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Abstract: A study of the long-term variability; trend and characteristics of visibility in four
zones of Nigeria was carried out. Visibility and other meteorological data from
NOAA-NCDC and aerosol index data over Nigeria during 1984-2013 are analyzed using
time series and simple regression model. There are significant decreasing trends for every
region and season during the 30-years period; the fluctuations exhibited nearly similar
pattern. The 30-year mean visibilities for the four zones (Sahel; North Central; Southern;
and Coastal) were 13.8 £3.9; 14.3 £4.2; 13.6 = 3.5 and 12.8 £ 3.1 km with decreasing trends
at the rates of 0.08; 0.06; 0.02 and 0.02 km/year. In all the zones; visibilities were better in
summer while worse in Harmattan (dry season). During summer visibility was best in Sahel
and North-central; however; in Harmattan visibility was best in southern and coastal zones.
It was best between May and June (17.6; 18.9; 16.6 and 15.1 km) with a second peak in
September. The 30-year seasonal averages were 16.2 = 2.1; 16.8 £ 2.4; 154 £ 1.8 and
14.0 £ 2.2 km in summer; and 10.2 £2.5; 109 +2.9; 11.0 £ 3.3 and 11.4 + 3.0 km in Harmattan
for the respective zones. Sahel and North Central had the worse visibility reduction during
Harmattan compared with Southern and coastal areas. An analysis based on simple
regression equation reveals a strong and negative relationship between visibility on one
hand; AI; and AOD on the other hand. The analysis also discusses the variability regarding
the frequency of occurrence of a dust storm; dust haze; and good visibility over the period
of study.
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1. Introduction

Visibility becomes one of the most current discussions in climatology and air quality studies; it is the
most direct way to access the level of air pollution in any region of the world. Depending on the area of
interest and application, visibility in meteorology is defined as maximum distance at which a dark object
can be discerned against a light sky [1,2] on the other hand, it is defined in aviation as the greatest
horizontal distance at which a large object can be seen and recognized against a bright sky [3]. It is
different from vertical visibility determined based on measuring aerosol optical depth from satellite
images [4]. Low visibility is primarily related to significant scattering and absorption of solar radiation
by suspended particles in the atmosphere [5] these particles are emitted by both natural and
anthropogenic sources such as dust storm, biomass burning, digging of soil through farming and
irrigation, forest fire, vegetation, secondary inorganic salts, and sea spray. The aerosols produce may
include dust, smoke, organic matter, gas pollutant and airborne particles at different quantity in the
atmosphere. Visibility can also be influenced by Geographical and meteorological conditions of an area.

According to other studies, dust aerosol is recognized as the principle pollutant in Nigeria that causes
low visibility. This is due to the position of Nigeria in sub-Saharan West-Africa where dust aerosols are
being transported regularly from Sahara desert. Dust aerosols are also emitted and circulated locally due
to favorable weather conditions, especially in the northern part of Nigeria. Even though, significant
economic and population growth are obvious in Nigeria [6]. It was established using aeronet data at
Ilorin station (Southern zone of Nigeria) [7] that majority of the aerosol species in Ilorinoriginated from
continental, desert dust and biomass burning. The authors added that contributions from industry and
traffic emissions are insignificant. The emission and transportation of these particles are increasing
annually and seasonally with increasing number of hazy days. Low visibility has been reported in the
previous literature [8—10] to have adverse effects on traffic safety, economy, human health and many
more in Nigeria [8,10]. For instance, in Kano state Nigeria, about 183 people died in air crash [10] due
to low visibility in 1973. Nigerian Airways had to suspend flight in 1983 as a result of frequent dust
activities [8] which resulted in loss of about 15 million US Dollars revenue. Zheng et al. [9] have reported
that in Beijing China, the presence of high pollutant concentrations (PMz:s) is generally associated with
outbreak of different diseases that resulted to high rate of mortality. This report was based on the study
by the authors using aecronet AOD as a proxy to estimate long-term PM2.5 and subsequently pre-mature
mortality rate. In Sokoto state Nigeria, high admission of the hypertension-related problem was found
during low solar radiation and temperature associated with the occurrence of high dust concentration [11].
Therefore, visibility degradation becomes one of the major environmental challenges in Nigeria that
requires constant monitoring and evaluation.

The degree of visibility degradation in Nigeria is a function of season and region mainly due to
different concentration of the aerosol at a different season and location owing to variations of climate.
The climate of Nigeria is usually characterized by two distinct seasons (summer and Harmattan) [8].
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During the wet season; good visibility is due to the influence of moisture-laden south-easterly wind
blows from Atlantic Ocean and came with the rain accompanied by high relative humidity; Temperature
and dew point temperature. High relative humidity can cause increase in aerosol hygroscopic growth to
enhance its scattering ability [12] and hence affect visibility. In one of such observation [13] found a
nonlinear increase in scattering across section of an ammonium sulfate particle by a factor of five or
more relative to that of dry particles when relative humidity is 90%. The summer/rainy season usually
last for a longer period in the southern part of Nigeria with short dry season from November to March [8,14].
In contrast; during the dry season (Harmattan) relative humidity; Temperature and dew point are generally
low, in Nigeria. Poor visibility is due to the influence of dust-laden north-easterly wind blew from Sahara
and transported a large quantity of dust as well as anthropogenic emission at local scale. The Northern
region is commonly characterized by longer dry (Harmattan) period (6—9 months) from October to about
May of the following year and short rainy season.

Previous studies [5,15-18] have revealed an increasing interest in visibility study globally.
Adimula et al. [2] reported the monthly cycle of visiblity at Ilorin Nigeria. In Usman et al. [3], the authors
uses meteorological data of Sokoto state, Nigeria for the estimation of visibility. Coordinated research
focusing on visibility characteristics, trend and variability on a nationwide scale is lacking. As such this
paper seeks to fill in this gap using the recent 30 years data obtained from National Oceanic and
Atmospheric administration-National climate data center (NOAA-NCDC), Total Ozone Mapping
Spectrometer (TOMS) and Ozone Monitoring Instrument (OMI) satellite, as well as Aeronet AOT. The
primary objective of this study is to (1) examine the characteristics, trend, and variation of visibility due
to dust and smoke aerosols taking in to account meteorology of Nigeria both annually and seasonally,
(2) examine the monthly cycle of visibility in response to climate, dust and smoke aerosols in each zone
of Nigeria, (3) Confirm the relationship between visibility and Al (especially OMI Al which has not
been mention in any of the available literature). The information obtained in this study will enable us to
gain an inside as well as scientific understanding of changing pattern and extent of visibility degradations
in Nigeria which is vital in our aviation industries.It can also be use in the evaluations of the effectiveness
of the control strategies unready in place as well as in model development. Even though dust and biomass
burning aerosol concentration data are not available, however, aerosol index (Al) is used globally as the
primary determinant of smoke and dust aerosol concentration [19]. It is important to note that relationships
between visibility and TOMS Al in the sahel zone of Nigeria has unready been esterblished [13]. Even
though, the authors were able to discuss intensively some of the limitations of Aerosol index (Al) to
complement visibility at the ground level. However, they obtained a significant correlation (R = 0.92)
between TOMS Al and visibility as well as TOMS Al and rainfall (R = 0.72) in sahel zone of Nigeria.
Similarly, Kehinde ef al. [8] have used the same TOMS data in 8 selected stations in Nigeria and they
obtained a significant correlations between TOMS Al and visibility. Therefore, long-term TOMS and
OMI trend could reflect the variation of dust and biomass burning aerosol pollutions to some extent as
such used in this analysis to characterize visibility trend and variability. Furthermore, this research is
limited to the visibility trend, variability and characteristic in Nigeria. For this reason, quantification of
the impact of dust event on visibility is left open for further research in which MODIS aerosol product
with 10 km x 10 km spatial resolutions may be a better choice for this investigation.
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2. Data and Methodology
2.1. Description of Meteorological and Aerosol Data Sites and Sources

For the purpose of temporal analysis of monthly, interannual, seasonal, and decadal variability of
visibility over Nigerian zones. We have divided the country into four climatic zones in accordance with
Anuforom [20] as shown in Figure 1. These are Sahel (Latitude 11-14°N); North Central (Latitude 9—11°N);
Southern (Latitude 6—8°N) and Coastal Zone (Latitude 4-6°N).
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Figure 1.The distribution of meteorological stations over the study location.

The hourly visibilities along with 18 other meteorological observations are obtained from the National
Oceanic and Atmospheric Administration-National Climatic Data Center (NOAA-NCDC) database for
30 years (1984-2013). In accordance with [21], about 8000 stations are maintained worldwide by
NOAA-NCDC. In Nigeria, 33 out of about 54 operational stations are found to keep at least 75%
continue observations for the period under study in accordance with [22]. The others are having a much
shorter record [21], these stations are fairly distributed across Nigerian climatic zones. The file is in
simplified and advanced format that can be downloaded from NCDC web server. The relative humidity
of each observation was derived using temperature and dew point temperature reported in the data file.
Vector wind and scalar wind speed maps were downloaded from NOAA-NCEP/NCAR (National centre
for Environmental prediction/National centre for atmospheric research) reanalysis project website. This
project aims at producing a retroactive record of global analysis of atmospheric fields over the past 50
years in order to support research and climate monitoring [23].

The data employed in this study also include Aerosol Index (AI) and Aerosol optical thickness (AOT).
The fact that the intensity of aerosols effect on atmospheric process is more in UV band, Aerosol Index
(AI) 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 [24,25]. The positive Al
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indicates the dominance of UV-absorbing aerosol [26] and the negative values indicates non-absorbing
aerosol (Pure scattering) [27]. Even though, other features such as spectral slope of the surface albedo
between the two wavelengths and elevated cloud can as well cause negative Al detections [27]. Aerosol
absorption in atmospheric column in the UV range is proportional to altitude. Therefore, a greater
fraction of molecular radiation will be affected when the aerosol layer are confined to a higher altitude.
Note that, Al does not represent the realistic measure of dust concentration. However, the ground base
study in the tropical Atlanta has shown that mineral dust concentration measured at the surface correlated
well with TOMS AI [28]. It is being used increasingly to monitor soil dust propagation, transport, air
quality and climatology [14]. Al has been used as a proxy of dust aerosol concentration [24], which
indicates the presences of dust [19]. The consideration of TOMS Al to as a proxy of dust in this paper is
also in line with [29]. The author opined that smoke particles with a significant amount of black, or
organic carbon were found to have both absorbing and non-absorbing characteristics. However, dust
aerosol represent the clearest absorbing signature. On the other hand, direct sun—photometer
measurements of solar attenuation and sky brightness at 340, 380, 440, 500, 675, 870, 940 and 1020 nm
spectral ranges (includes the 1640 nm channel in Cimel version 5) are used to compute aerosol optical
thickness (AOT). The AOT is defined as a quantitative indicator of the aerosol loading in atmospheric
column [30]. As in the case of Al, the magnitude of AOT depends on aerosol concentrations in
atmospheric column.

Aerosol Index data was obtained from two different remote sensing satellite TOMS instrument flew
in space as an orbiting satellite from November 1978 to August 2005 after which OMI continues from
2004 to the present. The Large gap in data from 1994 to 1995 represent a lack of TOMS observation for
the period. Similarly, during 2001-2003 there is the calibration problem due to differences in the two
hemispheres [31] as such the data is eliminated from this analysis. TOMS and OMI Al data are used
because of their ability to provide a longer period aerosol record of global coverage via different satellite.
The authors [27] aimed to study the UV-absorbing aerosol from biomass burning and dust as in this
study. The Monthly TOMS Al is available from National aeronautics and space administration-Goddard
Earth Science and Information Science Centre (NASA GES DISC) mission website [14]. While OMI
daily data was downloaded from OMI wavesite. TOMS and OMI global data are presented in gridded
format of 1.0 (latitude) x 1.25 (longitude) and 1.0 (latitude) x 1.0 (longitude) spatial resolution
respectively. This allowed the extracted of both TOMS and OMI Al over Latitude 4-14°N and Longitude
3—15°E region using a Mat-lab program. Aerosol observation via well-calibrated AERONET sun
photometer which has also been useful for atmospheric aerosol (including dust) monitoring was used.
Data from AERONET stations are limited to spatial coverage as there is only one Aeronet station in
Nigeria and is used in this study to establish the monthly variability of aerosol and the relationship with
observed visibility. The Al data over Nigeria is available for the period of 1984—2013 while the AOD is
available for the period of 1998-2013. Data on pollution index, which would have also been examined,
were not available for Nigeria as at the time of this research.

2.2. Data Processing

Data files obtained from NOAA-NCDC were imported into Excel spreadsheet for further processing.
Visibility data were in miles, but only daily afternoon hour’s observation was selected as the regular
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representative for all the stations in this study and converted to kilometers. The afternoon observations
correspond to the period when most human activities in Nigeria are at peak. The visibility data was
grouped in January—December, and the monthly average for each station was computed from the hourly
values to obtain a series of the monthly mean over 30 years. Also, the monthly average from each station
was arranged into zones, and the zonal mean was determined. For the first time, we present monthly
long term (1984-2013) trend analysis of visibility measurement. Subsequently annual averages from
monthly mean values were analyzed for each zone. It has been plotted as time series graphs to depict the
pattern of annual variability in each of the study zones of Nigeria. The mean average of a corresponding
month from each station in each region was also obtained and plotted to display the monthly variability
of visibility. Since the study involved two different seasons, the data over Harmattan and summer season
months were isolated. Harmattan season corresponds to November-March and summer corresponds to
April-October respectively [20]. Harmattan seasonal means were obtained and plotted for each zone.
The seasonal and inter-seasonal variability was determined from the seasonal mean plot. The visibility
anomaly for each Harmattan season was determined for the study period.

The six five years sub-period (1984-1980, 1989-1993, 1994-1998, 1999-2003, 2004-2008, and
recent 2009-2013) were also independently analyzed. The sub-period analysis is given the statically
changing visibility pattern and their decreasing rate over the period of study. Consequently, seasonal
averaging over 30 years for comparison between the zones are carried out.

The percentage of frequency of occurrence of the dust storm, (Vx < 1 km), dust haze (1 < Vx <5 km),
and good visibility (Vx> 17 km) was analyzed at RH<90% Where Vx is the visibility in kilometers and
RH is the relative humidity. This was done annually and for each decade for all climatic zones of
Nigeria.These followed the suggestion in some studies [1,32].

3. Results and Discussion
3.1. Long-Term Seasonal Visibility Trend and Variability

The long-term trend and monthly average visibility for different zones of Nigeria are shown in Figure 2.
Figure 3 depicts the annual and seasonal trend of Al. Many important conclusions can be derived from
these figures. First, there are significant decreasing trends of monthly mean visibility (Figure 2) with
Corresponding increasing trend of seasonal Al (Figure 3b,c) for every zone and season. The fact that
trends changes in all season and zones indicates that anthropogenic emission and transport of aerosol
occurs continuously in all season across Nigeria. Possibly due to the position of Nigeria in sub-Saharan
West Africa, about 30% of Nigeria’s total land area lies within sahel belt of West Africa [13], so dust
aerosol are regularly being transported towards Atlantic ocean. The downward trend of visibility and
upward trend in Al implies that for the 30-years period (1984-2013), there is a general increase in the
integrated column aerosol pollutant matter that could impair visibility. This may be attributed to the fact
that environmental conditions such as vegetation cover, land surface and soil moisture [13] and
meteorological factors at neibouring source region and local level were increasignly favorable for dust
emission and transport over the period [2,10,32,33]. For instance Zeng et al. [10] documented that after
1969/1974 drought years, the declining influence of monsoon became critical in West Africa, leading to
spatial and temporal spread in drought, low precipitation, and decrease in vegetation cover in the Sahel.
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This had a consequences of shrinkage of lake chad, which increased the strength of dust emission in
sahel [2,32]. As a result of which, the strength of dust transport towards the Atlantic ocean increases
annually worsening the visibility condition of Nigeria. Interestingly, the observed decreasing trend of
visibility followed a lot of other global trends [5,17]. The trends exhibited nearly similar pattern
indicating that majority of the aerosol particles responsible the low visibility in every zone came from
the same source.

Second, summer season (April-October) had higher visibilities and winter seasons (November—March)
had lower visibilities in all the zones of Nigeria respectively. During summer, the 30-year average
visibilities were 16.2+1.4,16.8 £ 1.4, 15.4+ 0.6 and 14.0 + 1.1 km, when the desert dust transport from
Sahara becomes very active during Harmattan, the mean reduces to 10.2 + 1.2, 10.9 + 2.0, 11.0 £ 2.6
and 11.4 £ 2.3 km (Table 1) for the respective zones.The corresponding Al was found to increased by
12, 53, 69 and 77% (TOMS) and 13, 55, 66, and 72% (OMI) during the Harmattan season. The best
visibility in summer was due to positive impact of moisture-laden (south-easterly) trade wind. Where
aerosol are being remove from the atmosphere through wet deposition or scavenging by atmospheric
moisture. Other meteorolgical factors that could influence better visibilities in the summer are displayed
in Table 2. From the table, temperature is considerably high in each zone, with low atmospheric
pressure [34]. This system of much precipitation amount, high temperature and low sea level pressure
lead to a better visibility [17]. The unstability of the atmosphere as a result of high temperature and
moderate wind speed lead to a better diffusion condition and strong convective mixing. The
concentrations of aerosol from the atmosphere are being reduced at a significant level during summer
coupled with weather condition (Table 2) of the atmosphere affect visibility level. For instance RH is
generally more than 50% through out the summer except in April and May in Sahel as well as April in
north central zone. The week wind speed may cause aerosol particles to be trapped in the atmosphere
causing poor visibility [8].

Conversely, worst visibility in Harmattan may be due to influence of dust-laden (north-easterly) trade
wind. Where aerosols are being transported from Sahara in Nigeria. Moreover, it could be partly on
account of the dry weather condition [7] and Table 2. The dry weather enhances dust emission and
transport at the source and regional scale. Further more, the period is characterise by increase in
anthropogenic emission due to biomass burning and grazing after harvest. Figure 3b shows occurrence
of high Al values in Harmattan while low values in summer indicating that, the high concentration of
the aerosol in the atmosphere is the major reason for visibility degradation in Harmattan. The period of
dust transport has been pointed out by [32]. The authors have showed that Saharan dust are regularly
transported from its source along its main path towards West Africa from October to April of every year.
During this period, the dust are transported at altitudes of about 6 km [35] over a long distance towards
Atlantic Ocean which is believed to be the key factor responsible for visibility deterioration in all parts
of Nigeria. Dust production and transport away from the source region during the period has also been
highlighted by [33].During Harmattan season, visibility in sahel may deteriorate as low as 200-500 m [14].
Figure 4b,d display the directions of wind during Harmattanand summer seasons.
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Figure 2. The monthly variation of day time visibility over 30-years period observed at four
climatic zones of Nigeria. (a) sahel, (b) North central, (¢) southern, (d) coastal zone.
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Table 1. Summary of 30-years annual and seasonal mean visibility and percentage change

for Nigeria.
Decrease of Increase Summer Decrease of
Annual Hamattan Summer
Zones Hamattan from from Annual Hamattan from
Mean Mean Mean
Annual Mean (%) Mean (%) Summer Mean (%)

Sahel 13.77 10.18 26 16.18 18 37
North central 14.34 10.86 24 16.83 18 36
Southern 13.63 10.98 19 15.37 13 29
Coastal 12.84 11.38 11 14.04 9 19

Table 2. Variation of monthly and overall climatic condition over 30year period in different
zone of Nigeria.

Sahel North-Central Southern Coastal
Month RH RH RH RH
SPD TEMP SPD TEMP SPD TEMP SPD TEMP
(DEW) (DEW) (DEW) (DEW)
24.60 28.86 52.95 61.35
Jan 4.46 2235 345 23.65 2.69 26.63 2.94 27.88
(1.13) (4.50) (16.25) (19.76)
21.80 27.78 62.88 67.48
Feb 4.61 24.68 3.28 26.79 2.53 26.05 2.69 28.63
(1.40) (6.64) (18.42) (22.02)
18.12 30.72 54.24 71.41
Mar 4.25 2898  3.29 30.12 2.80 30.62 2.53 28.02
(2.36) (10.99) (20.33) (22.37)
29.58 46.92 68.07 75.83
Apr 4.53 30.67 3.16 29.08 2.85 28.37 3.56 27.35
(10.90) (16.60) (21.91) (22.71)
43.69 63.93 73.82 84.48
May 4.26 3130  3.13 27.78 2.66 27.58 2.32 26.70
(17.50) (20.34) (22.49) (23.87)
60.83 73.62 80.32 85.95
Jun 4.61 28.61 2.71 25.81 2.60 26.48 2.27 26.15
(20.31) (20.74) (22.81) (23.62)
70.88 79.36 79.99 86.02
Jul 4.16 26.19 2.78 24.52 2.90 25.53 2.66 25.68
(20.50 (20.72) (21.83) (23.16)
74.05 81.51 83.31 86.56
Aug 3.42 25.78  2.60 24.48 3.21 24.99 2.09 25.07
(20.81) (21.10 (21.97) (22.67)
70.20 73.79 81.89 82.94
Sep 3.10 2693 243 25.72 2.25 25.35 2.79 26.34
(21.04) (20.69) (22.03) (23.21)
50.57 67.25 80.06 82.99
Oct 3.26 27.74  2.90 26.50 2.46 26.25 2.07 26.71
(16.55) (19.93) (22.53) (23.59)
31.82 40.81 67.07 78.70
Nov 3.64 25.63 3.16 26.34 2.10 27.93 2.02 27.67
(7.63) (11.97) (21.25) (23.63)
29.24 32.70 59.24 69.50
Dec 4.49 22.64 3.11 24.33 2.20 25.36 2.07 26.34
(3.82) (6.89) (16.84) (20.31)
43.78 53.94 70.32 77.77
Overall 4.07 26.79 3.0 26.26 2.60 26.76 2.50 26.88
(11.99) (15.09) (20.72) (22.58)

Notes: SPD, Wind speed (m/s); RH, Relative humidity (%); DEW, Dew point temperature (°C), TEMP, Temperature (°C).

Third, summer season visibilities at Sahel and North-central (Figure 2a,b) were better than those at
South and Coastal Zones (Figure 2c,d) due to variations in meteorological condtions. Two crucial
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meteorological element that influences both visibility and particle mass concentration are wind speedand
relative humidity. Over the 30-years period, the average summer wind speed of Sahel and north central
3.9 and 2.8 m/s were significantly higher than southern and Coastal zones 2.7 and 2.5 m/s. The higher
wind speed in the north can influence diffusion of air pollutant and increase visibility. However, southern
part of Nigeria is dominated by fine mode particles [20], these particles have low settling velocity and
hence stay for a longer time in the atmosphere and lower visibility. This is because the rate aerosol
removal from the atmosphere by turbulent mix-out is low when wind speed is low. Previous literature [5]
has shown that aerosol scattering efficiency in the atmosphere begin to increase when relative humidity
is greater than 50%. Table 2 has shown that, RH is above 50% in southern and coastal zones throughout
the year while in Sahel and north central, RH > 50% occurs only between May to October. So the higher
visibility of the northern Nigeria can be related to high wind speed and low RH and vice versa as shown
by the correlations between visibility and relative humidity in Table 3. The north is also associated with
high temperature which, in addition to high wind speed, provides efficient diffusion of pollutant and
enhances visibility. Even though, high dew point temperature in the south may not have a direct effect
on visibility, dew determines the specific humidity of air at a given pressure that in turn influences fog
formation. Another reason for low visibility in the southern and coastal zones may be attributed to
significant contribution of industrial air pollution due to urbanization. This is based on the conclusion
from [5] who established that where there werelarge population and more air pollution, low visibility occurs.

For a better underatanding of these crucial meteorological elements, wind speed and directions maps
for Harmattan and summer seasons in Nigeria are displayed in Figure 4. It is important note that
Figure 4a,c represents the scaler wind speed while Figure 4b,d represents the corresponding vector wind
over the study period. On the other hand, a spear man correlation between visibility and relative humidity
was carried out for period of study and the results are shown in Table 3. From the Table, weak and
positive correlation between visibility and relative humidity were observed in the northern zones while
weak and positive correlation in the southern zones. However, during summer, the correlations are still
weak but positive in the north while fairly negative during summer in the southern zones.

Fourth, Harmattan season visibilities were better in southern and coastal zones than those in the north
central and sahel (Figure 2), because of the influence geographical location. Due to proximity of both
sahel and noth centralto the dust sources regions, the transported dust easily reach the zones without
much loss in concentration and sizes. The concetrations in the atmosphere decreases with latitude [20]
as the dust are being transported and most larger particles (coarse mode) are easily removed from the
atmosphere by strong wind near the source region. Therefore, during this period, the atmosphere in the
northern Nigeria is highly loaded with coarse mode particles compared to the south. This will greatly
influence scattering and absorption of solar radiation to reduce visibility. In addition, the weather in the
north is dry (absence of rainfall) [7], along with high wind speed, low relative humidity and dew point
(Table 2), thus favour local emission of dust aerosols and greatly increase dust load in the zones that
affect visibility. Several research effort [14,36], has been geared towards factors responsible for dryness
of sahel and Sahara. For instance [36] documented the increasing trend in drought conditions in sahel
zone of Nigeria, which results to more dust being emitted and affect the visibility of the region.
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Table 3. Spear man correlation coefficients between visibility and relative humidity for the
four zones of Nigeria.

Zones
Sahel North Central Southern Coastal
Harmattan Summer Harmattan Summer Harmattan Summer Harmattan Summer
R R R R R R R R
—0.03 0.03 —0.08 0.06 0.25 —0.40 0.26 -0.41
NCEP/NCAR Reanalysis NCEP/NCAR Reanalysis
1000mb Scolor Wind Speed (m/s) Composite Mean 1000mb Vector Wind (m/s) Composite Mean
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Figure 4. The 30-years mean speed and direction of Harmattan and Summer wind speed:
(a) Harmpattan mean, (b) Harmattan direction, (¢) Summer mean, (d) Summer direction.

Fifth, the visibility values of the recent months of are lower from 2000 to 2013 compared to the month
of previous years. This is evident of increase anthropogenic activities that increased the rate of injection
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(aerosol emission) in Nigerian atmosphere. Some of the parameters that indicates urban and population
growth in Nigeria are highlighted in [37]. Another evidence of possible increased in aerosol
concentration that affects visibility in the recent years is the advancement of drought towards southern
part of Nigeria characterized by high dust emission, transportation and propagation [36,38]. It is also
clear that aerosol index values (qualitative indicator of dust and smoke) shows high values in the recent
decades Figure 3.

3.2. Long-Term Annual Visibility

The long-term trends of annual average visibility for all the climatic zones of Nigeria are presented
in Figure 5. The vertical bars in the figure exhibit their corresponding standard deviation due to spatial
aerosol inhomogeneity. According to Figure 5, it is evident that the trends of annual mean visibilities in
the four zones for the entire period (1984-2013) all exhibited decline trends, with decreasing rate of
—0.08, —0.06, —0.02 and —0.02 km/yr respectively.The downward trends in visibilities in the four zones
suggests a sustained increased in the aerosol concentration (dust and smoke) as shown by Al plot in
Figure 3a. Furthermore, the annual mean visibilities are in the range of 9.7 —18.29, 11.21-19.67,
10.43-17.99, 9.49-17.24 km, with an average value of 13.8 £3.914.3+4.2,13.6 +3.5and 12.8 £3.1 km
for the four zones. The annual mean averages are lower than that in many other countries, indicating
high level of pollution in Nigeria at different zones. Even though, there could be a slight variation in the
fluctuation, in general, the trend lines are highly and significantly correlated. This conclusion is similar
to that of Zhao et al. [5] when the author analyzed visibility trend in the different region of China. Using
the student’s t-test, the trends are found statistically significant which requires much attention in future.
Comparatively speaking, the growing patterns of visibilities are more obvious between Sahel and North
central on one hand and southern and coastal zones on the other hand. It may be due to their similar
pattern in economic development, weather, and regional anthropogenic activities. For instance, Northern
Nigeria is largely an Agricultural region with increase population and land use intensity, while
industrialization in the south started as early as 1960, these may result in regional homogeneous aerosol
emission. This is in line with the conclusion of Mahowald et al. [15] who suggested that anthropogenic
influences can increase locally generated aerosol. Other reasons may include similar government
regulations adopted for the control strategies. Apparent stability in visibility appears in the last decade,
owing to government control strategy of 2008.The short fluctuations in the trend especially in the last
decade may be due to increase rate at which the aerosols are been ejected (re-supply) or removed (into)
from the atmosphere in the recent decades. This is shown by decrease in the visibility standard deviation
represented as a vertical bar (Figure 5) for Nigeria in accordance with visibility trend. In our preliminary
analysis, factors responsible for the increase emission (wind speed and temperature) (not shown here)
have shown increasing trend with time. It is shown in Figure5 that, apart from the general decreasing
trend pattern from 1984 to 2013, average visibility was low in 1984 and 1985, because of high dust
concentration (Al) (Figure 3) and low rainfall [14], it increases in 1986 when rainfall intensity increase
while decreases 1992 in all the zones when all meteorological factors for acrosol emission are favorable
(result not shown here). Within this period, visibility decreases from 18.29, 19.67, 17.99 and 15.04 to
16.82, 16.45, 15.51 and 14.46 km at the rate of 0.16, —0.35, —0.27 and —0.06 km/h respectively. After
1993, visibility fluctuated and decreased at a faster rate until 2005. It decreased continuously and
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exhibited nearly similar fluctuation until 2011. However, annual visibility showed increasing trend from

2011 to 2013. This may be due to government control strategy of 2008, the control strategies aim at

preventing the inflow of Harmattan dust in the Sahel through reforestation and dry (Harmattan) season

irrigation farming.
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Figure 5. The 30 years Annual mean visibility trend over Nigerian zones at four climatic

zones of Nigeria: (a) sahel, (b) North central, (¢) southern, (d) coastal zone.

The average visibility for five year of 1984-1980, 1989-1993, 1994-1998, 19992003, 20042008,
and 2009-2013 are presented in Table 4. For all the zones, visibility was found better in the first five

years with corresponding low Al values. During this time (1984—1988) visibility was best in north central
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may be due to its geographical location. It was best in sahel (3.99%, 11.70%, and 14.57%) higher than
the other three zones between 1989 and 1998 as a result of highest wind speed and lowest relative
humidity (result not shown here) through dry deposition. Between 1999 to 2008 sahel experieced the
highest visibility degradation (18.62%) with corresponding highest increase in Al (29.82%). Another
period of highest visibility was observed in the North central between 1999 and 2008 due to the lowest
increase in Al (9.62%) compared to other zones. From Table 4, 5 and 6, the highest percentage of
visibility degradations was observed between 2004 and 2008 corresponding to the highest percentage of
the dust storm and haze activities and also highest percentage increased of Al (15.63, 30.47, 47.67 and
66.23%) compared to 1984-1988. These increased are found to be statistically significant at 5%
significant level. It was also observed in 2005 that visibility has reduced to its lowest in sahel and coastal
zones when the highest annual mean Al was detected by OMI sensor (Figures 3b and 5).

Table 4. The five years interval average visibility for all the zones of Nigeria.

Period Sahel Zone North Central Zone Southern Zone Coastal Zone
Average . Averae . Averae . Average .
o Decreasing o Decreasing _ . . ... Decreasing o Decreasing
Visibility Visibility Visibility Visibility
Rate/YR Rate/YR Rate/YR Rate/YR
(KM) (KM) (KM) (KM)
1984-1988 16.86 0 17.48 0 15.86 0 14.92 0
1989-1993 16.69 —0.03 15.97 -0.30 14.71 —0.23 14.13 -0.16
1994-1998 15.39 —0.26 14.80 —0.23 13.59 —0.22 13.25 —0.18
1999-2003 12.62 —0.55 13.72 -0.22 13.14 —0.09 12.41 -0.17
2004-2008 10.27 —0.47 12.40 —0.26 11.27 —0.37 10.45 -0.39
2009-2013 10.32 0.01 11.48 —0.18 12.90 0.33 12.02 0.31
1984-2013 13.71 —0.08 14.31 —0.06 13.58 —0.02 12.86 —0.02

Table 5. Five years interval average Total Ozone Mapping Spectrometer (TOMS) and
Ozone Monitoring Instrument (OMI)Aerosol Index (Al)change for all the zones of Nigeria.

Sahel Zone North Central Zone Southern Zone Coastal Zone
Period Increase Increase Increase Increase
Mean AI  Relativeto Mean AI  Relativeto Mean AI  Relative to Mean AI Relative to
1984—1988 (%) 1984-1988 (%) 1984—1988 (%) 1984—1988 (%)
TOMS (1984-2003)

1984-1988 1.28 0 1.05 0 0.86 0 0.77 0

1989-1993 1.16 —9.38 1.02 —2.86 0.89 3.49 0.85 10.39
1994-1998 1.36 6.25 1.14 8.57 1.01 17.44 0.99 28.57
1999-2003 1.41 10.16 1.20 14.29 1.05 22.09 0.99 28.57

OMI (2004-2013)

2004-2008 1.48 15.63 1.37 30.47 1.27 47.67 1.28 66.2
2009-2013 1.52 18.75 1.37 30.37 1.25 45.35 1.24 61.04

Apparent visibility improvement appeared after 2008 in other zones even better than Sahel at rate
of 0.001, 0.33 and 0.31 km/yr during the last five years (2009-2013) except in north central. As a
result of increased wind speed that influences the removal of larger particles through dry deposition.
It could also be due to increased rainfall amount that favor removal of smaller particles in the
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atmosphere through scavenging and wet deposition. It may also be due to government reform on
Agriculture that provides opportunities for drier season irrigations that control the dust transport
intensity. The decrease of about 1.57 and 3.13% of Al from 2008 to 2013 has resulted in improved
visibility by 14.46 and 15.02% in southern and coastal zone. Interestingly, southern becomes clearest,
then coastal and north central, and finally Sahel zone. As a result of this, even though, for the entire
study period, North Central and Sahel experienced the best visibility among the four zones, the
difference in visibility between Northern and Southern zones had been narrowing over time. This is
because, in the north, the atmosphere has been deteriorating due to increasing emission strength of the
dust at the source. It may also be due to increased rainfall frequency in the south [8] that constantly
deposited dust particles on the ground to enhance visibility level. Visibility was stable in the last ten
years because the emission is being control step by step through government control strategies of 2008
to safeguard the Nigerian environment [39]. For this reason, the turbidity level in the atmosphere has
been decreasing drastically in the last decade in Nigeria. Anuforom [20], reported that vegetation
plantation that could be part of government strategy that can be used for the control of dust aerosol
phenomena in West Africa. We can therefore conclude that variations in visibility is inline with

changing pattern of Al and meteorological elements.
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Figure 6. Comparism between (a) Harmattan and (b) summer season mean visibility
anomaly among different zones of Nigeria from 1984 to 2013.
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Figure 6 can be used to explain clearly the degree of variability of Harmattan and summer season
visibility in different zones of Nigeria. The result indicated that previous years correspond to positive
visibility anomaly while recent years correspond to negative visibility anomaly. It reveals that about 19 of 30
years (1984-2002) correspond to the period of positive visibility anomaly while 11-years (2003—-2013)
correspond to years of negative visibility anomalies. This implies that the dust aerosol number
concentration and another aerosol has been increasing over time in all the regions and seasons.

3.3. Seasonal Cycle of Visibility and Related Factors

Figure 7 represent 30-year monthly average cycle of visibilities and aerosol index for Nigeria. It is
observed that the patterns of visibility in four zones of Nigeria were the same where summer season
(April-October), had higher visibilities and winter seasons had lower visibilities respectively. Visibility
and Al cycle start in October when dust concentration begins to build up in the atmosphere (Figure 7b,c)
and visibility start to decline. From November to February, visibility decreases continuously from
12.05-9.03, 12.83-8.49, 13.13-10.41, and 13.64-10.76 while the dust concentration increases from
1.05-1.67, 1.01-1.99, 1.01-1.94 and 0.88-2.04 respectively. The minimum visibilities over Sahel and
North-central (Blue and red) occur in February, while in January over Southern and coastal zone, which
correspond to the period of highest Al in the two zones. By March, visibility is still low especially in the
Sahel and north central, which also corresponds to their period of highest Al concentration. The
disagreement between the period of peak Al and low visibility in Sahel and north central may be related
to the position of ITCZ and differences in the onset and cessation period of dust activities [35]. In April
even though visibility get better, there is still an evidence of suspended particles in the atmosphere as
shown by moderate aerosol concentration in Figure 7. Visibility increases from April and the highest
monthly mean appear in May/June with values of 17.62, 18.85, 16.58 and 15.13 km for the four zones.
Visibility drops slightly in July of each year in each zone before reaching its second peak in September.
After which it declined in October onward due to Harmattan season, and the cycle is repeated annually
in Nigeria. The good visibility between April to October, is due to lots of aerosol particles in the
atmosphere are washed out by rainfall as shown by low Al and AOT (Figure 7b,c).

Due to geographical location of sahel, good visibility during summer does not necessarily mean low
aerosol concentration as indicated by reasonable Al values except in August (Figure 7). However, the
significant aerosol concentration (Al) does not affect visibility at the ground level, due to aerosol being
suspended at higher altitude [35] as result of high temperature and moderate wind speed. The second
peak of visibility observed throughout Nigeria is similar to second peak in rainfall by [8] during August
break (period of temporary cessation of rainfall between July and August). Despite in-active rainfall,
relative humidity and fog [2] remain in high proportion couple with industrial emission and transported
dust caused the drop in visibility value in August. In Sahel and North Central, the lowest visibility in
summer occurs in October and April of every year and it correspond to a period when Harmattan has
just ended and when it is about to begin. In southern and coastal zones, the lowest summer visibility
occurs between July-September which can be related to high relative humidity, suspended cloud and fog
in addition to the suspended dust and smoke aerosol. Good visibilities during Harmattan were also
observed throughout Nigeria when the season starts in November or ends in March.
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Figure 7. Display and compared annual cycle of visibility, aerosol optical thickness (AOT)
and aerosol index from TOMS and OMI and AOT in Nigeria: (a) Visibility and AOT,
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It is important to note that the use of TOMS and OMI Al in the monthly cycle (Figure 7b,c) is to show
continuation in the Al observations. Due to similarity in the pattern observed from January to December
for the two sensors in each zone, TOMS Al values in Figure 7b are use for the description of Al cycle.
It is also worthy of note that, even though AOD is not completely use in this study instead of Al due to
short period of data record. However, the aeronet AOD data at Ilorin station used in this study support
the fact that both Al (dust and smoke) and AOT (indicating the total column aerosol) revealed similar
cycle annually. Which means that each can be use to describe visibility characteristics, trend and

variability due to dust aerosol concentrations. It is therefore concluded that the variations in

anthropogenic emissions, economic growth, transport of dust, and weather condition are the primary

reason for visibility variability.
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3.4. General Description of the Frequency of Visibilities

Figure 8 depict the hourly percentage frequency of visibility at different ranges in Nigeria. For 30 years
under study, the hourly visibilities in Sahel, North Central, and Coastal zones are in the range of 0.1-40 km
while that of the south is distributed in the range of 0.1-35 km. About 54%, 38%, 40%, and 40% of the
total (8245, 7687, 20436, and 9913) hourly visibility observations were confined to 5—10 km range that
represents the most frequent hourly visibility in each zone. Throughout the period of study, 2.71%,
1.24%, 1.18%, and 1.25% of the total hourly visibility observation were <1 km (dust storm), and those
for visibility <5 km were 12.28%, 10.71%, 12.93%, and 13.19%, (dust haze), resulted from high aerosol
concentration. In the four zones and for 30 years, very few (2.15%, 2.40%, 0.40% and 2.17%) observed
visibilities exceeded 25 km. In general, this distribution of visibilities in the four zones highlights poor
atmospheric condition across Nigeria. The variations from one zone to another may be attributed to
differences in geographical and climatic factors that are peculiar to each zone.
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Figure 8. The distribution of frequency of visibility over 30 years period observed at four
climatic zones of Nigeria.

Table 6 revealed the distributions of hourly visibility at different range of values over three decades
in each zone of Nigeria. From Table 6, between first to the second decade, the average frequency of dust
storm decreased by 56.63%, and 66.67% in Sahel and coastal while increased by 18.92% and 32.89% in
North central and southern zones when calculated. The corresponding dust haze increased by 22.51%,
46.40%, 79.31% and 21.57% across the four zones respectively. Between second and third-decade dust
storm frequency increased by 87.83%, 70.16%, 84.80% and 68.89% while dust haze increased by
84.11%, 82.53%, 89.97%, and 82.88% for the four zones respectively.Comparatively speaking, the
frequency of occurrence of dust storm and haze were 87.83%, 70.16%, 65.88% and 36% and 71.83%,
71.82%, 77.04% and 69.69% greater from second to third than from first to second decades. Variations
in the frequency of occurrence of these events make it difficult for the effect of each meteorological
element to be determined. This is because considering stable aerosol emission from the source at a
particular time, good visibility will depends on better meteorological conditions. Wind speed and relative
humidity are found to be decreasing with time (not shown here). Other classes of visibility were also
analyzed, and the result showed that visibility 5 < Vx < 25 km depict increasing pattern while visibility
>25 km displays a decrease from one decade to another in each zone. For example, the percentage of
frequency of occurrence of visibility 30.1-35 km decrease by 97.05% between first and second decade
and 37.5% from second to the third decade in Sahel. For north central, southern and coastal zones, it



Atmosphere 2018, 6 1481

decreases by 84.29%, 87.39% and 40.48% between first and secondwhile 36.29%, 72.23% and 97.3%
between second and third decades. Which implied an increase in the number of dusty days and declined
in the number of bright days that can be associated to increase in dust aerosol particles in Nigeria.
Therefore, based on this study, hourly visibility above 25 km may likely to varnish in future and the
atmosphere will be polluted heavily at all time. It is evident from this result that, the increase in the dust
storm is more pronounce in the dust dominated zones. These suggest the stronger influence of dust aerosol
during the dust storm period which can be justified by the Aerosol Index average and the percentage increase
in Table 5.

Table 6. Distribution of visibilities in 3 decades at different ranges in Nigeria.

Classes of Sahel N/Central Southern Coastal
Visibility First Second Third First Second Third First Second Third First Second Third
(km) (Decades) (Decades) (Decades) (Decades)
0-1.0 325 2075 1705 15 18.5 62 20 29.8 196 35 21 67.5

1.1-5.0 9725 1255 790 60.83 113.5 649.67 49.67 240 23935 1345 1715 1001.5

5.1-10 1105 299.5 4114 6833 223.5 2640 106.83 1326.8 7086.2 275.5 334 3418.5
10.1-15 2325 156 995 2433 73.17 12257 35.5 439 6759.2 27 242 3026
15.1-20 102.25 172.75 1455 71.83 199.5 11773 81.5 113.6 1002 91.5 229 268.5
20.1-25 155 236 321 88 206.83 5785 98.5 180.8 584 71.5 229 54
25.1-30 91 13.75 1 49.33 54.33 21.17 16.33 4.4 1.833 35 71.5 4.5
30.1-35.1 67.75 2 1.25 46.67 7.33 4.67 5233 6.6 1.833 63 37.5

35.1-40 0.5 0 0 0.17 0 0.5 0 0 0 0 2.5 0

3.5. Visibility, AI and AOT Correlations

In view of analyzing the trend, characteristics and variability of horizontal visibility on a long-term
annual and seasonal basis, we use aerosol index data which correspond to a mixture of absorbing aerosol
(dust and smoke) and aeronet data to analyze their relationshipfrom 1984 to 2013 in Nigerian zones as
shown in Figure 9. The observed Al from TOMS presents a strong and negative correlation of —0.83,
—0.815, —0.811, and —0.83 with visibility values. Also, Al from OMI and visibility also shows the
negative correlation of —0.59, —0.55, —0.39 and —0.58 respectively. These correlations are significant at
5% significant level for all zones of Nigeria respectively. In line with Al, the monthly mean AOD at
Ilorin station and visibility values correlated negatively with an accuracy —0.52 (Figure 9e). It is worth
noticing that TOMS Al product yield a better correlation than OMI Al product. The reason can be related
to the fact that in the recent decade (corresponding to OMI Al observations), the frequent increase in
aerosol emission has lead to lower visibility values within a smaller range as shown by decrease in
visibility variability in Figure 5 and from the scatter plots shown in Figure 9. According to the negative
correlation between visibility and aerosol index as well as aerosol optical density, aerosol from dust and
biomass burning, causes considerable visibility impairment in Nigeria. The high correlation in Sahel and
coastal zones can be supported by [10]. Who explain that the frequency of thick and persistent dust in
Calabar is about the same observed in Northern Nigeria, which was rare before 1983.
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Figure 9. Correlation between visibility (Vx) and Aerosol Index (Al). (a) Sahel, (b) North
central, (¢) Southern, (d) Coastal zones of Nigeria, (e) Visibility Vx and AOT over Ilorin.
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4. Conclusions

The temporal trend, characteristics and variability of visibility over Nigeria has been investigated in
this paper using a 30 years (1984-2013) period data. Significant decreasing trends in the seasonal and
annual visibility for every zone during the 30-years period were found. Visibility trend lines in the four
zones exhibit high and significant correlations, more obvious between sahel and north central on one
hand and southern and coastal zones on the other hand. It was concluded that these zones have similar
pattern in economic development, weather, and regional anthropogenic activities leading to homogeneous
aerosol emission. Visibility becomes stable in the last ten years owing to government control strategy to
minimize the dust outbreak. Visibility standard deviations are also found decreasing with time, implying
increase in the rate at which aerosol are being re-supply or removed in the atmosphere in the recent time.
Even though, visibility was generally highest in summer and worse in Harmattan throughout Nigeria,
during summer it was best in Sahel and North-central; however, in Harmattan visibility was best
insouthern and coastal zones due to closeness to the dust source region and climate conditions.It was
also discovered that the difference in visibility between Northern and Southern zones had been
narrowing over time due to advancement of Sahara towards south. Therefore, government should pose
a strict standard for monitoring visibility level in Nigeria

For all the zones, visibility was found better in the first five years with corresponding low Al values.
During this time (1984—1988) visibility was best in north central. It was best in sahel than the other three
zones between 1989 and 1998. Another period of highest visibility was observed in the North Central
between 1999 and 2008 due to the lowest increase in Al (9.62%) compared to other zones. We found
the highest percentage of visibility degradations between 2004 and 2008 corresponding to the highest
percentage of the dust storm and haze activities and also highest percentage increased of Al compared
to 1984—-1988.Apparent visibility improvement appeared after 2008 except in north central zone.
Interestingly, southern zone becoming clearest followed by North Central zone. That means more
initiatives need to be put in place to improve reforrestation and rainy season farming to minimise dust
out break especially in sahel and north central zones.

A greater percentage of hourly visibility observations in Nigeria were confined to 5-10 km range.
There were decrease in the percentage frequency of occurrence of dust storm in Sahel and coastal while
increases in North central and southern zones. Dust haze generally increased in all the four zones.
However, the frequency of occurrence of dust storm and dust haze increases by 87.8%, 70.2%, 84.8%
and 68.9% as well as 84.1%, 82.5%, 90.0%and 82.9% between second and Third decade.

Visibility cycle begins in October when dust concentration begins to build up in the atmosphere and
visibility starts to decline. Visibilities were highest between May and June throughout Nigeria when
large quantity of aerosol is being washed out by rain. Low visibility over sahel and north central occurs
in February while that over southern and north central occurs in January when Al was highest. Similar
cycle was observed using AERONET AOT data at Ilorin station (Southern zone of Nigeria) which
revealed that both Al and AOT can be used to describe monthly cycle and variability of aerosol in
Nigerian atmosphere. It is also discovered that visibility undergoes a second peak in September in all
the zones of Nigeria. This corresponds to double peak in rainfall in Southern and Coastal Zone reported
by [8]. Visibility and Al on one hand as well as visibility and AOT on the other hand were negatively
correlated; The negative and strong correlations between visibility and Al as well as visibility and AOT
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imply that dust aerosol cause considerable variability in visibility over Nigeria. Quantification analysis
of the aerosol effect on visibility is suggested for further study.
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