during this period, which may be the result of the fewer industrial activities due to COVID-19(Zhao et al., 2017). In addition, the annual average AOD consistently and steadily increased above 0.4 for the remaining years, and the annual average AOD was above 0.4 in 2020 (MEAN = 0.47) and 2023 (MEAN = 0.50). The average AOD values in the study area showed a W-shaped from 2004 -2023 and there are increasing trends, in AOD between 2015 and 2017 which shows that there rapid industrialization in the area after 2013. However, after 2015, the AOD in the study area showed a significant decreasing trend, which is consistent with the results of Zhao et al.( 2022). The monthly mean AOD differences between the two major sections of the study area show that the trend in the average AOD is nearly the same across months (Figure 6). The mean AOD from January to April is higher in the southern region than in the northern region, and it’s higher in February in the north than in the south. In addition, there is a fluctuation of the mean AOD between June and December for both North and South. The highest mean AOD value is in February (0.92) in the south region, and the lowest mean AOD value is in November (0.28) in the north region.At the same time, we can find that the monthly mean AOD trends have gradually leveled off in recent years, which may be due to the increasing intensity of local pollution control and the control of targeted sub-regional and sub-period pollution.[image: ]
Figure3: Variation of the annual mean of AOD. Red curve indicate the standard deviation of the data
3.2 Seasonal and Interannual Variations in AOD
The analysis of monthly, seasonal, and interannual variations in AOD provided valuable insights into aerosol distribution dynamics in the study area. The AOD data were averaged across four seasons: spring (April–June), summer (July–September), autumn (October–December), and winter (January–March). The seasonal AOD statistics for the entire observation period are summarized in Tables 3 and 4 for dark target and deep blue measurements, respectively. The spatial distribution of AOD varied across the region. The AOD values in the South were significantly higher than in the North. High values of AOD in the southern region were mainly distributed in the south-south region, the values decreased in the order of winter, spring, summer, and autumn as in Figure 5. During spring, the AOD values for dark target and deep blue were nearly identical at 0.095 and 0.096, respectively. Similarly, in autumn, the measurements exhibited comparable values (0.043 and 0.040), suggesting minimal seasonal variation during these periods. In contrast, summer (0.093 for dark target and 0.054 for deep blue) and winter (0.070 and 0.083, respectively) demonstrated moderate seasonal fluctuations in AOD levels. The regional differences in AOD are depicted in Figures 5 and 6, which illustrate six major zones. The spatial variation of AOD is highest in the NW and SW regions.It is expected that the major sources of aerosol particles in the north generally is the Saharan desert while in the south it may be sea salts from Atlantic ocean. Both are sources of non-anthropogenic. The SW region hosts large number of industries and high values of AOD may reflect presence of anthropogenic aerosols. These two (NW and SW) are followed by SE and NC, while the NE and SS regions exhibit the small variation. The mean AOD values range between 0.252 and 1.851. In the NW, SE, and SW regions, AOD levels peak in winter due to the long-range transport of coarse dust particles from the north during the period, which negatively impacts air quality in the SW (Fan et al., 2016).Among the six geopolitical zones, the Southern region experienced the highest AOD values in winter and the lowest in autumn. At the same time, the northern part reached peak AOD values in spring and the lowest in autumn due to varying influencing factors, which include Saharan dust transport in the north, industrial activities, vehicle emissions, bush burning, and oil-related pollution, leading to high AOD values in seasons and regions.
The data also indicate clear regional differences, with AOD values generally decreasing from winter to autumn. Notably, in the South-South region, mean AOD declines from 1.2 in winter to 0.2 in autumn. Seasonal variations in AOD distribution may be influenced by meteorological conditions, elevation, population density, and other environmental factors.
Table 3: The minimum, maximum, mean, and standard deviation of seasonal AOD values for dark target measurement from 2004 to 2023 over Nigeria.
	Season
	Observations
	Mean
	Minimum
	Maximum
	Std

	Autumn
	671
	0.327579
	0.043
	1.01
	0.12369

	Spring
	1340
	0.610039
	0.095
	2.584
	0.312127

	Summer
	760
	0.403124
	0.093
	1.182
	0.152894

	Winter
	1320
	0.611824
	0.070
	2.292
	0.308525




Table 4:The minimum, maximum, mean, and standard deviation of seasonal AOD values for deep blue measurement from 2004 to 2023 over Nigeria
	Season
	Observations
	Mean
	Minimum
	Maximum
	Std

	Autumn
	723
	0.349201
	0.040
	2.17
	0.146385

	Spring
	1402
	0.67414
	0.096
	3.321
	0.345616

	Summer
	833
	0.393759
	0.054
	2.218
	0.191251

	Winter
	1443
	0.684283
	0.083
	2.296
	0.346558
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Figure 4: Variation of mean of aerosol optical depth with seasons
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Figure 5: Monthly mean of the optical depth divided over the two major sections of the study area
[image: ]
Figure 6: Monthly mean of the optical depth divided over the two major sections of the study area

Table 5: Observational statistics of AOD from 2004 to 2023 of dark target measurement over six geopolitical zones of Nigeria.
	Zone
	Observations
	Mean
	Minimum
	Maximum
	Std

	NC
	1044
	0.586756
	0.054
	1.904
	0.294805

	NE
	1166
	0.473147
	0.040
	1.922
	0.256891

	NW
	1265
	0.554297
	0.055
	2.296
	0.298804

	SE
	441
	0.790547
	0.214
	2.517
	0.406498

	SS
	801
	0.816797
	0.065
	3.321
	0.498765

	SW
	944
	0.761942
	0.200
	2.745
	0.400668



Table 6: Observational statistics of AOD from 2004 to 2023 of deep blue measurement over six geopolitical zones of Nigeria
	Zone
	Observations
	Mean
	Minimum
	Maximum
	Std

	NC
	891
	0.471072
	0.064
	1.720
	0.242633

	NE
	1113
	0.448313
	0.043
	1.909
	0.24473

	NW
	1235
	0.538902
	0.049
	2.292
	0.294673

	SE
	455
	0.638553
	0.183
	2.372
	0.353971

	SS
	882
	0.626415
	0.106
	2.584
	0.339395

	SW
	839
	0.554731
	0.081
	2.044
	0.291099



4. CONCLUSION
Based on MODIS AOD data, this paper investigated the spatial and temporal variations in AOD in Nigeria from 2004 to 2023. The main conclusions are as follows:
The results show that the geographical differences of AOD gradually increase with the intensification of industrial production activities and the development of urbanization. Due to the differences in the meteorological environment and geography of the four seasons, the distribution of AOD in the study area is not the same in all four seasons. The seasonal AOD statistics for the entire observation period are summarized in Tables 3 and 4 for dark target and deep blue measurements, respectively. The spatial distribution of AOD varied across the region. The AOD values of the South were significantly higher than in the North. High values of AOD in the southern region were mainly distributed in the south-south, and the AOD values decreased in the order of winter, spring, summer, and autumn in Figure 5. The annual mean AOD values of the six major regions ranged from 0.158 to 0.486 in the increasing order of NE, NW, NC, SW, SE, and SS. During spring, the AOD values for dark target and deep blue were nearly identical at 0.095 and 0.096, respectively. Similarly, in autumn, measurements exhibited comparable values (0.043 and 0.040), suggesting minimal seasonal variation during these periods. In contrast, summer (0.093 for dark target and 0.054 for deep blue) and winter (0.070 and 0.083, respectively) demonstrated moderate seasonal fluctuations in AOD levels.
In terms of temporal variation, with the development of industrialization, the AOD values in the study area show a W-shaped from 2004 -2023 and an upward trend until it peaked in 2015. However, after 2015, the AOD in the study area showed a significant decreasing trend, and the AOD was higher from 2004 to 2010, with an annual mean AOD value greater than 0.5. Furthermore, the annual average AOD was up to 0.6 during 2015, while the highest value of AOD was recorded when the AOD trend started to decrease from 2010 to 2019.
MODIS DT and DB provide extensive coverage of Aerosol Optical Depth (AOD), which is essential for understanding the distribution and concentration of aerosols. MODIS AOD data products exhibit strong accuracy and significant consistency in trends. A correlation analysis between the deep blue and dark target measurements shares a good spatiotemporal consistency in Figure 2.
This study provides data support for atmospheric environmental monitoring, pollution assessment, and traceability by considering th distribution pattern of AOD, and helps local authorities to better utilize the coordination and linkage mechanism of the six political zones in Nigeria to develop holistic management initiatives 
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