Environmental Contaminants Reviews (ECR) 6(2) (2023) 105-115

~

L\ ‘;# N

Environmental Contaminants Reviews (ECR)

DOI: http://doi.org/10.26480/ecr.02.2023.105.115

ZIBELINE (ECR) 4,
PouU B L —yt

@ CrossMark
RESEARCH ARTICLE

ANALYSIS OF AEROSOLS IN WEST AFRICA: MODELLING AND RADIATIVE FORCING

Sharafa S.B.2*, Aliyu R.b, Ibrahim B.B.¢, Akpootu D.0.3, Tijjani B.L.4, Darma T.H.4, Ayedun F.c and Sulu H.T.f

ISSN: 2637-0778 (Online)
CODEN: ECRNAE

a Department of Physics, Usmanu Danfodiyo University Sokoto, Sokoto, Nigeria.

b Physics Department, Kano State University of Science and Technology Wudil, Kano, Nigeria.
¢ Physics/Electronics Unit, Kwara State Polytechnic, llorin, Nigeria.

4 Physics Department, Bayero University Kano, Kano, Nigeria.

e Department of Pure and Applied Science, National Open University of Nigeria.
fPhysics/Electronics Unit, Umaru Ali Shinkafi Polytechnic, Sokoto, Nigeria.

*Corresponding author email: sb69010@gmail.com; sharafa.salihu@udusok.edu.ng

This is an open access article distributed under the Creative Commons Attribution License CC BY 4.0, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

ARTICLE DETAILS ABSTRACT

Article History: We studied the aerosol properties in Cinzana and Ilorin in West Africa using data of aerosols’ properties over
the period 2000-2015 from MODIS (Moderate resolution Imaging Spectroradiometer). There has been
limited report on the comparison between this two West African Stations. The time series modelling,
prediction of aerosol parameters and the estimation of aerosol radiative forcing (ARF) were focused on.
Statistical Package for the Social Sciences (SPSS) software was used for the modelling the monthly averaged
measurements of aerosol optical depth at 550 nm (tss0), Angstrom exponent at 470 - 660 nm (ot470-660), cloud
fraction (Ncioud), fine mode fraction (FMF) and single scattering albedo at 470 nm (w,) data over the two
stations while the ARF values were calculated. The generated time series models are all good fit and the values
are biased, both negatively and positively. The ARF of the two stations’ aerosol data shows value between 0.0
and -750.0 W/m? for Ilorin and -10.0 to -200. 0 W/m?, which results mainly in cooling. Although there is a
difference between ARF values in the two stations, both stations demonstrated clear seasonal variation with
the rainy season having the least negative aerosol forcing. The results suggest that the aerosols are
predominantly mineral dust, but those in Cinzana have more absorbing properties than those in Ilorin.
Overall, the research shows that the modelled parameters can be utilized in lieu of the measured data and
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that the solar radiation received in this region has been attenuated at various degrees.
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1. INTRODUCTION

Atmospheric aerosols are an inevitable issue in Atmospheric Physics and
Chemistry (Kalluri, 2016). They are suspensions, in air, of solid or liquid
particles, which are mostly observed as dust, smoke and haze. Their size
ranges from a few nanometers to tens of micrometers. Although they make
up a small fraction of the atmosphere, they are part of the key climate
forcing agents recognized globally (Zhang and Reid, 2010; Annex III:
Glossary In: Climate Change, 2013). They influence climate directly by
scattering and absorbing solar radiation; thereby changing radiation
budget at the top, bottom and within the atmosphere which in turn affect
the atmospheric heating rate (Charlson, 1992). Absorbing aerosol (fine
mode) particles can also heat the surrounding air, which can lead to
evaporation of cloud droplets. It also has the ability to act as cloud
condensation nuclei (CCN). This cloud effect is usually divided into two
parts: the cloud albedo effect (an increase in aerosol concentrations leads
to an increase in cloud droplets, which increases the albedo) and the cloud
lifetime effect (increase in aerosol concentrations leads to smaller
droplets, which reduces precipitation efficiency and prolong the cloud
lifetime) thereby indirectly affecting terrestrial radiation (Ramanathan et
al,, 2001). Aerosols have also been found to have detrimental effects on
human health, air quality and visibility (Zheng, 2016).

In spite of all the progress made in understanding atmospheric aerosols
and their climatic effects, aerosol radiative forcing (ARF) is still
characterized with lots of uncertainties in the analysis of climate change

(Annex III: Glossary In: Climate Change, 2013; Patel et al,, 2017; Bibi et al,,
2017). This is, in part, because of the deficient knowledge of aerosol’s
spatio-temporal variability and their related properties (Alam et al., 2011;
Kumar, 2014; Kumar, 2015; Boiyo et al,, 2017). A sound knowledge of
aerosols spatio-temporal variability as related to quantity, optical,
microphysical and radiative properties is required to enrich our scientific
understanding of their sources (natural and anthropogenic) and sinks, and
to also give acceptable information to policy makers (Zhang and Reid,
2010). Because of these, different measurement ways have been put in
place to monitor aerosols over different parts of the world (Kinne, 2003;
Holben, 1998; Remer, 2005). Ground-based remote sensing network such
as Aerosol Robotic Network (AERONET) and other Remote Sensing
Network provides continuous datasets at multiple wavelengths to
describe aerosol optical, microphysical and radiative properties (Alam et
al, 2011).

Many studies using such networks have been reported in various parts of
the globe (Zheng, 2016; Patel et al.,, 2017; Bibi et al,, 2017; Alam et al.,
2011; More et al,, 2013; Adesina et al., 2014; Adesina et al,, 2016; Kang et
al,, 2016; Bibi et al,, 2016). Using ground-based AERONET data over Delhi
(India), a group researchers reported change in ARF from 21.2 Wm-2 to
56.6 Wm for clean and polluted environments, respectively (Kumar etal.,
2016). Studies by some researchers at Karachi and Lahore (Pakistan)
reported significant seasonal heterogeneity in ARF attributed to seasonal
cycles of emission sources and meteorological variables (Alam et al.,, 2012;
Bibi et al,, 2017; Bibi et al,, 2016). Studies by reported a wide range of
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aerosol loading over various AERONET sites in West Africa during 2003-
2005 (Ogunjobi et al, 2008). Recently, a group researchers reported
significant heating within the atmosphere due to absorbing aerosols over
selected AERONET sites in South Africa (Adesina etal., 2016; Kumar et al,,
2014). In other related studies, reported invariant values of ARF over
three AERONET sites in Kenya using the Coupled Ocean and Atmosphere
Radiative Transfer (COART) model (Makokha et al., 2015).

It is, therefore, important we obtain accurate and detailed information on
ARF over different regions of the globe, particularly least studied ones
such as West Africa. Despite the reasonable amount of ground-based
AERONET and satellite-based MODIS (Moderate resolution imaging
spectroradiometer) data, West Africa suffers from insufficient
characterization of aerosols and its radiative properties with broad
consequences on its inability to quantify ARF precisely. Previous studies
over the region indicated existence of fine- and coarse-mode aerosols from
various natural and anthropogenic sources resulting in varying
concentrations at different spatio-temporal scales (Tantre, 2003;
Hatzianastassiou et al.,, 2004; Yu, 2006; Ogunjobi and OK, 2007; Raut and
Chazette, 2007; Garcia et al., 2012). However, fundamental knowledge of
key aerosol types (e.g, desert dust, biomass burning, and urban-
industrial) and their modification processes, which are important in
reducing uncertainties in ARF estimates is largely unknown (Annex III:
Glossary In: Climate Change, 2013). Also, investigation of some key aerosol
optical and radiative properties which are crucial in reducing
uncertainties in ARF is nonexistent (Patel et al, 2017; Bibi et al,, 2017;
Tiwari et al.,, 2016).

In view of the immense local and regional importance of aerosols, the
present study seeks to investigate the aerosol optical, microphysical and
radiative properties over Cinzana and llorin, two tropical sites located in
West Africa. The study utilized 15 years (February, 2000 to July, 2015) of
Level 2.0 (high quality cloud-screened and quality assured) data of some
aerosol properties derived from MODIS satellite to examine (i) the time
series modeling and prediction of aerosol optical depth (AOD, 1),
Angstrf)m exponent (AE, a), cloud fraction (Ncoud) and single scattering
albedo (SSA, w,), (ii) their temporal variability and distributions, and (iii)
the shortwave radiation budget.

1.1 Related Literatures

There has been limited model-observation comparison studies. For the
places where this has been done, there has been mismatch biases of either
positive or negative values (Pan, 2019; Dasari, 2020). The results from the
validation of the modeled data with the measured data show good
agreement with low values of error parameters in the sub-Saharan African
region for AOD and AE (Sharafa, 2020). The seasonal aerosol radiative

forcing efficiency (ARFE) in the atmosphere of Dushanbe, Tajikistan was
found high (>100 Wm<?2) and consistent throughout the year.
Consequently, this resulted in similar seasonally coherent high
atmospheric solar heating rate (HR) during all seasons. High ARFE and HR
values are indication that the atmospheric aerosols could exert significant
implications to regional air quality, climate and cryosphere over the
central Asian region and downwind Tianshan and Himalaya-Tibetan
Plateau mountain regions with sensitive ecosystems (Rupakheti et al.,
2020). The aerosols over the Pokhara Valley, a site in the Himalayan
foothills were able to exert regionally coherent radiative forcing and
atmospheric heating, making aerosols as a major driver of climate change
in the region and broader surrounding regions. Also, the analysis on all the
key aerosol parameters and their radiative effects covering a large spatial
domain on a seasonal scale can be used as inputs in global climate models
to assess and predict the anthropogenic effects of aerosol forcing on
climate and climate change over an aerosol hotspot (Ramachandran and
Rupakheti, 2020)

2. MATERIALS AND METHODS
2.1 Data Collection

The West African region is associated with a marked seasonal cycle. From
November to February most of the region is dominated by dry north-
easterly winds from the Sahara. Clouds and precipitation are confined to
the coastal strip, where the sea-breeze circulation brings in moister air.
Large amounts of mineral dust from the Sahel and Sahara are transported
across the region, which in combination with human-induced biomass
burning lead to persistent haze because of the lack of wet removal. From
March onwards the south-westerly winds begin to penetrate deeper into
the continent, bringing with them moister air, more clouds and
precipitation (Sultan and Janicot, 2003). The wind retreats back to the
southern parts of West Africa in September and October. The collocated
data of AERONET and MODIS data used in this work were downloaded
from the website of Multi-sensor Aerosol Products Sampling System
(MAPSS) (http://giovanni.gsfc.nasa.gov/mapss/). This is because it
provides a consistent sampling approach that enables easy and direct
inter-comparison and validation of the different quality assured aerosol
products from the two sensors in a uniform and consistent way (Petrenko
et al, 2012). The long time-series (2000-2015) of MODIS measurements
of aerosol optical depth (tss0), Angsrom exponent (a470-660), cloud fraction
(Ncloud), fine mode fraction (FMF) and single scattering albedo (w.) were
used in this study for TS modeling and forecasting, as well as the aerosol
radiative forcing (AFR) analysis on the climate over West Africa. The study
covers the AERONET stations in Cinzana and Ilorin. The coordinates,
altitude and raining season of the stations are shown in Table 1.

Table 1: Aeronet Stations in The Sub-Saharan Africa and Their Coordinates
S/No Country Aeronet station Longitude Latitude Altitude Raining season
1. Mali Cinzana 5w 13°N 285 m Apr. - Oct.
2. Nigeria Ilorin 4°E 8°N 350 m Apr. - Oct.

® llorin, Mige. ..

= Cinzana, M...

Figure 1: Map of Cinzana and Ilorin (West Africa)
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Figure 1 shows the location of both Cinzana and Ilorin on the African map.
The value of T is a measure of aerosol loading. Unpolluted atmospheric
conditions should have t values between 0.04 and 0.06 (Tan et al,, 2015).
The value of a provides first-hand information on the aerosol size
distribution trend. The a value varies from 1 to 3 for fresh and aged smoke,
and urban aerosol particles, while it is nearly zero for coarse mode
aerosols such as dust and sea salt (Eck, 1999). The Noud value is a measure
of the amount of cloud in the atmosphere. The value of w, can determine
the sign of the aerosol radiative effects. Pure light absorbing carbon
particles typically have a w, value of 0.2 while its value for scattering is
close to unity (Bergstrom, 2007; Moosmuller and Chakrabarty, 2011). The
FMF values can vary from 0 (single coarse mode aerosol) to 1 (single fine
mode aerosol), and provides quantitative information on the nature of the
aerosol size distribution (Kedia et al., 2014).

2.2 Data Analysis

The aerosol optical properties data from MAPSS obtained for the study
period are daily data. The large data density for the period makes it easier
for monthly cycle and distribution trends of the parameters to be
distinguished. The daily data were used to compute the monthly and
seasonal averages over the entire period of study. The dataset were
divided into raining season and dry season data. The TS model statistics
and model parameters of the aerosol optical parameters for each of the
study area were derived using Expert Modeler in the SPSS analysis
software. The data used for the modelling phase was from the year 2000 -
June 2014. The derived models were used to predict a year (July 2014 -
June 2015) data for each of the parameters in each station. To evaluate the
performance of the models, four groups of accuracy measures were
considered: ability to predict (R? and stationary R?), precision (RMSE,
MAPE and MAE), goodness-of-fit (BIC) and significance (p-value). Lower
values of the BIC, MAE, MAPE, RMSE and significance (p-value < 0.05) and

a high value of R and stationary RZare the standard for a good model.

Equation (1) was used for estimating the direct aerosol radiative forcing,
AFr at the top of the atmosphere (Chylek and Wong, 1995; Tijjani and
Akpootu, 2012; Sharafa et al,, 2018).

Taztm(1

AFR cloud)z":{(1 A) ﬁw 2A(1 - w)}

(1)

where S, is the solar constant with a value of 1368 Wm<2, Tam is the
transmittance of the atmosphere above the aerosol layer with a value of
0.79, Ndloud is the cloud fraction, t is the aerosol optical depth, w is the
average single scattering albedo of the aerosol layer, A is the albedo of the
underlying surface which has a value of 0.22 for land retrievals and 3 is the
fraction of radiation scattered by aerosol into the atmosphere which was
calculated from eqn. (2) (Akpootu and Momoh, 2013). The other
parameters were extracted from the retrieved MODIS aerosol data.
Texe (A1) = BA™Text (2)

where 7., is the aerosol optical depth at a reference wavelength 4, g is
the Angstrom turbidity coefficient, and «,,; is the Angstrom exponent.

3. RESULTS AND DISCUSSIONS
3.1 Time Series Analysis and Prediction
3.1.1 TssoAnalysis and Prediction

The TS model statistics of the tsso for each of the AERONET stations are
givenin Tables 6 - 7.

Cinzana

Table 6: Model summary of tsso at Cinzana station (Mali)

Model Simple Seasonal
Stationary R? R? RMSE MAPE MAE Normalized BIC Sig.
0.630 0.514 0.159 30.797 0.113 -3.615 0.000

Exponential smoothing model parameters

No Transformation Estimates Sig.
Alpha (Level) 0.100 0.006
Delta (Season) 8.027E-007 1.000

From the Table 6, the model obtained for tsso values in Cinzana is simple
seasonal exponential smoothing. This shows that the tsso in this station did
not increase significantly over the years and its seasonal effect is constant
for these years. The values of the stationary R? (0.630) and R? (0.514)
show that the model is good, and statistically significant. The low values of
RMSE (0.159), MAPE (30.797), MAE (0.113) and a negative Normalized
BIC (-3.615) shows that the model is good. Also, from the values of the
significance of the model parameters, it can be seen that the level
parameter is statistically significant at 95 % significance level while the
season parameter is not. The season parameter indicates that the aerosol
loading in this station is seasonal in nature.

Figure 2 show plots of tsso values measured and predicted for Cinzana
station. The plots show that the model can estimate the parameters,
notwithstanding the overestimation and underestimation observed in the
predicted values. None of the predicted data was perfect, but there is a

significant departure between the measured and predicted data in April
and June of 2015. Also, a very close value was observed in October and
November of 2014.

From the Table 7, the model obtained for Tsso values in Ilorin is simple
seasonal exponential smoothing. This shows that the Tsso in this station did
not increase significantly over the years and its seasonal effect is constant
for these years. The values of the stationary R2 (0.773) and R? (0.637)
show that the model is good, but statistically insignificant. The low values
of RMSE (0.229), MAPE (27.478), MAE (0.170) and a negative Normalized
BIC (-2.879) shows that the model is good. Also, from the values of the
significance of the model parameters, it can be seen that the level
parameter is statistically significant at 95 % significance level while the
season parameter is not. The season parameter indicates that the aerosol
loading in this station is seasonal in nature.
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Figure 2: The plots of measured and predicted Tsso for Cinzana station using time series analysis
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Table 7: Model summary of Tsso at Ilorin station (Nigeria)
Model Simple Seasonal
Stationary R? R2 RMSE MAPE MAE Normalized BIC Sig.
0.773 0.637 0.229 27.478 0.170 -2.879 0.093
Exponential smoothing model parameters
No Transformation Estimates Sig.
Alpha (Level) 0.100 0.041
Delta (Season) 3.035E-006 1.000
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Figure 3: The plots of measured and predicted tsso for Ilorin station using time series analysis

Figure 3 show plots of tsso values measured and predicted for Ilorin
station. The plots show that the model can estimate the parameters,
notwithstanding the overestimation and underestimation observed in the
predicted values. Five months measured data (July 2014, August 2014,
September 2014, June 2015 and July 2015) were missing; only the
predicted data for October 2014 was perfect.

3.1.2 auro-ss0Analysis and Prediction

The TS model statistics of the 470660 values for each of the AERONET
stations are given in Tables 8 - 9.

From the Table 8, the model obtained for the aa70-660 values at Cinzana is
simple seasonal exponential smoothing. This shows that the a470-660 values
in this station did not increase over the years and its seasonal effect is
constant for these years. The values of the stationary R2 (0.730) and R?
(0.591) show that the model is good, and also statistically significant. The
low values of RMSE (0.231), MAPE (84.744), MAE (0.177) and a negative
Normalized BIC (-2.869) shows that the model is good. Also, from the
values of the significance of the model parameters, it can be seen that the
level parameter is statistically significant at 95 % significance level while
the season parameter is not. The season parameter in this model shows
that the trend is seasonal, even if not significant.

Table 8: Model Summary of a470-660 at Cinzana station (Mali)
Model Simple Seasonal
Stationary R? R? RMSE MAPE MAE Normalized BIC Sig.
0.730 0.591 0.231 84.744 0.177 -2.869 0.018
Exponential smoothing model parameters
No Transformation Estimates Sig.
Alpha (Level) 0.300 0.000
Delta (Season) 1.003E-005 1.000
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Figure 4: The plots of measured and predicted a470-660 for Cinzana station using time series analysis

Figure 4 show plots of at470-660 values measured and predicted for Cinzana
station. The plots show that the model can estimate the parameters,
notwithstanding the overestimation and underestimation observed in the
predicted values. Only the predicted data for April 2015 was perfect.

From the Table 9, the model obtained for the a470-660 values at Ilorin is
simple seasonal exponential smoothing. This shows that the a470-660 in this
station did not increase over the years and its seasonal effect is constant
for these years. The values of the stationary R2 (0.719) and R? (0.502)
show that the model is good, and also statistically significant. The low
values of RMSE (0.308), MAPE (51.045), MAE (0.228) and a negative
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Normalized BIC (-2.287) shows that the model is good. Also, from the
values of the significance of the model parameters, it can be seen that the
level parameter is statistically significant at 95 % significance level while
the season parameter is not. The season parameter in this model shows
that the trend is seasonal, even if not significant.

Figure 5 show plots of au70-660 values measured and predicted for Ilorin
station. The plots show that the model can estimate the parameters,
notwithstanding the overestimation and underestimation observed in the
predicted values. Predicted data for July 2014, September 2014 and June
2015 were perfect.
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Table 9: Model summary of a70-660 at Ilorin station (Nigeria)
Model Simple Seasonal
Stationary R? R2 RMSE MAPE MAE Normalized BIC Sig.
0.719 0.502 0.308 51.045 0.228 -2.287 0.000
Exponential smoothing model parameters
No Transformation Estimates Sig.
Alpha (Level) 0.100 0.003
Delta (Season) 5.332E-006 1.000
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Figure 5: The plots of measured and predicted a470-660 for Ilorin station using time series analysis

3.1.3 NcaouaAnalysis and Prediction

The TS model statistics of the Naoud values for each of the AERONET
stations are given in Tables 10 - 11.

From the Table 10, the model obtained in Cinzana is simple seasonal
exponential smoothing. This shows that the Neoua in this station did not
increase significantly over the years and its seasonal effect is constant for

these years. The values of the stationary R? (0.720) and R? (0.790) show
that the model is good, but statistically insignificant. The low values of
RMSE (0.083), MAPE (21.934), MAE (0.067) and a negative Normalized
BIC (-4.927) shows that the model is good. Also, from the values of the
significance of the model parameters, it can be seen that both parameters
are not statistically significant at 95 % significance level. The season
parameter indicates that the cloud cover in this station is seasonal in
nature.

Table 10: Model Summary of Neoud at Cinzana station (Mali)
Model Simple Seasonal
Stationary R? R? RMSE MAPE MAE Normalized BIC Sig.
0.720 0.790 0.083 21.934 0.067 -4.927 0.451
Exponential smoothing model parameters
No Transformation Estimates Sig.
Alpha (Level) 0.002 0.747
Delta (Season) 8.057E-006 0.999
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Figure 6: The plots of measured and Predicted Neoud for Cinzana station using time series analysis

Figure 6 show plots of Naoud values measured and predicted for Cinzana
station. The plots show that the model can estimate the parameters,
notwithstanding the overestimation and underestimation observed in the
predicted values. Three of the predicted data were perfect, and they are
august and October 2014, and May 2015.

From the Table 11, the model obtained in Ilorin is simple seasonal
exponential smoothing. This shows that the Neoua in this station did not
increase significantly over the years and its seasonal effect is constant for

these years. The values of the stationary R? (0.750) and R? (0.885) show
that the model is good, and statistically significant. The low values of RMSE
(0.093), MAPE (39.164), MAE (0.065) and a negative Normalized BIC (-
4.655) shows that the model is good. Also, from the values of the
significance of the model parameters, it can be seen that both parameters
are not statistically significant at 95 % significance level. The season
parameter indicates that the cloud cover in this station is seasonal in
nature.
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Figure 7: The plots of measured and Predicted Neoud for Ilorin station using time series analysis

Figure 7 show plots of Ncoud values measured and predicted for Ilorin
station. The plots show that the model can estimate the parameters,
notwithstanding the overestimation and underestimation observed in the
predicted values. Only the predicted data for July and September 2014
were perfect.

3.1.4 woanalysis and prediction

The TS model statistics of the w, values for each of the AERONET stations
are given in Tables 12 - 13.

From the Table 12, the model obtained in Cinzana for w, values is simple
seasonal exponential smoothing. This shows that the w, in this station did
not increase significantly over the years and its seasonal effect is constant

for these years. The values of the stationary R? (0.486) and R? (0.749)
show that the model is good, and statistically significant. The low values of
RMSE (0.009), MAPE (0.679), MAE (0.006) and a negative Normalized BIC
(-9.347) shows that the model is good. Also, from the values of the
significance of the model parameters, it can be seen that the level
parameter is statistically significant at 95 % significance level while the
season parameter is not. The season parameter indicates that the w, in this
station is seasonal in nature.

Figure 8 show plots of w, values, measured and predicted for Cinzana
station. The plots show that the model can estimate the parameters,
notwithstanding the overestimation and underestimation observed in the
predicted values. Only the predicted data for May and June 2015 were
perfect.

Table 12: Model summary of wo at Cinzana station (Mali)
Model Simple Seasonal
Stationary R? R? RMSE MAPE MAE Normalized BIC Sig.
0.486 0.749 0.009 0.679 0.006 -9.347 0.003
Exponential smoothing model parameters
No Transformation Estimates Sig.
Alpha (Level) 0.300 0.000
Delta (Season) 2.556E-006 1.000
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Figure 8: The plots of measured and predicted w, for Cinzana station using time series analysis
Table 13: Model summary of w. at Ilorin station (Nigeria)
Model ARIMA (0,0,0)(0,1,1)
Stationary R? R? RMSE MAPE MAE Normalized BIC Sig.
0.323 0.623 0.005 0.301 0.003 -10.652 0.034
Exponential smoothing model parameters
No Transformation Estimates Sig.
Constant 0.000 0.033
Seasonal Difference 1
MA Seasonal Lag 1 0.650 0.000

From the Table 13, the model obtained in Ilorin for w, values is
ARIMA(0,0,0)(0,1,1). This model is appropriate for series with order 1
seasonal differencing and order 1 moving average and no constant. This
shows that the w, in this station has a seasonal effect for these years. The
values of the stationary R? (0.323) and R? (0.623) show that the model is

good, and statistically significant. The low values of RMSE (0.005), MAPE
(0.301), MAE (0.003) and a negative Normalized BIC (-10.652) shows that
the model is good. Also, from the values of the significance of the model
parameters, it can be seen that the constant and seasonal MA parameters
are statistically significant at 95 % significance level. This also shows the
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presence of seasonal features in the station.

Figure 9 show plots of w, values measured and predicted for Ilorin station.
The plots show that the model can estimate the parameters,

notwithstanding the overestimation and underestimation observed in the
predicted values. Notwithstanding that five measured data that were
missing, the model was able to predict three months perfectly i.e., October
2014, November 2014 and March 2015.
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Figure 9: The plots of measured and predicted w, for Ilorin station using time series analysis

3.1.5 FMF Analysis and Prediction

The TS model statistics of the FMF values for each of the AERONET stations
are given in Tables 14 - 15.

From the Table 14, the model obtained in Cinzana for FMF values is simple
seasonal exponential smoothing. This shows that the FMF in this station
did not increase significantly over the years and its seasonal effect is
constant for these years. The values of the stationary R2 (0.741) and R?
(0.115) show that the model is good, and statistically significant. The low
values of RMSE (0.067), MAPE (78.768), MAE (0.043) and a negative

Normalized BIC (-5.339) shows that the model is good. Also, from the
values of the significance of the model parameters, it can be seen that the
level parameter is statistically significant at 95 % significance level while
the season parameter is not. The season parameter indicates that the FMF
in this station is seasonal in nature. There are equally some missing data
in the series.

Figure 10 show plots of FMF values measured and predicted for Cinzana
station. The plots show that the model cannot estimate the parameters
correctly. Measured data for five months (January to May 2015) were
missing and none of the predicted data was perfect.

Table 14: Model Summary of FMF at Cinzana Station (Mali)
Model Simple Seasonal
Stationary R? R? RMSE MAPE MAE Normalized BIC Sig.
0.741 0.115 0.067 78.768 0.043 -5.339 0.004
Exponential smoothing model parameters
No Transformation Estimates Sig.
Alpha (Level) 0.100 0.011
Delta (Season) 1.727E-006 1.000
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Figure 10: The plots of measured and predicted FMF for Cinzana station using time series analysis
Table 15: Model Summary of FMF at Ilorin Station (Nigeria)
Model | Simple Seasonal
Stationary R? R? RMSE |  MAPE | MAE Normalized BIC Sig,
0.718 0.350 0.210 | 60.651 | 0.162 -3.052 0.482
Exponential smoothing model parameters
No Transformation Estimates Sig.
Alpha (Level) 0.100 0.009
Delta (Season) 0.000 0.998

From the Table 15, the model obtained in Ilorin for FMF values is simple
seasonal exponential smoothing. This shows that the FMF in this station
did not increase significantly over the years and its seasonal effect is
constant for these years. The values of the stationary R2 (0.718) and R?

(0.350) show that the model is good, but not statistically significant. The
low values of RMSE (0.210), MAPE (60.651), MAE (0.162) and a negative
Normalized BIC (-3.052) shows that the model is good. Also, from the
values of the significance of the model parameters, it can be seen that the
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level parameter is statistically significant at 95 % significance level while
the season parameter is not. The season parameter indicates that the FMF

in this station is seasonal in nature. There are equally some missing data
in the series.
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Figure 11: The Plots of Measured and Predicted FMF for llorin Station Using Time Series Analysis

Figure 11 show plots of FMF values measured and predicted for Ilorin
station. The plots show that the model cannot estimate the parameters
correctly. Five of the measured data were missing, and none of the
predicted data was perfect.

3.2 Spatio-Temporal Distribution of the MODIS Aerosol Optical
Depth

Figure 12 shows the seasonal cycle of the MODIS aerosol loading (tsso)
averaged between 2000 and 2015 for the two AERONET stations at a
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wavelength of 550 nm. The concentration of aerosols is strongest between
January and April with the peaks of each station spread across the months.
The 7Tsso is highest during February in Ilorin (1.20) and during March in
Cinzana (0.67). It can be observed from the figure that the aerosol loading
trend of the stations agrees with the two seasons (dry and raining). The
onset of raining season in the stations is April, and the loading starts
decreasing from this month up to September. This is due to the washing
out of aerosols by rain. An increase in the loading is then observed from
October to March, which signifies the dusty season with a peak between
February and March.
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Figure 12: Histogram of the seasonal cycle of the Tsso over the two AERONET stations averaged between 2000 and 2015.

Table 16: The Aerosol Optical Depth (Tss0) Averaged Between 2000 And 2015 During the Wet Season, Dry Season and Overall For The Considered

AERONET Stations.
Stations average per station Raining season Dry
season
Cinzana 0.431 0.433 0.429
Ilorin 0.643 0.478 0.872

Table 16 summarizes the seasonal mean of tsso for the considered
AERONET stations during dry and raining seasons, averaged between
2000 and 2015. During the raining season, the station in Cinzana has a
record of higher average seasonal aerosol loading values than during the
dry season. This may have happened as a result of two scenarios: 1)
because of delayed/short raining season, or 2) increase in usage of fossil
fuel and biomass burning, or both. On the other hand, Ilorin station has a
record of higher seasonal loading values during the dry season. This is as
expected, because during dry season there is always a build-up of aerosols
in the atmosphere. Whereas, there will be washout of aerosols during the
rainy season. Ordinarily, dry season is supposed to be a season with the
least humidity but the duration of raining season varies across the sub-
Saharan African region. This is the reason why some stations has less
loading during dry season.
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3.3 Types of Particles

Figure 13 show the monthly mean MODIS a470-660 averaged between 2000
and 2015 for the two stations. The period between January and June in the
West African divide is characterized by the presence of coarse (small
values of a470-660) particles that are the signature of mineral dust aerosols.
When considering llorin station, it can be observed that the station is
under fine particle influence during the months of July through October,
while Cinzana station seems to be under dust influence throughout the
year. Similar observation was reported by Tanré et al. (2003). It can be
observed from the figure that the aerosol size distribution trend of the two
West African stations is different for the two seasons. As expected, the
onset of raining season brings about an increase in the fine mode
(anthropogenic) aerosols in this part of Africa while the dry season brings
about an increase in the coarse mode aerosols.
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Figure 13: Seasonal cycle of a470-660 averaged between 2000 and 2015 for the two AERONET stations.
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Figure 14: Seasonal cycle of the w, 470 averaged between 2000 and 2015 for the two AERONET stations.

Figure 14 shows the monthly mean MODIS single scattering albedo (wo)
averaged between 2000 and 2015 for the two stations. The period
between January and June in West Africa is characterized by the presence
of scattering (strong values of wo,) particles that are the signature of
mineral dust aerosols. There are some episodes of fine mode aerosols in
Cinzana (November to July) and Ilorin (March to April) with slightly less
wo values. These particles correspond to a mixture of dust, urban and
industrial pollution and biomass burning.

3.4 Shortwave Radiation Budget

Figure 15 present the top of the atmosphere ARF in the two stations, as
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estimated from eqn. (1). A general cooling trend is observed and it is due
to the reflecting properties of dust particles during dry season while it is
as a result of cloud during the wet season; this is called the direct aerosol
effect. The maximum cooling estimated for Ilorin during February is
consistent with the maximum dust loading diagnosed during the month.
The highest negative forcing in Cinzana was noted in March and this is also
consistent with the observed highest aerosol loading in the station.
Similarly, reduction of the cooling is noted due to the decrease of dust
loading (increase in o) over the two stations between the months of July
and November. Warming incidents were noticed in Ilorin in the months of
July to September. Maximum cooling is observed during dry season while
the cooling is reduced during raining season.
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Figure 15: Histogram of the radiative forcing at the top of the atmosphere averaged between 2000 and 2015.
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Table 17: Radiative forcing at the top of the atmosphere for the AERONET Stations Averaged Between 2000 And 2015 During Dry Season, Wet Season
Seasons and Overall Data.

Stations average per station (W/m?) Wet season (W/m?) Dry season (W/m?)
Cinzana -86.810 -74.265 -104.569
Ilorin -262.606 -66.444 -471.507

Table 17 summarizes the mean radiative forcing estimated for the two
stations, dry season and wet season. The negative forcing (cooling) is
higher during the dry season for Ilorin stations; while the cooling is
stronger during wet season in Cinzana station. Comparing tables 16 and
17 shows that there is a direct relationship between ARF and tsso in the
two stations. Also, comparing figure 10 with table 17 shows an inverse
relationship between ARF and as7-660 over the study period. The two
observations shows that (1) the higher the tsso (aerosol loading), the
higher the cooling effect on the atmosphere, and (2) the higher the a470-660
(fine mode particles), the lower the cooling effect on the atmosphere. The
results also indicated that anthropogenic aerosols are mostly responsible
for the reduction in the negative ARF in the study area.

4. CONCLUSIONS

Studies of modelling and AFR analysis of aerosols’ parameters in West
Africa are very rare. Here, we took advantage of AERONET stations ideally
located in two countries in the region to explain the underlying modes and
effects of the parameters on this region. This study is an attempt to link
the seasonal dynamics of the atmosphere and the aerosol parameters in
this region, and it also provides explanation for the aerosol deposition
patterns. We have studied the seasonal variability of the distribution of
desert aerosols in western Africa from their optical and physical
properties. MODIS observations allowed us to show the predominant
presence of Saharan dust in the atmosphere almost throughout the year.
TS model equations were derived from the Expert modeler for each
parameter from the two AERONET stations. All the eight models generated
are exponential smoothing models, except for only w, in llorin station that
has an ARIMA model.

The predicted data fairly represent the measured data in all cases
considered. That is, the model was able to successfully reproduce the
temporal trends of the aerosol parameters over the stations. This means
that the forecasted parameters is good, and can be used for further studies
in the stations. Examination of the variability of aerosol loading at each
station shows that the two stations had large Tsso values, on average, and
are dominated by desert dust. The monthly averaged Tt maxima were
recorded during the dry season. These indicate the prevalence of dust
aerosols during the period. MODIS data also show that higher tsso values
associated with a lower 470660 and higher values of w, were recorded
from March to September showing the presence of a high concentration of
coarse particles (mineral dust, sea salt). The raining season is
characterized by the presence of mixtures (dust and biomass burning
aerosols) of aerosol types and mostly larger values of a470-660.

The seasonal cycle of the aerosol size parameter in the region shows that
most particles have large sizes i.e., mineral dust. Variation of w, showed
that the atmosphere in the region was more of a reflecting one than
absorbing, though some relatively absorbing episodes occur
intermittently. Aerosol radiative forcing (ARF) at the top of the
atmosphere calculated from eqn. (12) showed a general cooling trend over
the two stations. The negative shortwave ARF (cooling) is stronger during
the dust (dry) season. During this period, the mean value of the negative
AREF is higher in Ilorin during dry season while it is higher in Cinzana
during raining season. A decrease in the cooling trend tends to coincide
with a decrease in dust concentration and an increase in fossil fuel usage
and biomass burning. This means that for the stations considered, there is
a natural shield against climate warming. Also, care must be taken in
ensuring that absorbing aerosols’ influences do not increase in the
stations. Future field campaign experiments should provide further
insight into the processes that led to the results of the AFR analysis. A
tailored approach to the analysis of aerosols' diurnal cycle is needed to
make the role of local circulation of aerosols in this region more apparent.
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