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Abstract

The objective of this work is to analyze the temporal and spatial variability of the monthly mean
aerosol index (Al) obtained from the Total Ozone Mapping Spectrometer (TOMS) and Ozone Mon-
itoring Instrument (OMI) in comparison with the available ground observations in Nigeria during
1984-2013. It also aims at developing a regression model to allow the estimation of the values of
Al in Nigeria based on the data from ground observations. TOMS and OMI data are considered and
treated separately to provide continuity and consistency in the long-term data observations, to-
gether with the meteorological variable such as wind speed, visibility, air temperature and rela-
tive humidity that can be used to characterize the dust activity in Nigeria. The results revealed a
strong seasonal pattern of the monthly distribution and variability of absorbing aerosols along a
north to south gradient. The monthly mean Al showed higher values during the dry months (Har-
mattan) and lower values during the wet months (Summer) in all zones. From December to Feb-
ruary, higher Al values are observed in the southern region, decreasing progressively towards the
north, while during March-October, the opposite pattern is observed. The Al showed clear maxi-
mum values of 2.06, 1.93, and 1.87 (TOMS) and 2.32, 2.27 and 2.24 (OMI) in the month of January
and minimum values in September over the north-central, southern and coastal zones, while show-
ing maximum values of 1.76 (TOMS) and 2.10 (OMI) during March in the Sahel. New empirical al-
gorithms for predicting missing Al data were proposed using TOMS data and multiple linear re-
gression, and the model co-efficient was determined. The generated coefficients were applied to
another dataset for cross-validation. The accuracy of the model was determined using the coeffi-
cient of determination R2? and the root mean square error (RMSE) calculated at the 95% confi-
dence level. The Al values for the missing years were retrieved, plotted and compared with the
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measured monthly Al cycle. It is concluded that the meteorological variables can significantly ex-
plain the Al variability and can be used efficiently to predict the missing Al data.
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1. Introduction

Dust aerosol has become the most abundant aerosol type in the atmospheric column worldwide [1]. It is the most
significant source of atmospheric aerosol in the western Sahel (including Nigeria) [2]. This is due to the location
of Nigeria in Sub-Sharan West Africa [3]. Nigeria is located between the latitudes 4° - 14° and the longitudes 3°-
15°E, and sandwiched between the Gulf of Guinea to the south and Sahel belt of West Africa to the north. Ap-
proximately 12 of the 36 states of Nigeria to the north fall entirely or partially within the Sahel [3]. The Sahel is
close to the Sahara Desert, and they are described as the most important global dust source regions [4]. Aerosols
are transported regularly from these sources across Nigeria towards the Atlantic Ocean. The intensity of dust
transport is a seasonal phenomenon due to the existence of the intertropical convergence zone (ITCZ), which
serves as a moving boundary between the dry north-easterly winds (tropical continental air mass) and the moist
south-westerly winds (tropical maritime air mass). These two air masses usually originate from the high-
pressure belt located north of the Tropic of Cancer and the high-pressure belt located off the coast of Namibia.
The interplay between the two air masses gives rise to two distinct and well-defined seasons in Nigeria, namely,
the dry seasons (dust-laden), also known as Harmattan, and the summer (wet or rainy season). The dry season in
the southern part of Nigeria occurs between November and February, whereas the wet season occurs between
March and October. In the northern zones, the dry season occurs between November and May, while the wet
season takes place between June and September [5]. During the Harmattan season, the entire country experiences
large quantities of dust and smoke from biomass burning that is transported by the prevailing north-east trade winds.
During this period, favorable weather conditions also contribute to more dust emission and distribution in the at-
mosphere. This is in addition to anthropogenic activities that normally arise from high energy demands and increase
the pressure on land for agricultural purposes and infrastructure. Based on these, Anuforom et al. [3] described Ni-
geria as one of the heavily aerosol-laden regions of West Africa, where aerosol studies are of great interest.

The period of dust transport over Nigeria is characterized by lower than normal temperatures in the early
morning and night time, and hotter temperature during the day time. The most observable of dust aerosol effect
across Nigeria is visibility reduction resulting from scattering and absorption of solar radiation by suspended
particles in the atmosphere. During low-visibility events, many flight operations are suspended or delayed,
which leads to a significant economic loss for Nigeria [6]. It has been recognized that dust affects not only the
regional but also the global climate system [3], respiratory tracts, and cloud microphysical properties [1]. Dust
aerosol also affects the cooling and heating rates at different latitudes [7], regional air quality, and human health
[8]. As a result of these numerous effects of dust aerosol, it has become an essential parameter in atmospheric
aerosol studies that requires constant monitoring and evaluation. Therefore, there is considerable interest at the
global, regional and local levels in climate variability and the distribution of aerosol, including dust [1] [9] [10]
[11]. For instance, Pal et al. [11] analyzed long-term Lidar and radiometric data to investigate the monthly time
series of the aerosol distribution at different altitudes as well as within the atmospheric boundary layer using a
wavelet-based spectral analysis. This is aimed at investigating different periodicities present in the long-term
dataset over India. However, the quantification of the dust aerosol effects on the climate, solar radiation, envi-
ronment, and health are associated with large uncertainty due to the variety of aerosol sources, complex interac-
tions with other aerosols, and solar radiation, as well as clouds and varying trend patterns [1] [9].

As part of an effort to monitor the dust activity and minimize these uncertainties in West Africa (Nigeria in-
clusive), different approaches have been used by meteorologists, such as the use of visibility data [1] [2] [12]
[13]. Some authors have also used aerosol observation via the well-calibrated AERONET sun photometer, al-
though data from AERONET stations are limited in spatial coverage, as there is only one station in Nigeria. The
aerosol product from MODIS has also been useful in diagnosing dust outbreaks [1]. However, most satellites
have a short time record of aerosol observations that can be used for dust aerosol monitoring. To resolve these
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problems of spatial density and limitations due to the short time of aerosol observations, the use of Aerosol In-
dex (Al) data from the TOMS and OMI is necessary. The Al provides a qualitative measure of the amount of
UV-absorbing aerosol, which is mainly biomass burning and dust [14]. Although Al does not quantify the actual
dust concentration, many papers in the literature have used it as a proxy for the dust aerosol concentration [4],
which represents the presence of dust in the atmosphere [1]. This includes a surface-based study in tropical At-
lantic, which shows a significant correlation between the mineral dust concentration measured at the surface and
the TOMS Al [15]. The Al is therefore increasingly utilized in soil dust monitoring [3]. TOMS and OMI detect
the presence of both UV-absorbing aerosols such as dust and smoke and non-absorbing aerosols such as sulfate
and sea salt [4]. The positive Al indicates the dominance of UV-absorbing aerosol [16], and the negative values
indicate non-absorbing aerosol [14]. In line with this, some authors have the opinion that dust represents the
clearest absorption signature [17].

Despite the continuous use of Al in studying dust phenomena, the use of the TOMS data for long-term study
is difficult due to the large gap of missing data from April 1993 to August 1996 and early calibration problems
detected in the TOMS Earth-probe signal after July 2000 [18]. These leave gaps in our long-term TOMS Al data
record and can create challenges in aerosol studies associated with dust. These gaps are visible in the previous
study of Balarabe et al. [19]. To overcome this problem, this paper has a dual focus. One goal is to explore the
temporal variations and spatial distribution of the monthly mean Al obtained from TOMS and OMI in relation to
the spatial distribution of ground meteorological data in Nigeria during 1984-2013. The other is to develop Al
monthly regression models that allow the estimation of the missing values of Al observations for Nigeria, with
potential global applications. The models are developed based on four selected types of meteorological data
from ground observations, namely, i) wind speed, ii) visibility, iii) temperature, and iv) relative humidity. The
Al prediction models based on these measurements are necessary so that missing Al values can be estimated as
long as these meteorological parameters are available.

The study of the temporal variations and spatial distribution of the monthly Al in relation to the meteorologi-
cal parameters is significant in Nigeria because although dust aerosol is the dominant aerosol type over Sub-
Saharan West Africa, the extent of its monthly variability in space and time and its relationship with meteoro-
logical parameters has not been exhaustively studied at a regional scale. The study of this phenomenon will in-
crease our understanding of dust activity in Nigeria. Regional studies on the Al distribution have been conducted
at different locations such as India [9], Greece [14], and Pakistan [16]. The authors revealed that the spatial dis-
tribution in Al is related to the Saharan dust events, pollution transport and variations in meteorology. Under-
standing the Al distribution at a local scale is therefore significant. The new proposed models are also signifi-
cant in this study because they enable the development of a long-term Al data base for better monitoring and
understanding of absorbing aerosol trends (spatial and temporal) and variability over an extended period. It can
also be used for various meteorological applications, the aviation industry, and air pollution studies. This study
is the first of its kind that analyzes the temporal and spatial variability of the monthly mean Al from TOMS and
OMI, as well as its relationship with available observations of ground meteorological data in Nigeria. It is also
the first based on available literature to use multiple linear regression for Al prediction, taking into account the
meteorology of the study area. However, a similar approach was used by Fuyi et al. [20] to develop a model for
AOQD retrieval. It is important to note that TOMS and OMI data are used and treated separately to provide con-
tinuity and consistency in the long-term data observation, while meteorological parameters such as wind speed
and visibility are used to characterize the dust activity.

The use of both ground and remote sensing satellite-derived data as a means of aerosol monitoring (including
dust) and air quality studies has been established in numerous studies conducted in different regions of the world
[3]1[9] [14] [16] [17] [20] [21]. Some of these studies indicate that Al is inversely proportional to the visibility,
assuming a uniform distribution of aerosol in an atmospheric column [3] [9] and [19]. However, it has been
noted by Anuforom et al. [3] and Habib et al. [9] that the sensitivity of TOMS increases with the altitude, so the
Al is not always highly correlated with ground observations. Therefore, the use of TOMS Al to complement the
visibility has a number of limitations, as described in detail by Anuforom et al. [3]. However, the authors ob-
tained significant correlations between the TOMS Al and visibility (R = 0.92) on the one hand and TOMS Al
and rainfall (R =—0.72) on the other hand in the Sahel zone of Nigeria. The author concludes that the TOMS Al
and visibility can complement each other in dust monitoring. Kehinde et al. [16] also found significant correla-
tions between the TOMS Al and visibility at eight selected meteorological stations in Nigeria. The results of a
long-term study (1984-2013) of Al values from TOMS and OMI are found to correlate well with the visibility in
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different zones of Nigeria [19]. The relationship between the OMI Al and latitude over Greece was studied by
Kaskoutis et al. [15]. Although only the visibility, precipitation and latitude were considered in the previous li-
terature to model Al, the need to consider other meteorological variables has been noted by Salman et al. [16]
and Fuyi et al. [20].

2. Data and Methodology
2.1. TOMS Aerosol Index Data

The TOMS instrument flew in space as an orbiting satellite from November 1978 to August 2005 on four dif-
ferent platforms: Nimbus 7 polar-orbiting from November 1978 to May 1993, Meteor 3 satellite from August
1991 to December 1994 [22], EP/TOMS from July 2, 1996, and ADEOS/TOMS in August 1996. The second
TOMS instrument (EP/TOMS) operated on the Russian Meteor and was a modified version of the Nimbus 7.
This was a sun-synchronous low-altitude orbit, designed for better detection of absorbing aerosols before
ADEQOS/TOMS was launched into a higher orbit with a spatial resolution similar to that of Nimbus 7/TOMS.

The fact that the intensity of aerosols effect on atmospheric process is more in UV band, Aerosol Index (Al)
is defined as the qualitative indicator of the presences of both absorbing aerosol such as dust and smoke and
non-absorbing aerosol such as sulfate and sea-salt in the UV-range [22]. We downloaded the monthly sun-
synchronous Nimbus 7/TOMS data from 1984-1993 and EP/TOMS from 1996-2000 from the NASA website
ftp://jwocky.qgsfc.nasa.gov/pub/version8/aerosol. EP/TOMS data from 2001-2003 is excluded following [18],
who opined that after July 2000, the use of TOMS Al as an indicator of aerosol-related parameters should be
avoided in trend analysis. Long-term gaps are observed from April 1993-August 1996 in the TOMS Al mea-
surement period. The difference in the spectral ranges at which the two instruments measure the aerosol index,
340 - 380 nm for Nimbus-7 and 331 - 360 nm for the Earth probe, resulted in different sensitivities in Al detec-
tion. It is, therefore, recommended that the Al from Nimbus-7 (1984-1993) be scaled by a factor of 0.75 to ena-
ble comparability [9] and harmonization for trend analysis. Details on the TOMS algorithms for aerosol and
cloud detection can be found in the work of Herman et al. [22] and Torres et al. [23]. In summary, the Aerosol
Index is simply a residual parameter that quantifies the difference between the measured and calculated ra-
diances. The TOMS Al is given as

Al=100 IOQm[( |340/|380)meas _< |340/|380 )Ca|] @

where I 1S the measured backscattered radiance at a given wavelength and I, is the radiance calculated at
that wavelength using an atmospheric model that assumes a pure gaseous atmosphere. This difference between
the measured and calculated radiances is attributed to aerosols, in which non-absorbing aerosols (e.g., sulfate
aerosols and sea salt particles) yield negative Al values.

2.2. OMI-Aerosol Index Data

The Ozone Monitoring Instrument (OMI) is an additional TOMS-like flight instrument that flew on the Fin-
nish-Dutch EOS Aura spacecraft launched in July 2004 as a continuation of the TOMS Al project. A daily Al
was obtained from the NASA OMI website ftp://jwocky.gsfc.nasa.gov/pub/omi/data/aerosol. OMI measures so-
lar back-scatter radiation in the ultraviolet and visible regions of the electromagnetic spectrum (270 - 500 nm) at
a high spectral resolution. From these measurements, it enables OMI to differentiate UV-absorbing aerosols,
such as desert dust and biomass-burning aerosols, from weakly absorbing and non-absorbing aerosols. The ver-
sion 8 algorithm computes the UV-absorbing aerosol index (Al). The computed Al represents the measure of the
difference between the observed spectra at 360 and 331 nm from that of a model pure molecular atmosphere [1].
It is defined as a qualitative measure of the presence of UV-absorbing aerosol, given in Equation (2). OMI de-
tects absorbing aerosols over all terrestrial surfaces, including desert and snow and ice-covered surfaces. Just
like TOMS, OMI Al takes near-zero values for clouds and weakly absorbing aerosols, while desert dust and
biomass-burning aerosols are positive values [23]. From the OMI sensor, Al is available on a daily basis from a
level 2 data product (15 orbits per day; 13 km x 24 km spatial resolution at nadir) in 0.25 x 0.25 global grids.

Al =-100109y5 (R eas /Rrnocer ) - (2)

2.3. Meteorological Data

In the present work, 30 years (1984-2013) of standard surface meteorological observations on an hourly basis of
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visibility, wind speed, temperature, and dew point temperature are utilized. The data were downloaded from the
National Oceanic and Atmospheric Administration-National Climatic Data Centre (NOAA-NCDC) website. The
data are derived from 33 meteorological stations distributed across Nigeria, as indicated in Figure 1. Another 31
meteorological stations from the neighboring countries of Cameroon, Niger, Chad, and Benin were also included
for the spatial analysis to enhance the interpolation results. The relative humidity was derived using the temper-
ature and dew point temperature reported in the data file.

2.4. Methodology

Considering the previous study of Anuforom et al. [3], the region of study was classified into zones as follows: i)
coastal, latitude 4° - 6°N; ii) southern, 6°- 9°N; iii) north-central, 9° - 11°N; and iv) Sahel, 11° - 14°N (Figure 1).
Our analysis is based on the available meteorological stations and the number of years with meteorological,
TOMS and OMI data records. Hourly meteorological observations were averaged into daily and then into
monthly datasets for each year and station from which the subsequent processing was carried out. Monthly
TOMS and daily OMI Al data files were downloaded in grid formats of 1.0° (latitude) x 1.25° (longitude) and
1.0° (latitude) x 1.0° (longitude) spatial resolution, respectively. The data over the region of interest (0° - 20°N
and 0° - 20°E) were extracted from both TOMS and OMI files using a Matlab program. The daily OMI data
were averaged into monthly observations. Data over Nigeria (latitude 4° - 14°N and longitude 3° - 15°E) was
further selected and used for the monthly temporal cycle to investigate the monthly variability of Al. This was
done by averaging the corresponding months of the years under study from each zone. Monthly Al data based
on latitude 0° - 20°N and longitude 0° - 20°E as well as meteorological data were interpolated for each month in
which an Al value for a particular station was obtained. For the purpose of spatial analysis, all the parameters
were plotted on a nest of 1 km x 1 km grid cells and overlaid on a map of Nigeria, which was finally clipped to
the extent of Nigeria using the ArchGIS tool. On the map of Nigeria, every grid cell represents of the monthly
mean of each parameter.
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Figure 1. The map of Nigeria showing the distribution of meteorological stations used in the study.
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2.5. Statistical Model

First, based on the available literatures the following relevant meteorological variables were selected i) wind
speed ii) visibility iii) temperature and iv) relative humidity. Second, Pearson’s correlation analysis was used to
identify the significance of the correlations between the selected meteorological parameters and Al. A forward
multiple regression analysis was performed with Al as the dependent variable and the wind speed, visibility,
temperature, and relative humidity as predictor variables to test the predictive capability of the selected parame-
ters. In this approach, the independent parameters are implemented into the model according to their correlation
with the dependent parameter. The independent parameter that correlates most with the dependent parameter is
selected as the first input. Subsequently, the remaining parameters are added to the model one after the other and
the new change in the R? and RMSE is observed. If by adding a parameter, the increase in R? and decrease in
RMSE is more than 5% [24] the variable is selected as an additional input variable otherwise drop. The best
subsets was generated based on high R? values, minimum standard error, and statistical significance.

Adequacy checking to satisfy the basic assumptions of regression models was done in each zone and for each
month and with complete data from January to December. Four assumptions checks are carried out on the data
set: 1) Multicollinearity 2) Heteroscedasticity 3) Autocorrelation and 4) Normality. After the adequacy checks, it
was discovered that the data satisfied the requirements of a linear regression and it is therefore adopted n this
study.

The number of data points used for both the calibration and validation of the model varies depending on the
available data in each month for each station. In any month, the stations without data records are not included in
the zone. Also in any month, stations in which data from any of the parameter is missing are not included. For
instance, when producing the monthly TOMS Al model, in January (J) at a particular zone with the availability
of data throughout the period, there are J, ,[Jl, JZ,J3,---,JH] , data points arranged sequentially in time and ac-
cording to the station where i is the number of the of year (from first until January of last year J,).The data for
each zone were further divided into two subsets in the form of [JZ,JS, N Jnfl] and [J;, Jpn]. The first subset
of the data was used to calibrate Equation (3)

Al =a, +a,(RH)+a,(VSB) 3)

where a, is the intercept, a; and a, are the model coefficients and RH and VSB are the relative humidity and vi-
sibility. The second subset of data [J;, J,] N was used for validation. The data points of the first and last years
with available data in each station used for validation, as used in the second sub-set, is to ensure that both Nim-
bus-7 and EP-TOMS data are included in the validation.

The coefficient of determination R? for the calibration, the root mean square error (RMSE) for both calibra-
tion and validation and the weighted mean absolute percentage error (WMAPE) between the measured and pre-
dicted Al for each monthly model in each zone were calculated at the 95% confidence level. The parameter
(WMAPE) was calculated from Equation (4) as follows:

WMAPE = X |(Al,, - Al, )| /X (Al, )x100 @)

where the subscript m and p refers to measure and predicted.

The ability of the proposed models to produce reliable Al for temporal, spatial as well as air quality and cli-
mate study can be justified based on the above highlighted parameters. Using Equation 3, the predicted and
measured Als were plotted in each month and zone.

3. Results and Discussion
3.1. Temporal Pattern of Aerosol Al

It is important to note that it is not the aim of this study to provide a detailed comparison between TOMS and
OMI. However, TOMS and OMI data are used and treated separately to provide continuity and consistency in
the long-term data observation. Even though, some of the obvious features of the two satellites are briefly dis-
cussed here. The mean monthly cycles of the values TOMS Al (column 1) and OMI Al (column 2) are pre-
sented in Figure 2(a), while their corresponding standard deviations are shown in Figure 2(b). Some interesting
observations can be clearly derived from the figures. The monthly mean Als from both the TOMS and OMI
sensors for each zone show similar pattern in the annual cycle by exhibiting almost similar fluctuations with the
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Figure 2. (a) Monthly cycle of mean Aerosol Index from TOMS (left) and OMI (right) (b) Monthly cycle of TOMS (left)
and OMI (right) Al standard deviation (c) differences between OMI and TOMS.

month, season and zone of maxima and minima. Furthermore, TOMS provides lower Al values compared with
the OMI high values (Figure 2), possibly due to OMI’s greater spatial resolution and greater sensitivity to Al
detection [14]. These variations are systematic as presented in Figure 2(c). From April to October, the pattern of
the increase is similar across the four zones. Furthermore, the differences in Al between TOMS and OMI are
larger between April to October especially in the North central southern and coastal zones. Finally, the differ-
ences increase from the coastal zone towards the Sahel. However, in December, February and March, the dis-
crepancies are higher in the Sahel and decrease towards the coastal zone. The systematic pattern in the variations
of the values of Al measured by the two satellites can be related to the large variation in the meteorological con-
ditions of the study regions.

The overall standard errors of the measurement were estimated as follows: 0.044, 0.101, 0.138 and 0.159
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(TOMS) and 0.047, 0.085, 0.103 and 0.110 (OMI) for the four zones of Nigeria. It is observed that these uncer-
tainties from both sensors depend on latitude which is larger in TOMS. These results are consistent with the
conclusion of Christopher et al. [24] and the observation in Figure 2(c) which revealed the pattern of the differ-
ences. The standard errors were also estimated for Harmattan and summer which generally revealed higher val-
ues larger for OMI (0.078, 0.100, 0.088 and 0.075) compared to TOMS (0.055, 0.074, 0.076 and 0.080 (TOMS).
However, the uncertainty decreases and are generally larger 0.029, 0.043, 0.040 and 0.019 for TOMS and
smaller for OMI 0.028, 0.036, 0.036 and 0.017 during summer period.

These consistencies allow the conclusion that the monthly mean Al has a distinct annual cycle in each zone,
with the lowest values during the summer season (April-October) and the highest values during the Harmattan
season (Nov-Mar). The increase in Al usually starts between August and September, when the aerosol concen-
tration begins to build up. These aerosols are mainly UV-absorbing aerosols [14], because only positive Al val-
ues are observed over Nigeria. The Al increases from September to January at different rates and generally
reaches its peak in January in the north-central, southern, and coastal zones. This can be related to their close re-
lations in climatic conditions, especially between the southern and coastal zones. However, in the Sahel, the Al
fluctuation presents a unique pattern, increasing from August and reaching its maximum (peak) in March. As the
rainfall in the summer begins in February in the south and April in the extreme north, gradual decreases in Al
values are observed in the respective zones. However, a moderate concentration of UV-absorbing aerosols (Al >
0.5) is observed during April, indicating that there is still evidence of suspended particles in the atmosphere. In
the southern and coastal zones, the Al decreases at a faster rate between February and May and at a slower rate
from May to October. In the north-central, the Al decreases faster between March and May and slower between
May and June than between July and October. However, in the Sahel zone, the Al decreases at a faster rate be-
tween June and August. When the Al increases/decreases at a faster rate, usually the corresponding percent in-
crease or decrease becomes larger, indicating that a large amount of aerosol is added due to frequent dust activi-
ties or removed due to frequent rainfall. The lowest Al is observed around August in the Sahel and north central,
while it is in September in the southern and coastal zones because of the extreme and intense rainfall. These
patterns of monthly cycles (increasing) from August to March in the Sahel and September to January in the oth-
er three zones as well as the decrease during the summer remain consistent over the 30 years of study, indicating
that Nigeria usually experiences an increased concentration of absorbing aerosols during these months.

It is also observed from Figure 2(a) that from December to February, the Al is generally higher in the South-
ern zone compared to the northern zone. On the other hand, the Al is higher in the northern zones compared to
the southern from April to November. These monthly variations of the Al in Nigeria are related to the monthly
variations in the meteorological conditions. The mean monthly OMI Als presented are compared with those ob-
served by Salman et al. [16] over Pakistan and Koskoutis et al. [14] over Greece, and the significant differences
observed can be related to differeces in the climatic conditions and geo-location.

The observed cyclic variability of Al is mainly due to the seasonal cycle of elevated dust and smoke particles
and the reduction in aerosol concentration by wet deposition [3]. An almost similar conclusion was made by
Nwafor et al. [25] using Aeronet data at the llorin station (Southern zone of Nigeria), that the majority of the
aerosol species in llorin originate from continental desert dust and biomass burning. They found that the contri-
butions from industry and traffic emissions are insignificant in the total aerosol loading in the atmosphere over
lorin. The seasonal cycle of dust transport has been noted by Goudie et al. [26]. The authors have showed that
Saharan dust is regularly transported by strong winds from its source along its main path towards West Africa.
This transport takes place from October to April of every year. During this period, the dust is transported at high
altitudes [27] over a long distance towards Atlantic Ocean, which is believed to be the key factor responsible for
the high Al in Nigeria. In addition to seasonal dust transport, local anthropogenic emissions in preparation for
the upcoming rainy season farming and biomass burning during Harmattan [19] also contribute to the high Al
values over the whole country. Due to this strong seasonality of dust aerosols in Nigeria, the yearly cyclic varia-
tions of TOMS and OMI Al are found to be similar to the cycle of AOD for llorin reported in Balarabe et al.
[19]. We observed a significant variation in the OMI Al cycle compared to the OMI Al cycle observed by Sal-
man et al. [16] over Pakistan. The authors documented that the Al increases from January to May, remains al-
most constant until July and then gradually decreases to December over their study area.

A comparison of the mean Als distribution among different zones of Nigeria is provided in the box and
whisker plot (Figure 3). These can enable comparison with the distribution of measured Al and other aerosol
measures such as AOD in other regions of the world. The box denote 25, 50 and 75 percentiles with central bar
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Figure 3. Box-and-whisker plots of Al (a: TOMS, b: OMI) for the period from
1984-2000 and 2004-2013.

at the median value, while the whisker denote the maximum and minimum Al. The statistics are based on the
monthly mean values. The variation in the Al range is statically significant at 95% confidence level. These vari-
ations occur because the highest Al values are observed over the Sahel during the summer period and over the
southern zones during Harmattan.

3.2. Spatial Distribution of Al

The results of the spatial distribution of Al are displayed in Figure 4. The figures show that the pattern of the
monthly distribution of absorbing aerosols and hence atmospheric dust loading over Nigeria is not constant. Ra-
ther, it exhibits a strong seasonality [28] in terms of loading along a north to south gradient. The Al distribution
does not show a longitudinal zonation, as a result of which the longitude variations were maintained to reveal
the stronger latitudinal changes. It is observed that at the beginning of the Harmattan period (November), the
southern and coastal regions experienced an Al comparatively lower (below 1), except for areas around latitude
5.5°N, than the north central and Sahel regions Al (~1). By December, the Al becomes close to 2 at multiple lo-
cations in the south while only slightly above 1 in the Sahel and north central. This is due to the unstable at-
mosphere in the south, which causes the aerosol layers to be uplifted at the upper level of the atmosphere, re-
sulting in a high Al. However, in the northern zone, the stable atmosphere traps the aerosol layers at a lower
height, resulting in a low Al.

From January to February, an extremely high Al (>2) was observed in the southern and coastal zones, except
in the areas of Calabar, Uyo, Lagos, Warri and Onisha. On the other hand, these extreme values (Al above 2)
occurred only at a few locations around Abuja and Yola in the north central and Sahel zones. It is observed that
the Al becomes more intense throughout Nigeria between November and February (Harmattan), ranging from
0.87-2.07,0.78 - 2.25, 0.64 - 2.63, and 0.62 - 2.64 (TOMS) and 0.95 - 2.40, 0.88 - 2.59, 0.88 - 2.90, and 0.83 -
2.92 (OMI) for the four zones. These Al values are indications of high levels of aerosol (dust and smoke) load-
ing across the zones.

By March (also part of the Harmattan months), the aerosol concentration increases from south to north, and
the peak aerosol concentration shifts to the Sahel zone, especially in the northeast, northwest, and the areas of
Abuja, Minna, Bidda, and Ibbi. During these months, the Al over the majority of Nigeria remains close to 2.
From April to July, a relatively high aerosol concentration persists over the entire north, ranging from 0.39 -
2.59 and 0.26 - 2.25 (TOMS) and 0.76 - 2.75 and 0.69 - 2.59 (OMI) in the Sahel and north central, directly af-
fected by the presence of dust closer to the source region, compared to the south, where the Al was generally
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below 1. These higher Al values do not affect the visibility at the ground surface, which remains clear despite
the presence of dust in the atmosphere. One possible explanation is that this is a transition period between moist
air from the equatorial regions and dry Harmattan air from the Sahara [6]. Hence, during this period, the ICTZ
begins to move northwards, so that the moisture-laden southwest trade wind moves into Nigeria and undercuts
the dust-laden northeasterly trade wind. Because dry air is less dense than moist air, the dry dust-air will be dis-
placed to a higher altitude in the atmosphere, confining the dust to the upper layer of the troposphere. These per-
sistent high Al values in the north are an indication that, for most of the year, the dust content in the atmosphere
over these zones remains significantly high/moderate. By August, the Al concentration drops significantly,
probably due to the frequent rainfall that washes out dust particles from the atmosphere. The increase in aerosol
concentration from the south to the north continues until the end of the rainy period in October. In the Sahel, the
Al was below 1 for only July and October, which implies that the Sahel experiences high dust activity (Al above
1) nearly all year round. It was also low in the north central from July-October. The Al is generally low on the
Jos plateau and some portions of the eastern highlands which has been explained in the previous literature in
terms of physiographic and micro-climatic factors [28] [29]. For instance, the Jos plateau and eastern highlands
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have been recognized as portions of the mountainous topography of Nigeria [28], which is characterized by a
very high wind speed.

It is therefore obvious that the aerosol concentrations are higher in the south compared to the north from De-
cember to February, while in the remaining months (March-November), the Al values are higher in the north,
which is characterized by its proximity to the Sahara desert [3]. Regional anthropogenic activities are also re-
sponsible for the Al variability and distribution [2]. Northern Nigeria is predominantly agricultural land, and ci-
ties are usually semi-urban with large populations [30], where cooking involves the use of firewood and crop re-
sidue. During the Harmattan months, the weather is extremely cold, requiring the continuous combustion of
wood, animal dung and other fuels, which contributes to the increased absorption of aerosol [4]. The southern
part of Nigeria is an industrially developed region, where local industries and other manmade emissions also
contribute to the aerosol concentrations.

3.3. Distribution of Wind Speed, Visibility, Air Temperature and Relative Humidity

The variability of the Al in Nigeria can also be related to meteorological conditions. It is established that in all
the seasons (throughout the year), the rainfall frequency and intensity are higher in the southern and coastal
zones compared to in the north central and Sahel zones [31] [32]. A similar pattern was observed for the relative
humidity (Figure 5), and an opposite pattern for the wind speed (Figure 6). However, the visibility and temper-
ature variations depend on the season, being high in the north during the summer and low in the south, with the
opposite case during Harmattan (Figure 7 and Figure 8). These four meteorological parameters have a distinct
annual cycle. For instance, the rainfall [32], high relative humidity (Figure 5), and good visibility (Figure 7)
begin in April and increase along the latitude until they reach their respective peak periods. The peak period for
the relative humidity is from July to September, that of visibility is May/June, and the rainfall peak varies be-
tween June/July (in the southern and coastal regions) and August (in the north central and Sahel) [32]. For tem-
perature (Figure 8), the highest values are observed from March to June, after which it shows an almost con-
stant variation from June to September, except in the Sahel, where it was highest in June. The temperature is still
significantly high in all zones from September to November. Therefore, the seasonal cycles of these parameters
influence those of the Al variability within these months (March-September). For instance, the regions and sea-
sons of frequent and intense rainfall as well as high relative humidity correspond to the regions of low Al values
(Figure 2 and Figure 4) throughout Nigeria, leading to clear atmospheric conditions (good visibility). Signifi-
cant Al values are observed in the north during the summer, which corresponds to the period of high tempera-
ture and wind speed. This is because during the summer period, these parameters play a significant role for at-
mospheric instability in the region, which in addition to the closeness to the source region, results in significant
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Figure 5. Distribution of monthly mean relative humidity (January-December) between 1984 and 2013.
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Figure 7. Distribution of monthly mean visibility (January-December) between 1984 and 2013.

Al concentrations. The highest Al concentration is also found to correspond to a period of high temperature
(December to February) in the southern and coastal zones.

During Harmattan (November-March), the relative humidity is generally low throughout Nigeria, ranging
from 3.7% - 10%, 9.9% - 20%, 29.6% - 48.39%, and 44.39% - 63.85% in the Sahel, north central, southern and
coastal zones. A low relative humidity can lead a large quantity of dust to be emitted and lifted locally by high
wind speed, due to the absence of rain [25], and remain in the atmosphere for a longer period, which causes vi-
sibility to become low with a corresponding high Al. This means that the Al is inversely proportional to the vi-
sibility. For instance, during the Harmattan months (November-March), a high Al is observed throughout Nige-
ria, which corresponds to low visibility (Figure 7), while in the summer period, the low Al corresponds to high
visibility, assuming a uniform distribution of the aerosol in the atmospheric column. The wind speed also en-
hances the emission and long distance transport of dust particles across Nigeria, as a result of which large Al
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values are distributed over the entire region from one month to another. This can also be supported by Kaskoutis
et al. [1], who believes that the aerosol emissions, residence time, and diffusion ability depend mainly on wind
speed. During Harmattan, the high wind speed in the northern zones could be responsible for removing most of
the incoming larger particles from the source region at the fastest rate, reducing the Al concentration. It can also
be favorable for aerosol emissions at the local scale, resulting in a generally high Al in each zone compared to in
the summer. On the contrary, the southern region is characterized by a low wind speed (Figure 6), which may
enhance the aerosol residence time in the atmosphere, eventually leading to a high Al. Therefore, the monthly
variations of the Al in Nigeria can be well justified by taking into account the corresponding monthly variations
and distributions of meteorological conditions.

There are some blobs observed in Figures 5-8 which is more obvious in Figure 6 (wind speed) where me-
teorological values denote very high values. This can be related to the occurrence of few observations in the af-
fected parameter over a long period of time. These when average result to a significantly high values. Even
though the higher values in wind speed is consistence with the available literature (28) revealing the regions of
high wind speed in Nigeria.

3.4. Examination of Predicted Al Values

The comparison of Figures 5-8, as seen above, shows that the Al variability is likely influenced by the meteor-
ology of the study zones, which leads to the consideration of the variables for a multiple linear regression model.
The combined effects of these selected meteorological variables on the monthly Al were accessed with multiple
linear regressions. The procedure upon which the best subsets were generated with one, two, three and four pa-
rameters for all the possible combinations are demonstrated in Table 1. Using the multiple regression analysis
(forward), the correlations between the selected independent parameters and the dependent parameter is revealed
in Table 2. In this study, the independent parameter (RH) was found to be the most essential in producing the
models based on highest R? and lower RMSE and is therefore selected as the first input parameter. Subsequently,
the second most correlated parameter (VSB) was introduced into the models while taking note of the increase in
R? and RMSE. The remaining parameters are implemented into the model step by step. Based on this criterion,
all the other subsets were generated. It is important to know that this criterion is applied in each month, but the
overall data (January-December put together) in each zone is used for the model generation as demonstrated in
(Table 2). The results from Table 2 clearly showed the increase in the R? and decrease in RMSE of more than 5%
occur only when RH and VSB are used as input parameters. However, when the other parameters are introduced
in the model, the R? does not consistently increase by 5% so as the decrease in the RMSE. The criterion was ap-
plied in each month and zone; it was observed that the models consistently produced increase R? and decrease
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Table 1. Criteria used for selecting the new model for Al prediction.

Model
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Al = a, + a;(SPD) + a,(VSB) + a5(TEMP)

Equation

Al = a, + a,(SPD)
Al = a, + a,(VSB)

Al = a, + a;(TEMP)

Al = a, + a;(SPD) + a,(VSB)

Al = a, + a;(RH)

Al = a, + a;(TEMP) + a(RH)

Al = a, + a;(SPD) + a,(TEMP)

Al = a, + a;(SPD) + a,(RH)

Al = a, + a;(VSB) + a(TEMP)

Al = a, + a;(VSB) + a,(RH)

Al = a, + a;(SPD) + a,(VSB) + as(RH)

Al = a, + a;(SPD) + a,(TEMP) + as(RH)

Al = a, + a;(VSB) + a,(TEMP) + as(RH)

Al = a, + a;(SPD) + a,(VSB) + a3(TEMP) + a,(RH)

Table 2. Result of the test of the overall model for generating the best subset.

Sahel N/Central Southern Coastal
Model Parameters involved RMS R? RMS R? RMS R? RMS R?
1 SPD 0.473 0.026 0.546 0.028 0.722 0.001 0.787 0.03
2 VSB 0.452 0.111 0.360 0.577 0.599 0.311 0.695 0.222
3 TEMP 0.455 0.098 0.526 0.099 0.704 0.052 0.729 0.145
4 RH 0.377 0.380 0.359 0.58 0.643 0.207 0.609 0.402
5 SPD + VSB 0.450 0.122 0.360 0.577 0.599 0.315 0.692 0.233
6 TEMP + RH 0.364 0.424 0.350 0.600 0.640 0.216 0.610 0.404
7 SPD + TEMP 0.448 0.13 0.512 0.146 0.704 0.052 0.730 0.145
8 SPD + RH 0.378 0.380 0.358 0.583 0.644 0.209 0.610 0.403
9 VSB + TEMP 0.400 0.305 0.337 0.631 0.555 0.412 0.611 0.402
10 RH +VSB 0.30 0.480 0.299 0.707 0.547 0.427 0.542 0.529
11 SPD + VSB + TEMP 0.397 0.316 0.337 0.631 0.551 0.420 0.611 0.403
12 SPD + VSB + RH 0.378 0.380 0.299 0.708 0.544 0.436 0.543 0.530
13 SPD + TEMP + RH 0.364 0.425 0.348 0.608 0.640 0.218 0.610 0.405
14 VSB + TEMP + RH 0.361 0.436 0.286 0.734 0.543 0.438 0.541 0.533
15 SPD + VSB + TEMP + RH 0.361 0.437 0.287 0.734 0.539 0.448 0.542 0.533

RMSE when the two parameters are used. Therefore, model 10 (Equation 3) is chosen as the best model in each

month and zone throughout this study.

The accuracy of any models (appropriateness and quality of fit) depends on the number of diagnostic checks
based on hypothesis testing. In the present study, the multicollinearity and the basic assumptions of autocorrela-
tion, heteroscedasticity, and normality of the residuals were adequately checked. The presence of multicollinear-
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ity among the residuals usually leads to a great difficulty in separating out the individual effects of the variables
involved. This was checked using the variance inflation factor (VIF). To check for bias due to multicollinearity,
the approach by Marquardt [33] was used. The author believes that multicollinearity exists when the VIF is
above 5 and becomes a problem when it exceeds 10; it was found to be between 1 and 3 in our analysis. The ef-
fect of autocorrelations in a statistical model may be to overestimate R? and underestimate the variance, which
can also lead to a misleading conclusion. These were checked using the Durbin-Watson [34] test; in this regard,
the author has established that values lower than 2 could be considered autocorrelation-free, as found in our
analysis. Although a small departure from the normality assumption does not affect the model greatly, the F sta-
tistics, confidence and prediction interval depend on the normality assumption. Therefore, we found it necessary
to verify this assumption using a probability plot. The presence of heteroscedasticity biases the estimation of the
standard error, which could also make drawing conclusions difficult. Finally, the potential outliers were re-
moved based on Mahalanobis [35] and the Cook’s distance [36]. After removing the outliers, the remaining data
points were divided into two sets for calibration and validation.

We hypothesize that the accuracy of the proposed Al prediction model for different months and zones should
also depend on i) the distribution pattern of the measured Al values and the meteorological variables used as in-
puts, ii) the season, because of the change in the altitude of the dust layer and weather conditions, and iii) the re-
gion/zone. The performance of the model for each month was tested (Figures 9(a)-(d). The figures revealed the
coefficient of determination (R?) for the calibration (Rf), the root mean square error (RMSE) for calibration,
weighted mean average percentage errors and the root mean square error (RMSE) for validation. The sensitivity
of the Al prediction is low when the majority of the measured Al values is low and occurs within a smaller
range of values. A similar situation was previously observed in developing an AOD prediction model during
clear atmospheric conditions [20] [37]. For instance, most of the summer months (when Al is generally low)
(Figure 9(a)) exhibited low R? even though the corresponding root mean square errors (RMSE) are low
(Figure 9(b)). For the Harmattan months (when Al is high with a large range of values), the accuracy (R?) of the
prediction model improves, even though RMSE is large. However, during the transition period between Har-
mattan and summer (April and October), the R? values were significantly higher and the RMSE values were
lower. Prediction models were also found to be more sensitive in the south and coastal areas during Harmattan
due to the higher Al values, while the reverse is the case during the summer months. During the summer, R?is
generally higher in the Sahel and north central.

In general, the higher R? values suggest that the meteorological variables used in the models explain a greater
percentage of the Al variability in Nigerian zones. It also shows that the accuracy of the Al prediction improves
when the aerosol concentration is high, which is in agreement with the above stated hypothesis.

The highest R is observed mostly during the period of November-April in all the zones except in Sahel where
a significantly high R? appears in July when the presence of dust in the atmosphere is still significant (Al > 1.5).
These are months when the wind speed is generally high, the visibility is low and the relative humidity is also
low (Figures 5-8). The R? values range between 0.591 - 0.780, 0.641 - 0.809, 0.506 - 0.80, and 0.51 - 0.835 for
the Sahel, north central, southern and coastal zones, respectively. These show how the meteorological variables
can adequately explain the Al variability.

Given the criteria that a low wMAPE (Figure 9(c)) correspond to with a good prediction, the low value of
WMAPE corresponding to relatively high R® during Harmattan further explain the sensitivity of these models
during Harmattan compared to summer period. It is also observed that during summer wMAPE was lowest in
Sahel compared to other zones which clearly explain that during summer, models are more sensitive to Al pre-
diction in Sahel than the other zones.

3.5. Validation of the Predicted Al

Here, we present the procedure to validate the proposed Al prediction model. To validate the model accuracy,
the set of calibrated coefficients [a; and a,] for each month and zone was used to generate a set of predicted Al
values for the data set (J;, J,) N. These predicted Al values were directly compared with the corresponding
measured Al values for the same data set. A set of RMSE (RMSE,), denoted as the calibrated RMSE for each
month and zone, was obtained (Figure 9(d)). This shows the performance of the predicted Al compared to the
measured Al. It is found that the RMSE for the validated Al is smaller than that for the calibration Al data, giv-
en as RMSE,,. This means that the measured Al is equally correlated to the validation Al as to the calibration Al
(Figure 9(b) and Figure 9(d)). The monthly mean average of the meteorological variables (relative humidity
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and visibility) from April 1993-August 1996 and 2001-2003 in each zone and month were calculated. The set of
coefficients were used to predict a set of Al values for these missing months, which was plotted in Figure 10 for
comparison with Figure 2. It is found that the temporal characteristics of the predicted (missing) Al values are
similar to those of the measured Al in Figure 2(a). This shows that in any month, our models can adequately
be used to retrieve the missing Al values of high relationship with the measure. The differences between the
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Figure 9. Monthly distribution of (a) Coefficient of determination (R?); (b)

Root mean square error of the regression; (c) The weighted mean percentage
error (WMAPE); (d) Root mean square error of the validation.
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Figure 10. Monthly cycle of predicted Aerosol Index from TOMS.

calibrated RMSE and validated RMSE are related to the fact that there were under and over-predicted Al values
owing to the non-uniform distribution of the aerosol in the atmospheric column. This may cause high deviations
in our results, according to [20]

3.6. Comparison with Other Regression Models

We tried to compare the proposed model with other Al prediction models from the literature. The Al values pre-
dicted by our model have already been compared to the measured Al values in the data for subset 2 in section
3.5. Anuforom et al. [3], Kehinde et al. [6] and Balarabe et al. [19] proposed a simple linear regression that re-
lates the Al to the visibility data. It is important to know that the linear regressions by Anuforom et al. [3] and
Kehinde et al. [6] were based on daily observations, including the retrieved missing TOMS Al data of 2001-
2003. It is also observed that the study by Anuforom et al. [3] is limited to the Sahel zone of Nigeria, while Ke-
hinde et al. [6] provide linear regression models for eight individual stations in Nigeria. These actually limit our
effort to make a detailed comparison with the exiting monthly models. However, their proposed simple linear
regression models that relate the Al to the visibility data correspond to the proposed model number 2 in this
work. From the Table 2, comparing the accuracy of this form of simple linear regression model proposed by the
authors to the proposed model 10, it is clear that the proposed MLR model produced high R? and lower RMSE.
Kaskoutis et al. [14] and Salman et al. [16] suggested a similar monthly linear regression model for the Al pre-
diction using precipitation as an input parameter. It important to note that rainfall is not considered part of the
input parameters in this model, largely due to the long dry season in Nigeria, particularly in the Sahel and North
central zones. However, their models yielded very low R? values, much lower than those in our models for each
month and zone.

4. Conclusions

In this study, the Al deduced from the TOMS and OMI over Nigeria from 1984 to 2013 is obtained. This is in
view of analyzing its temporal and spatial variability in comparison with the available ground observations of
wind speed, visibility, temperature and relative humidity in Nigeria. A new empirical (multiple regression)
model that allows an estimation of the values of Al in Nigeria based on these data is developed. The results
show that the monthly mean Al has a distinct annual cycle in each zone, with lowest values during the summer
season (April-October) and the highest values during the Harmattan seasons (Nov-Mar). This shows continuity
in the seasonal pattern of dust aerosol emission, transport, and removal over the 30-year period under study. It
also exhibits a strong north to the south gradient in terms of loading. The months of the maximum correspond to
dry weather responsible for dust emission and transport, while the minima correspond to the wet/rainy period,
when aerosols are removed from the atmosphere.

It was observed that the Al was generally high in the Sahel and north central, which corresponded to high vi-
sibility values, even when the visibility was expected to be low due to the closeness of the region to the dust
source. Furthermore, during December-February, the mean Al was found to be highest in the southern and
coastal zones, with higher visibility compared to the northern zones. These unusual phenomena testify to the fact
that the climatic conditions play a role in determining the variability of the Al. Therefore, meteorological va-
riables were used to develop a model that could be use to efficiently predict the missing Al data from 1993-1996
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and 2001- 2003. This model is the first empirical correlation model to use in-situ meteorological observations to
predict Al. Due to the absence of these types of models in the available literature, a comparison of its accuracy
with that of existing models is difficult. The model was used to calculate the monthly Al for those missing years
and the values were compared with the measured Al. It is found that the temporal characteristics of the predicted
(missing) Al are similar to those of the measured Al. The model validation RMSE shows very high correlation
with the regression RMSE, which implies a strong relationship between the predicted and measured Als. How-
ever, under-estimation is observed in the Al retrieval, which resulted in the differences between the calibrated
RMSE and validated RMSE. These are related to the non-uniform distribution of the aerosols in the atmospheric
column.

The accuracy of the proposed Al prediction model for different months and zones was found to be related to i)
the distribution pattern of the measured Al values, as well as the meteorological variables used as inputs; ii) the
season, because of the change in the altitude of the dust layer and weather conditions; and iii) the region/zone.
The Al is higher during the dry months (Harmattan season) and lower during the wet months (rainy/wet season)
in all zones. It is recommended that an empirical model for Al prediction on the basis of frequent cloud forma-
tion on a daily basis that accounts for all meteorological variations be produced.
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