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Abstract: Atmospheric turbidity exhibits substantial spatial-temporal variability due to factors
such as aerosol emissions, seasonal changes, meteorology, and air mass transport. Investigating
atmospheric turbidity is crucial for climatology, meteorology, and atmospheric pollution. This study
investigates the variation in atmospheric turbidity over a tropical location in Nigeria, utilizing the
Angstrbm exponent («), the turbidity coefficient (), the Linke turbidity factor (Tr), the Angstrbm
turbidity coefficient (fgsT), the Unsworth-Monteith turbidity coefficient (Kaynm), and the Schiiepp
turbidity coefficient (SCH). These parameters were estimated from a six-month uninterrupted aerosol
optical depth dataset (January—June 2016) and a one-year dataset (January—December 2016) of solar
radiation and meteorological data. An inverse correlation (R = —0.77) was obtained between « and (3,
which indicates different turbidity regimes based on particle size. Tt and st exhibit pronounced
seasonality, with higher turbidity during the dry season (T1, = 9.62 and Bgst = 0.60) compared to
the rainy season (Ty, = 0.48 and Bgst = 0.20) from May to October. Backward trajectories and wind
patterns reveal that high-turbidity months align with north-easterly air flows from the Sahara Desert,
transporting dust aerosols, while low-turbidity months coincide with humid maritime air masses
originating from the Gulf of Guinea. Meteorological drivers like relative humidity and water vapor
pressure are linked to turbidity levels, with an inverse exponential relationship observed between
normalized turbidity coefficients and normalized water vapor pressure. This analysis provides
insights into how air mass origin, wind patterns, and local climate factors impact atmospheric haze,
particle characteristics, and solar attenuation variability in a tropical location across seasons. The
findings can contribute to environmental studies and assist in modelling interactions between climate,
weather, and atmospheric optical properties in the region.

Keywords: atmospheric turbidity coefficients; solar radiation; aerosol optical depth; Linke turbidity
factor; Angstrt')m exponent; tropical site

1. Introduction

Solar radiation serves as the primary energy source for life-sustaining processes on
Earth’s surface, encompassing various environmental, physical, and biological processes [1-5].
In the atmosphere, solar radiation undergoes significant attenuation due to two primary
mechanisms: scattering and absorption by air molecules, hydrometeors, and aerosol parti-
cles. These processes result in a remarkable reduction in the direct solar component and a
moderate increase in the diffuse component [4,6-15]. The attenuation processes of solar
radiation exhibit significant variability due to factors such as the apparent motion of the
sun, changes in meteorological conditions, and fluctuations in aerosol properties with
time across different regions [8]. The turbidity of a certain area is influenced by both the
local emissivity, which includes contributions from natural (such as dust and clouds) and
anthropogenic sources (such as emissions from cars, factories, etc.), and the characteristics
of air mass (e.g., continental vs. maritime), transporting the aerosol particles [14,16,17].
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Atmospheric turbidity is a measure of the reduction in the transparency of the at-
mosphere, primarily caused by the absorption and scattering of solar radiation by water
vapor and tiny aerosol particles suspended in the air. These aerosol particles include
dust, smoke particles, water droplets, and ice crystals, along with other atmospheric com-
ponents [8,11,18-21]. It is a convenient parameter frequently used to assess the optical
characteristics of aerosol particles and other pollutants [22]. The monitoring of these parti-
cles is crucial due to their daily, seasonal, and long-term variability and their association
with global climate change, atmospheric pollution, reduced visibility, and solar radiation
extinction [22]. Typically, atmospheric turbidity increases as a result of greater attenuation
of solar radiation, leading to a decrease in the intensity of solar radiation beams. Accurate
assessment and understanding of atmospheric turbidity play a vital role across various
fields, including urban-rural pollution studies, climate change research, and atmospheric
chemistry investigations. Additionally, it is useful for diverse applications such as climate
and solar radiation extinction modelling, pollution analysis, and the examination of vol-
canic eruption signatures [20,22-28]. Furthermore, accurate determination of atmospheric
turbidity is essential for calculating direct and diffuse solar radiation at a specific location
and for energy-related applications, notably for the installation and operation of solar
energy conversion systems, as it directly influences the efficiency of solar collectors [29,30].
The significant impact of Earth’s atmospheric turbidity on solar irradiance at ground level
underscores the necessity of quantifying these effects when assessing solar irradiance in
specific locations [31]. Also, investigating the sources and distributions of atmospheric
turbidity in different locations is essential since clouds, pollutants, and aerosols exhibit
considerable spatial and temporal variations, leading to diverse radiative forcing effects at
both regional and global scales [25,32-37].

Generally, precise assessments of atmospheric turbidity require clear-sky spectral
radiation data, which can be measured using spectroradiometers or multi-wavelength
solar photometers. However, due to the limited availability and high cost of these sensors,
turbidity is typically quantified, characterized, and estimated using broadband irradiance
measurements, a more cost-effective method, and various turbidity factors and indices
such as the Linke turbidity factor, the Angstrom turbidity coefficient, the Schiiepp turbidity
factor, and the Unsworth-Monteith turbidity coefficient [14,15,20,35,38,39]. Among these,
the most frequently used are the Linke turbidity factor (Linke, 1922) [40] and the Angstrém
turbidity coefficient [41]. The Linke turbidity factor describes the entire spectrum and
quantifies the optical thickness of the atmosphere caused by the absorption and scattering
of solar radiation by water vapor and aerosol particles in the visible and near-infrared
regions relative to a dry and clean atmosphere [4,11,20,35,42-44]. Conversely, the Angstrom
turbidity coefficient and the Unsworth-Monteith turbidity coefficient [45] serve as rep-
resentatives of the total column amount of atmospheric aerosol particles [4,11,20,46,47].
These parameters help to characterize the degree of atmospheric turbidity or pollution
caused by aerosols and are commonly employed in meteorological observations and related
atmospheric environment studies [48-51]. Spectrally, the Angstrom turbidity coefficient
and the Schiiepp turbidity factor (Schiiepp, 1949) [52] correspond to the aerosol optical
depth (AOD) at wavelengths of 1 um (base e) and 0.5 um (base 10), respectively.

Since the introduction of the Linke turbidity factor by [40] and the Angstrém turbid-
ity coefficient by [41], numerous researchers have proposed various models, including
those by [22,45,52-58]. These empirical equations have been used to quantify the impacts
of air pollutants and aerosols on horizontal visibility degradation and the reduction in
solar radiation received at the Earth’s surface under different weather conditions and
locations [4,6,8,11,13-15,19,20,22,35,43,59-74]. The extent of the application of all these
indices at both regional and global scales remains unclear.

This paper reports the influence of air masses originating from various source areas on
atmospheric turbidity characteristics and behavior during both dry and wet seasons, and it
evaluates the correlation between meteorological parameters and the atmospheric turbidity
coefficients at a tropical site in Nigeria. To the best of our knowledge, this is the first time
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that such an analysis has been performed for a location in West Africa, which is sensitive
to quite different climate regimes under the influence of the inter-tropical discontinuity.
The correlations found between turbidity in the atmosphere and climate drivers could
lead to more research into the connections between turbidity in the atmosphere and other
climate drivers, such as the El Nifio Southern Oscillation (ENSO), the Indian Ocean Dipole,
or the weather patterns in the Mediterranean, an area that increasingly faces longer and
more severe drought periods while exposed to singular events like the extreme rain events
in September 2023 caused by storm Daniel in Greece and Libya. This study could offer
insights into both similarities and differences in atmospheric turbidity patterns, particularly
during distinct climatic events such as the harmattan winds in Nigeria and similar regional
and larger-scale phenomena elsewhere.

Considering the significance of atmospheric turbidity in diverse applications, this
article evaluates atmospheric turbidity, utilizing the Angstrom exponent and the turbidity
coefficient, the Linke turbidity factor, the Unsworth-Monteith turbidity, and the Schiiepp
turbidity coefficients derived from measured aerosol optical depth (AOD) and solar radia-
tion data. Additionally, this study examines the aerosol size distributions and investigates
variations in AOD relative to the monthly mean. The impact of air masses originating from
different sources on atmospheric turbidity characteristics and behavior during both dry
and wet seasons is analyzed using wind speed, wind direction data, and five-day back-
ward trajectories computed by the HYSPLIT (Hybrid Single Particle Lagrangian Integrated
Trajectory) model. Furthermore, this paper evaluates and discusses the correlation between
meteorological parameters (such as relative humidity, air temperature, and water vapor
pressure) measured at the site and the atmospheric turbidity coefficients.

2. Methodology
2.1. Study Site and Ground Data

For this research, a one-year dataset covering the period from January to December
2016 of solar radiation and meteorological data and uninterrupted six months aerosol
optical depth (AOD) data from January to June 2016 was utilized. These data were obtained
from two meteorological points. This timeframe allowed us to observe the transition from
the dry to the wet season, which was complemented by visual records of the weather
conditions. The two measurement points selected for this study are situated within the
Obafemi Awolowo University (OAU)-Met Station at the Teaching and Research (T&R)
Farm and on the roof-top of the Department of Physics and Engineering Physics (DP&EP)
building at OAU in Ile-Ife, (Latitude: 7.53° N; Longitude: 4.54° E; Elevation: 300 m above
sea level) in southwest Nigeria (Figure 1). The measurement point at the T&R farm is
covered with short grass and has a sandy—clay—loam soil type. It is located approximately
6 km away from the main campus, in a north-eastern direction.

The study area experiences a monsoonal climate, characterized by two alternating
seasons—the dry season and the wet season—in accordance with the movement of the
inter-tropical discontinuity (ITD) line. The wet season, lasting from March/ April to October,
is marked by convective activities and monsoon rains. This is followed by a dry period
from November to the end of February that is practically devoid of any convective activity.
During the wet season, warm and moist air of maritime origin, from the Gulf of Guinea,
moves inland, creating a south-westerly surface airflow over the continental areas of West
Africa. In the dry season, a north-easterly surface flow prevails, originating from the Sahara
Desert and bringing dry and dusty air known as harmattan dusts ([75-77]). The harmattan
winds that invigorate dryness occur primarily between November and February /March.
These winds are characterized by cold and dry conditions, with temperatures of approxi-
mately 9 °C, and a heavy dust-laden wind blowing from north-east to west off the Sahara
Desert over West Africa, extending towards the Gulf of Guinea, the Caribbean, and South
America [78-81]. The impact of the harmattan wind includes reduced humidity, a decrease
in rainfall, the dispersion of cloud cover, and occasionally the formation of massive dust
clouds, resulting in sandstorms. The harmattan wind is considered a natural hazard, be-
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cause during its passage over the Sahara Desert, it picks up fine dust and large quantities
of sand particles, primarily composed of a significant amount of silicon content. These
particles typically range in size from 0.5 to 10 pm [82,83]. This accumulation contributes to
increased atmospheric turbidity and facilitates the spread of wind-borne diseases across
vast distances, spanning thousands of kilometers [80,84]. The surface where these two
air masses converge is known as the inter-tropical discontinuity (ITD) line, representing a
discontinuity in thermodynamic properties. The ITD line migrates across the subcontinent,
ranging from approximately 4°-6° N in January (the peak of the dry season) to reaching
up to 22°-25° N in August (the peak of the wet season). Different weather zones exist
south of the ITD line as it moves across the subcontinent. The region north of the ITD line,
identified as weather zone A, is typically characterized by a lack of convective activity. The
weather manifestations over West Africa are influenced by the latitudinal position of the
ITD line [5,85,86]. In Ile-Ife, the surface flow is generally weak, with a mean wind speed of
less than 1.5 m/s, which is typical for a tropical area. The annual precipitation in Ile-Ife
ranges between 1000 and 1500 mm [5,86,87].
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Figure 1. The outline map of Nigeria showing the location of the study area.

The two measurement points met the fetch requirements necessary for allowing
unobstructed airflow and also provided favorable conditions for a variety of meteorological
measurements and observations because they are situated on open and flat terrains, devoid
of obstructions such as trees, walls, or buildings. The roof-top of the DP&EP on the OAU
campus was chosen for the measurements of AOD because it afforded optimum exposure
to the Calitoo sun photometer sensor without appreciable obstacles for the incoming solar
radiation due to its height (12.9 m above ground level). The acquired AOD data were
representative of AOD over the two measurement points since both were within the same
geographical location [77].

At the T&R station, continuous measurements of incoming solar radiation were con-
ducted using a high-quality SR01 pyranometer (ISO-class) with a spectral range between
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0.3 and 2.8 um, positioned facing upward. This pyranometer was integrated into a four-
component net radiometer (model NR01, Hukseflux, North Logan, UT, USA) sensor, which
was installed at a height of 2.0 m above the ground surface. Simultaneously, the relative
humidity and air temperature were measured using a temperature and humidity probe
(model HMP45C, Campbell Scientific, North Logan, UT, USA) positioned at a height of 2 m
above the ground surface (see Figure 2). In addition, the wind speed and wind directions
were measured using a three-dimensional ultrasonic anemometer (model CSAT3, Camp-
bell Scientific, North Logan, UT, USA), which was incorporated into an eddy covariance
system [77,86,88].

" 0 0.5 1
A | — —:
“‘@E Kilometers

Figure 2. Map of the measurement point at the Teaching and Research Farm (A) and the roof top of
the DP&EP Building (B), Obafemi Awolowo University, Ile-Ife (Source: Esri, USGS Map data).

On the roof top of the DP&EP building on the OAU campus, a portable (handheld)
sun photometer model Calitoo (Tenum Inc., Toulouse Cedex, France) was used to measure
the spectral raw measurements of the total atmospheric transmittance, as shown in Figure 3.
Manual measurements of the atmospheric transmittance were taken at three different
wavelengths—465 nm, 540 nm, and 619 nm—which correspond to the blue, green, and red
bands within the visible region of the electromagnetic spectrum. These measurements were
conducted approximately at local noon, between 12:30 h and 13:30 h local time (LT), when
the sun is at its zenith for clear sky days. The raw values obtained at each wavelength were
automatically converted into AOD values, digitized, and manually stored using various
in-built tools and software available in the sun photometer [77,89]. Also, a pyranometer
(model CS300, Campbell Scientific, USA) was operated at the same location as the sun
photometer, installed at a height of 2.0 m, to measure the incoming solar radiation. This
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Radiation Stand

measurement was compared with data from other pyranometers installed at the OAU-Met
Station at the T&R farm to ensure correlation and consistency. The detailed information
about the sensors installed at the site, including their accuracy, is listed in Table S1 in the
Supplementary Material.

Meteorological Stand Eddy Covariance System Handheld Sun Photometer
Figure 3. Arrangements of the sensors at the OAU meteorological site in Ile-Ife, Nigeria.

The actinometric, temperature, and relative humidity data were recorded as one-
minute values in units of W/m?. These one-minute measurements were used to calculate
the monthly average daily values of incoming solar radiation in W/m?. Further details
regarding sensor calibration and maintenance can be found in the works of [5,86]. For wind
speed and wind directions, data sampling was performed at a frequency of 10 Hz. The raw
data underwent a quality assurance and quality control (QA/AC) protocol to ensure data
accuracy and reliability. Subsequently, the data were reduced to 30 min average values,
which were used for the subsequent analysis.

For data storage and retrieval, Campbell Scientific programmable data loggers were
employed (models CR10X and CR1000, Campbell Scientific, USA) for the actinometric,
temperature and relative humidity, wind speed, and wind directions, as shown in Figure 3.
On the other hand, Calitoo has an inbuilt microprocessor, memory, measurement, and
data processing tools and software that handle measurements and storage in conjunction
with a certified Windows-based user software, CDM v2.12.06 WHQL, preinstalled on
a laptop. The datasets have been grouped as follows: wet season (April, May, June,
July, August, September, and October), transitional periods (November and March), and
dry season (December, January, and February). The wind directions data were analyzed
into three dominant directions, which are the north-eastern (defined as N to ESE), north-
western (defined as W to NNW), and southern (defined as SE to WSW). These directional
classifications allowed for a comprehensive examination of the prevailing wind patterns
during the study period.

2.2. Computation Methodology

The chosen methods offer flexibility and provide a direct means of obtaining all four
turbidity coefficients currently in use without compromising accuracy.

2.2.1. The Linke Turbidity Coefficient

The Linke turbidity factor Ty, is used to determine the direct normal irradiance over
the whole solar spectrum at the Earth’s surface, and its values for the study site were
calculated using [8,20]:

Tt = (0.9 + 9.4sin ¥)In(GoEosc /G, ) 1)

where G represents the direct (beam) solar radiation, Gy is the daily extra-terrestrial
solar radiation at the top of the atmosphere, Epsc is the eccentricity factor due to the
variation in the sun-Earth distance, and ¥ is the solar elevation angle. The units of G
and Gy are W/m?. The expression used for calculating Gy is listed Equation (S1) in the
Supplementary Materials.



Atmosphere 2024, 15, 367

7 of 28

The direct-beam solar radiation was calculated from the values of the incoming so-
lar radiation, diffuse solar radiation, and the solar zenith angle () using the relation
(Ellouz et al., 2013; El-Metwally, 2013) [11,35]:

G, — Gy
Gy,=—+ 2
b cos 6 @
where G| is the measured incoming solar radiation (unit W/ m?2) and Gy is the diffuse
solar radiation (unit W/m?). The zenith angle was calculated using the expression in
Equation (S9) in the Supplementary Materials.

The water vapor pressure (ey) was calculated from the relative humidity (RH) and

temperature (T) using the expression:

17.502T
6.1121exp (1Z552T, )
100

ey = RH x
The units of ey, RH, and T are hPa, %, and °C, respectively.

2.2.2. The Angstrém Turbidity Coefficient

The experimental determination of the Angstrém exponent and the turbidity coeffi-
cient was obtained from AOD data measured between January and December 2016 at the
study site in the wavelengths 465-540 nm where absorption is negligible. The method em-
ployed for this determination involved a direct fit of the exponential law, which represents
the relationship between AOD and wavelength, to the experimental data. This fit produces
a single value for each of the coefficients « and B valid for the whole band. The Angstrom
exponential law used for the estimation of the Angstrom coefficients can be expressed as
follows) [8,41,49,71,77]:

Kap=pA™" 4)

where K4, is the AOD at the wavelength including attenuation due to all types of aerosol
particles, that is, dry or wet particles, B is the Angstrom turbidity coefficient, « is the
Angstrom wavelength exponent and A is the wavelength in micrometers, um [77]. « is a
fundamental measure of the aerosol size distribution with a typical value ranging from
approximately 4, for small particles like biomass burning aerosols or anthropogenic aerosols
around industrial areas. On the other hand, for large dust aerosols in areas near the Saharan
desert, the a value is less than 0.5 [1,90-93]. Thus, the value of « for the average continental
aerosol particles has been discovered by Angstrom and confirmed by other researchers
such as [69] to be a« = 1.3 [41,77,94]. Angstrom turbidity B has typical values that vary
between 0 and 0.5 or even higher, with a zero value indicating a clean atmosphere free from
aerosol particles [13,71,77,95].

Alternatively, the estimation of the Angstrom turbidity coefficient was derived from
the solar radiation data [11,22] using the expression:

B = (b1/b) [—1 +(1+ 4b21<M/h12)0-5} /2 (5)

where by and by are both auxiliary quantities and are parameterized functions which
depend on both optical air mass (11,) and precipitable water content. These parameters
were determined using Equations (510)—(520) in the Supplementary Materials.

2.2.3. The Unsworth-Monteith Coefficient

The Unsworth-Monteith coefficient is equal to the AOD, K4, and was estimated using
Equation (6). It is worth noting that this coefficient exhibits only a slight dependence on
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both the solar zenith angle and the precipitable water content. As a result, K4, serves as a
relatively accurate approximation of a pure turbidity coefficient [11,22,45].

1

Kay = (m> [IH(IO/GU — m,»Kc] — Ky — KnT (6)
a

where m, is the optical air mass, m, is the Rayleigh scattering optical mass, Ky is the

tropospheric nitrogen dioxide optical depth = 0.0287, Kyy is the water vapor optical

depth = 0.1119 and K is the clean dry atmosphere broadband optical depth = 0.1197.

1
- 7
M cos 0 @)
-1
m; = |COS 0 + 0031141901 (924836 o 9)—1.3814:| (8)

Since optical masses are sensitive to the actual constituent vertical density profile, thus,
the aerosol, water vapor, and tropospheric nitrogen dioxide profiles are sufficiently close to
each other (Gueymard, 1998) [22].

2.2.4. The Schiiepp Turbidity Coefficient

The Schiiepp turbidity coefficient (B) was calculated from B for « = 1.3 using the
mathematical expression (Schiiepp, 1949; Gueymard, 1998) [22,52]:

_2'B
T In10

©)

2.3. Selection of Clear-Sky Data

To accurately assess clear-sky atmospheric conditions, establishing a precise definition
of a clear day is crucial, as the presence of clouds can render the turbidity index unrealistic.
Various definitions have been proposed in the literature [1,8,35,44,96] to identify cloudless
skies. For this study, the following clear-sky criteria were adopted:

e The hours during which normal direct solar radiation falls below 200 W/m? were dis-
regarded to eliminate the early morning and near-sunset hours when diffuse radiation
is prevalent.

e  The ratio of daily diffuse radiation to daily incoming solar radiation on the horizontal
plane should be 0.3 or less.

e  The dataset with a cloud amount < 0.1, a clearness index < 0.13, and high air tempera-
ture between 30 and 38 °C was used for this study [86]. The cloud amount and the clear-
ness index were determined using equations proposed by [97], Equations (S21) and (522)
in the Supplementary Materials [86].

The data that met the above criteria for cloudless skies was selected for analysis in this
study. This selection process served as a restrictive factor on the number of measurement
periods, ensuring the use of only clear-sky data for the analysis.

The coefficient of variation (CV), which is the ratio of the standard deviation of the
daily measurements to the average of these measurements, was calculated to investigate the
temporal pattern and departure from the monthly mean (DMM) of the AOD over the study
site. The percentage departure from the monthly average was calculated with reference
to [98]. In order to study the effect of wind speed and direction on turbidity and identify
potential aerosol sources, the wind direction data were analyzed statistically. The data were
categorized into the three dominant directions: north-eastern (N, NNE, NE, ENE, E, ESE),
north-western (W, WNW, NW, NNW), and southern (SE, SSE, S, SSW, SW, WSW), as well
as sixteen sectors.
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2.4. Trajectory Modelling (HYSPLIT)

The origin and patterns of the air mass flow arriving at the measurement site in order to
characterize the variations and trends shown by the atmospheric turbidity coefficients at the
site were carried out using 5-day backward trajectory analysis. The backward trajectories
were obtained using the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory)
model, which is a widely used atmospheric transport and dispersion model [99-101]. The
model utilized the Global Data Assimilation System (GDAS) archive provided by the
National Oceanic and Atmospheric Administration (NOAA), with spatial and temporal
resolutions of 1.0° and 3 h, respectively, to retrieve the trajectories. For the HYSPLIT
analysis we selected some representative days for each season, i.e., dry, wet, transitional
(see Section 3.4). For each of the days, the backward trajectories were computed at three
heights: 500 m, 1500 m, and 3000 m above ground level (agl). The selected days and heights
were carefully chosen to provide a good representative view of the air mass flow pattern
for the study site. The lowest level of 500 m and the upper level of 3000 m were selected
to capture both the surface air mass origin and the high-altitude, long-range Sahara dust
layers [11,93]. This was essential for understanding the potential influence of dust events
on aerosol concentrations, as such events are common during the dry season (November—
February). Since these trajectories can travel through various geographical sectors before
reaching the site, the air mass was assigned to a specific geographical sector if its residence
time in that sector is more than 50%, regardless of the point of origin of the backward
trajectory [11,102]. This approach allowed for better characterization of the air mass flow
from different regions before reaching the study site.

3. Results and Discussion
3.1. Variations in Aerosol Optical Depth

Figure 4 illustrates the monthly variation in aerosol optical depth (AOD) and departure
from the monthly mean (DMM) at Ile-Ife, Nigeria, with their corresponding standard
deviation from January to June 2016. It is evident that higher AOD values correspond
to lower DMM values, and vice versa. The monthly mean values of AOD and DMM
exhibit seasonal variations, displaying diverse trends with AOD values ranging between
0.64 &+ 0.33 and 1.47 £ 0.45 and DMM values between 4.92 & 5.21% and 36.73 & 17.56%. A
high value of 1.11 £ 0.41 and a low value of 4.92 £ 5.21% were recorded for AOD and DMM,
respectively, in the month of January. A similar pattern was observed in February, with a
high AOD value of 1.47 + 0.45 and a low DMM value of 7.04 £ 9.99%. The high values
of AOD recorded in January and February can be attributed to the high aerosol loading
in the atmosphere caused by the prevalence of Harmattan dust particles and particulates,
including fugitive dust from roads and biomass burning aerosol. In the transition months
(March and April) from dry to wet seasons, the values of AOD decreased, with the lowest
values occurring in the wet months (May and June), while those of the DDM, increased,
with the highest values obtained in June. However, among the wet months, the lowest
values of approximately 0.64 & 0.35 were recorded for AOD in June. On the other hand, the
highest value of 36.73 £ 17.56% was recorded for DDM in June. The decrease in the values
of AOD during the transition and wet months can be attributed to the removal of aerosol
particles from the atmosphere by rainfall through wet deposition processes. Several factors
contributed to the monthly variation in AOD at the study site. Firstly, the north-eastern
winds transport continental aerosols, which contain dust particles to the site, leading to
an increase in the concentrations of aerosols, which reached their peak in January and
February. The results obtained in this study are similar to the previous studies conducted
at the University of Ilorin (8.32° N, 4.33° E), Nigeria, by [49,76], where AOD was reported
to have higher mean values during the severe harmattan dust spells.
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Figure 4. Monthly variations in aerosol optical depth (AOD) and departure from the monthly mean
(DMM) of AOD at Ile-Ife in the period January-June 2016.

In order to study the variation in the atmospheric turbidity coefficients, in addition
to the Linke turbidity factor, the calculated Angstrém turbidity coefficient (Bgst) will
be considered among the aforementioned coefficients (Unsworth-Monteith, Kauym, and
Schiiepp, SCH). The Angstrém turbidity coefficient has a strong connection to aerosol
loading, making it a suitable choice for analysis. Also, both the Angstrém and Schiiepp
turbidity coefficients show similar daily and monthly patterns and variations in previous
studies (EI-Wakil et al., 2001; El-Metwally, 2013) [6,11]. If an aerosol adheres to Angstrém’s
idealized model, the use of either the Angstrém or Schiiepp turbidity coefficient is in-
terchangeable, and the choice between them is a matter of convenience [22]. The daily
values of Kaym and SCH range between 0.0018 and 0.67, 0.0042 and 0.82, respectively,
which are similar to the values of Bgst, which range between 0.023 and 0.70. Likewise, for
the monthly values, Kaypm ranges between 0.11 and 0.62, SCH at 0.21 and 0.64, and Pgst
between 0.20 and 0.60.

3.2. Seasonal Variability of the Atmospheric Turbidity

3.2.1. Daily Temporal and Monthly Variations in the Angstrom Exponent and Turbidity
Coefficients Estimated from the Measured AOD

The time series plots of the mean daily values of the Angstrém and exponent () tur-
bidity coefficients (f3) derived from the AOD Measurements for the period of January—June
2016 are shown in Figure 5. As shown in the figure, the daily values of the Angstrom
exponent ranged from 0.20 to 1.31 in the dry months and varied from 0.002 to 1.68 in the
wet months. The significant variation in the values of the Angstrém exponent between
the dry and wet months indicates the dominance of different sizes of aerosol particles,
from very fine-mode dust to large coarse-mode particles at the study site. In addition, the
changes in the aerosol size distributions in the dry and wet months can be attributed to the
changes in the optical characteristics of the aerosol particles. On April 17th, 2016 (DOY 108),
the lowest value of 0.002 was obtained, while the highest value of 1.68 was obtained on
23 May 2016 (DOY 144). The lowest value obtained on DOY 108 suggests the prevalence
of coarse mode (large) particles while the highest value obtained on DOY 144 indicates
the prevalence of fine-mode (small) particles, at the study site. The figure shows that the
daily values of the Angstrom coefficient ranged between 0.28 and 2.43 and varied from
0.03 and 2.57 for the dry months and wet months, respectively. The lowest value of the
turbidity coefficient (0.03) was recorded on 23 May 2016 (DOY 144), indicating a less turbid
atmosphere on that day. This condition can be attributed to the presence of air masses
of maritime origin, which are warm and humid transported by the Southern winds from
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the Gulf of Guinea [8,77]. The warm and humid air masses are associated with increased
rainfall activity, which, in turn, facilitates the removal of suspended dust aerosol particles
in the atmosphere through wet deposition and cloud scavenging processes. On the other
hand, the highest values of the turbidity coefficient of 2.43 and 2.57 were observed on
26 February 2016 (DOY 57) and 17 April 2016 (DOY 108, a dry transition day), respectively.
The peak turbidity on DOY 57 can be attributed to dry harmattan conditions prevalent
on that day. In contrast, the increased turbidity on DOY 108 can be associated with heavy
rainfall on DOY 107, which enhanced hygroscopic aerosol growth and increased the size
of aerosol particles. This, in turn, led to higher absorption rates of atmospheric aerosols,
contributing to the elevated turbidity levels [77].
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Figure 5. Daily values of the Angstrém exponent () and turbidity coefficients (3) derived from AOD
measurements for January-June 2016 (DOY 8-182).

Figure 6 presents the variation in the monthly mean of the Angstrom exponent ()
and turbidity coefficients (3) along with their respective standard deviations derived
from the AOD measurements for January to June 2016. In January, the highest value of
approximately 0.91 + 0.22 was obtained for the Angstrém exponent, while the lowest
value of approximately 0.50 & 0.27 was obtained in March, implying the contribution from
particles of different sizes [8,103]. The high value of the Angstrém exponent obtained in
January can be attributed to the transport of harmattan dust particles, which consist mainly
of fine-mode aerosol particles, to the study site at this time of the year. The lower value
recorded in March can be attributed to the prevalence of coarse-mode aerosol particles at
the study site due to an increase in the sizes of remnant aerosol particles in the atmosphere
by rainfall. This also shows the strong influence of Southern winds from the Gulf of Guinea.
In addition, the change in the sizes of aerosol particles from fine mode particles in January
to coarse-mode particles in March can be attributed to the high relative humidity. This is
in agreement with the result obtained by) [104] at Ile-Ife, Nigeria, who established that
fine harmattan dust particles are mainly transported to Ile-Ife since Ile-Ife is approximately
2000 km away from the Faya Largeau area (17.92° N; 19.11° E), the source of the Harmattan
dust. Faya-Largeau is an oasis town located in the vast expanse of the Sahara Desert in
northern Chad. On an annual basis, the precipitation levels reach an average of 11.7 mm,
the average relative humidity for this area is approximately 23.0%. The annual sunshine
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duration of Faya-Largeau is 3800 h, one of the world’s highest (Mainguet, 1968, WMO,
2015; NOAA, 2015) [105-107].
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Figure 6. Monthly means of the Angstrbm exponent («) and turbidity coefficients ((3) derived from
AOD measurements for January—June 2016.

In Figure 6, a strong seasonal variation was observed in the time series plots of the
monthly means of the turbidity coefficient. The maximum value of the turbidity coefficient
was recorded in February in the dry season, while low values were recorded in May and
June during the wet season. In February, which is a dry month, the highest value of
1.04 £ 0.46 was recorded for the coefficient. The high value of the turbidity coefficient
observed in February can be attributed to the high aerosol loading caused by the prevalence
of harmattan dust particles and particulates that remain airborne for a very long time
in the absence of rain. As the dry season transitions to the wet season, the turbidity
coefficient starts to decrease in March and April. The lowest values were observed in May
and June, which correspond to the wet months. The decrease in the turbidity coefficient
during the transition and wet months indicates a reduction in atmospheric turbidity due
to cloud scavenging and rain washout processes. These processes effectively remove dust
particles from the atmosphere, resulting in clearer skies and lower turbidity values. The
observations are consistent with previous studies conducted by [108] in Ile-Ife, Nigeria,
and [109] in Rajkot, India. The results are also similar to the findings of [49] in Ilorin,
Nigeria, where high mean values of the turbidity coefficient were recorded during severe
harmattan dust periods.

3.2.2. Correlation between the Angstrém Exponent and Turbidity Coefficients Estimated
from the Measured AOD

Figure 7 shows the relationship between the Angstrom exponent («) and turbidity
coefficients () for the period of January—June 2016. This relationship helps to explain
the mixing status of aerosol particles in the free troposphere and the boundary layer at
the study site. The regression plot shows that as the « increases, 3 decreases, indicating
an inverse relationship between the two parameters. The overall equation representing
this relationship is given as: B = 1.7534exp( —«/0.5954). The negative correlation coefficient
of —0.77 indicates a strong anti-correlation relationship between the values of o and (.
Specifically, when « is low and f is high, it indicates an increase in haziness and turbidity
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at the observation site. This pattern suggests the presence of coarse-mode (large) aerosol
particles. Conversely, when « is relatively high and f is low, it is associated with low
turbidity, indicating the presence of fine-mode (small) aerosol particles. The relationship
established between the Angstrém parameters in this study can be used to some extent
to characterize the size distribution of the aerosol particles in the atmosphere at Ile-Ife,
Nigeria, during the observation period from January to June 2016. Small values of « <1
indicate an optical dominance of coarse-mode aerosols, such as dust particles originating
from regions with prevalent dust sources, such as the Saharan desert. In contrast, high
values of « > 1 signify the dominance of fine-mode aerosol particles, such as smoke from
biomass burning and industrial areas [39,77,90,110]. The inverse relationship obtained
between the atmospheric turbidity parameters estimated at the study site is consistent with
the findings by [108] at Ile-Ife, Nigeria; [109,111]; and [49] at Ilorin, Nigeria. Refs. [71,112]
have also noted similar effects in Spain.
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Figure 7. Regression between the Angstrém turbidity coefficient () and the Angstré')m exponent (o)
at Ile-Ife for January—June 2016.

To further elucidate and explain the association between the coarse-mode aerosol
particles and high turbidity and vice versa at the study site, the regression plots between the
Angstrom exponent («) and turbidity coefficients (3) were obtained for the different seasons
(dry; Jan—Feb; transition; Mar—-Apr; and wet; May—Jun), as presented in Figure 8. These
regression plots show that as « increases, 3 decreases, indicating an inverse relationship
between these two parameters. As stated earlier, this implies that smaller aerosol particle
sizes are linked to higher atmospheric turbidity, and conversely, larger particle sizes are
associated with lower turbidity. The mathematical equations shown in this figure provide
quantitative insights into how « and 3 are interconnected during different periods of the
year. Furthermore, the negative correlation coefficients of —0.86, —0.92, and —0.91 for the
dry, transition, and wet periods, respectively, indicate strong inverse correlations between
the values of o and f3.
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at Ile-Ife for the dry (Jan—Feb), transition (Mar-Apr), and wet (May-Jun) seasons in 2016.

3.2.3. Daily Temporal and Monthly Variations in Atmospheric Turbidity Coefficients

The time series plots of the mean daily values of the Linke turbidity factor and cal-
culated the Angstrom turbidity coefficient for January-December 2016 which indicate
the fluctuations in atmospheric turbidity, are shown in Figure 9. The figure shows that
the pattern in the turbidity coefficients is similar and bimodal, with the mean daily val-
ues of T}, ranging between 0.41 and 15.21 while the values of prst range between 0.023
and 0.70. The variations in these coefficients are more pronounced in the dry months
(November—February) when compared to the transition months (March and April) and the
wet months (May—October). The daily values of Ty ranged between 2.82 and 15.21 in the
dry months, while the values in the transition, and wet months vary between 1.87-5.54 and
0.41-2.92, respectively. For Bggst, the values ranged from 0.39 to 0.70, 0.29 to 0.53 and 0.023
to 0.41 for the dry, transition and wet months, respectively. The common evolution shape
with maxima in the dry months and minima in the wet months observed is primarily due
to the daily minimum solar zenith angle and astronomical factors such as the day-length
variation throughout the year [113]. The large fluctuations observed in the dry months
can be attributed to the unstable meteorological conditions during the transition from
cold to warm weather and vice versa [113]. The increment in the turbidity coefficients
between October and February was due to the shift in the season and an increase in the
aerosol loading of the atmosphere caused by the encroachment of the north-easterly (NE)
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trade winds, evidence of the transition into the Harmattan season at the site [76,77]. The
high values of the turbidity coefficients recorded during the dry months indicate that the
atmosphere on those days was highly turbid and hazy. Moreover, owing to the fact that the
study site is located on a Teaching and Research Farm, the various farming activities and
preparation for planting during the dry season may have contributed to the supplementary
load of fine particles in the atmosphere. The low values and fluctuations observed in the
wet months are due to the preponderant effect of the water vapor along with the removal
and washout of dust aerosol particles suspended in the atmosphere by rainfall, which
consequently led to lower turbidity in the atmosphere [88,114]. On some specific days,
such as DOY 88 and 105 in the transition months, high values of the turbidity coefficient
of 5.54 and 0.53 were recorded for Ty, and Bgst, respectively, on DOY 88, while a value of
5.42 was recorded for T1, on DOY 105. The high values of the turbidity coefficient observed
on these days are due to the increase in the sizes of the remnant aerosol particles in the
atmosphere due to rainfall activities, consequently leading to increased absorption rates of
atmospheric aerosols [5,113,114].
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Figure 9. Daily variation in the (a) Linke turbidity factor and (b) calculated Angstrom turbidity
coefficient values at Ile-Ife in the period January—December 2016.

Figure 10 presents the monthly variation in the Linke turbidity factor and estimated
Angstrom turbidity coefficient values together with their standard deviation for
January-December 2016, distinguishing distinct dry and wet seasons. This figure clearly
indicates seasonal variability. During the dry season (November—February), both T, and
Best monthly average values are greater than 4.00 and 0.50, respectively. The highest tur-
bidity values are recorded in January and December, with monthly average values of 9.62
and 0.60 for Ty, and Bgst, respectively. The dry season is characterized by the presence of a
north-easterly surface wind. These winds load the atmosphere with high harmattan dust
of Saharan origin, fugitive dust from unpaved roads, plant debris, biomass burning aerosol
(bush burning activities), and fine-mode aerosol particles (Soneye, 2018). On the other hand,
the wet season (March-October) is characterized by Ty, and Bgst monthly average values
that are less than 4.00 and 0.50, respectively. The lowest monthly average values of 0.48 and
0.20 for Ty, and Pgst, respectively, are observed in August. During this season, Tt and Prst
decrease due to the washing-out effect of dust by frequent rainfall. The standard deviations
of the Ty, and Pgst vary between 0.04 and 2.21 and 0.006 and 0.14, respectively, with the
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minimum values recorded in August and maximum in January and December, indicating
higher variability in atmospheric turbidity. The low values of standard deviation for Ty, and
Best ranging between 0.04 and 0.73 and 0.006 and 0.062, respectively were recorded in the
wet months, which implies that a slight variation in atmospheric turbidity was observed
during these months. On the contrary, the increase in the standard deviation during the
dry season shows more significant fluctuations of Ty, and st and more attenuation of
solar radiation in a clear-sky atmosphere, which can be attributed to the predominant
effect of the circulation of natural and anthropogenic aerosols. In addition, the increase
in the standard deviation in the dry season can be attributed to the irregularity of the
different parameters affecting atmospheric turbidity [20,113]. The seasonal variations in
the turbidity coefficients observed at the tropical location Ile-Ife differ from seasonal trends
in temperate e.g., [1,59] and subtropical Mediterranean and semi-arid climates [113] which
show a maximum in summer. In these locations, there are notably elevated humidity levels
(reaching a peak in July) due to the higher temperatures in the summer. At Mediterranean
sites increased sea surface temperature leads to more evaporation and can further impact
atmospheric turbidity. In addition, as shown in Figure 10, the annual variations in the Linke
turbidity factor exhibit greater variations compared to the Angstrém turbidity coefficient.
This difference arises from the Linke turbidity factor’s sensitivity to factors like direct
solar radiation, extraterrestrial solar radiation, and solar elevation angles. On the other
hand, the Angstrom turbidity coefficient depends on optical air masses and optical depths,
with only a slight dependence on both the solar zenith angle and the precipitable water
content [4,11,22,45].
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Figure 10. Monthly variation in the (a) Linke turbidity factor and (b) calculated Angstrém turbidity
coefficient values at Ile-Ife for January—December 2016.

The statistical parameters for the Linke turbidity factor (Tr), the estimated Angstrom
turbidity coefficient (Bgst), Schilepp (SCH), and Unsworth-Monteith (Kaym) for
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January—-December 2016 at Ile-Ife are presented in Table S2 in the Supplementary Materials.
The data presented in the table shows that a strong correlation exists between the various
atmospheric coefficients, which implies that they are unanimous in depicting low amounts
of aerosol particles in the atmosphere during the wet season and high aerosol loading of
the atmosphere during the harmattan dry season. The monthly average values of Tt BgsT,
SCH, and Kaym vary between 0.48 and 9.62, 0.20 and 0.60, 0.22 and 0.65, and 0.11 and
0.62, respectively (see Table S2). Meanwhile, the corresponding median values range from
0.47 and 9.21, 0.21 and 0.59, 0.23 and 0.63, and 0.11 and 0.62, which are all found to be
significant. As previously discussed, large values of T1, Bgst, SCH, and Kaypm associated
with dust storms occur occasionally in the dry season. This phenomenon is primarily
attributed to the local atmospheric instability, soil moisture, and the presence of relatively
strong winds that transport significant amounts of dust and sand over long horizontal
distances [23,115-119]. The duration dust particles remain airborne varies depending on
their size and atmospheric conditions and reach up to 7.4 days [119,120].

3.2.4. Frequency Distribution of Atmospheric Turbidity

The frequency distributions of the annual, dry, and wet months for the Linke turbidity
and estimated Angstrt')m turbidity coefficients, SCH, and Kaym for January—December
2016 are presented in Figure 11. These frequencies of occurrence enable the analysis of the
distribution of the atmospheric turbidity parameters at the study site over the entire period
and the finding of the weightings of high and low values relative to the climatological mean.
The bin intervals for frst, SCH, and Kaywm are 0.05, while they are 1.0 for Tp.. The analysis
of the frequency distribution shows that these parameters follow a log-normal probability
distribution, hence supporting the results from previous researchers [11,113,121]. The
distributions for T}, and Kauym were observed to be positively and negatively skewed,
respectively, while those of Bgst and SCH were asymmetrical distributions and both
positively and negatively skewed. The results indicate that T;, Bgst, SCH and Kaym
have high values of approximately 0.5, 0.325, 0.375, and 0.425 for the annual and wet
periods, respectively. In contrast, during the dry season, high values of 4.5, 0.575, 0.625
and 0.625 were recorded for Ty, frst, SCH and Kauwm, respectively. The maximum values
recorded in the dry months are attributed to the transport of harmattan dust particles by
the north-eastern winds, as supported by the distribution of the wind direction and wind
speed presented in Figure 12. On the other hand, the lower values observed in the wet
months can be attributed to the considerable decrease and washout of dust content by
rainfall. Generally, the atmosphere over the study site has a higher aerosol loading in the
dry season than the wet season [23,108]. The details of the frequency distribution of the
atmospheric turbidity coefficient values broken down into different categories are discussed
in the Supplementary Material (Table S3). These results highlight that the atmospheric
turbidity levels are generally higher during the dry season at the study site compared to
the wet season.

3.3. Atmospheric Turbidity, Meteorological Parameters and Air Mass

The short-term variation in atmospheric turbidity is influenced by local meteorological
factors (e.g., temperature, relative humidity, water vapor pressure, wind speed, and direc-
tion), as well as local emissions from domestic and industrial activities. Also, air masses
moving over an area and aerosol transport play a significant role in the short-term temporal
variation in atmospheric turbidity [16]. On the other hand, the long-term variations in atmo-
spheric turbidity are influenced by the climate of such an area [35,113,122]. The prevailing
winds and air masses are crucial factors that can transport moisture and different types of
aerosol particles from distant sources, which further impact the temporal variation in at-
mospheric turbidity [35,122,123]. Numerous researchers [8,20,35,45,71,93,113,122,124-128]
have investigated the effects of air mass and weather patterns on atmospheric turbidity at
various locations.
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3.3.1. Relationship between the Atmospheric Turbidity Coefficients and Wind Speed and
Wind Direction

The distributions of the wind speed and directions for the dry and wet seasons
are presented in Figure 12. The north-western sector represents 30.2% and 32.6% of the
observed wind directions in the dry and wet periods, respectively. The north-eastern
sector represents 39.7% and 14.4% of the observed wind directions in the dry and wet
periods, respectively. The southern sector represents 30.1% and 52.9% of the observed
wind directions in the dry and wet periods, respectively. The prominent wind direction
during the dry season at Ile-Ife is in the north-eastern direction, while the wind speed
ranges between 0.2 and 3.2 m/s, and the atmospheric turbidity values in this direction are
higher compared to other directions. The north-eastern winds originate from the Sahara
and carry dry continental air masses, which in the dry season are warm, dusty, hazy, and
turbid due to the abundance of natural and anthropogenic particles. This leads to low
and poor visibility, which hinders transportation [23,115,129-133]. In contrast, during the
wet season, the prominent wind direction is southern, accounting for approximately 52.9%
of the observations with wind speed values up to 9.0 m/s. This implies that most of the
atmospheric particles influencing atmospheric turbidity during this period originate from
generally increased atmospheric water vapor associated with the southern winds, which
bring in wet air masses of maritime origin travelling over the Gulf of Guinea, which are
humid and cool [133]. Atmospheric turbidity can be further enhanced by sea-salt spray
present in maritime air masses and various industrial emission sources that are embedded
in the overall southern flow. The change in the dominant wind direction between the dry
and wet seasons coincides with the annual migration of the inter-tropical convergence zone
(ITCZ), which plays a crucial role in shaping West Africa’s climate. The variations in the
wind speed between these two seasons can be explained by the changes in the pressure
gradient as a result of the temperature differences arising from the uneven solar heating
of the Earth’s surface [134,135]. During the wet season, the higher wind speeds may be
attributed to the strong pressure gradient between the continental thermal low and the
high-pressure system over the ocean.

3.3.2. Atmospheric Turbidity, Relative Humidity, and Water Vapor Pressure

To study the monthly changes in atmospheric turbidity coefficients in relation to
meteorological factors, we focused on the fluctuations of the Linke turbidity factor. This
choice was made due to the observed similarities in the monthly variations in the Linke
turbidity factor and the calculated Angstrém turbidity coefficient. Figure 13 shows the
monthly variations in the relationship between the normalized Linke turbidity factor (Tyy),
and meteorological parameters (water vapor pressure, eyn and relative humidity, RHy)
for January—December 2016. The values of these meteorological parameters are listed in
Table S4 in the Supplementary Materials. It is observed that the atmospheric turbidity
coefficient shows an opposite seasonal trend with RHy and eyy. Consequently, during the
wet months, low atmospheric turbidity is associated with high RH and ey, as these have
an indirect impact on the extinction cross-section of hygroscopic aerosols, along with the
frequent presence of presence of early morning thermal inversions. These inversions tend
to dissipate mainly in the late morning, facilitating the dispersion of aerosols [136-138].
Conversely, during the dry months, high turbidity corresponds to low relative humidity
and water vapor pressure. The increase in turbidity coefficients from wet to dry months
is generally attributed to the rise in air temperature and the decrease in water vapor
pressure and relative humidity. These changes in weather parameters lead to variations
in the content of aerosol particles and water vapor in the atmosphere, thus impacting
the values of atmospheric turbidity coefficients. The increased atmospheric turbidity in
the dry season can be attributed to several factors. One significant factor is the greater
concentration and prolonged residence time of both primary and secondary particles in the
atmosphere, which results from the absence of wet deposition processes and the intensified
advective processes, which help uplifting aerosols from dry surfaces [119]. Additionally, as
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surface temperature rises significantly, the upward convection currents of hot air laden with
aerosols contribute to the increased turbidity of the atmosphere [8,138]. Furthermore, the
low values of turbidity coefficients and the increase in relative humidity and water vapor
pressure during the wet months can be attributed to the humid air masses of maritime
origin carried over the Gulf of Guinea by the southern winds. On the other hand, the high
turbidity coupled with the decrease in water vapor and relative humidity during the dry
months, can be attributed to the hot and dry air masses of continental origin travelling over
the Sahara and reaching the study site through north-easterly winds. These months were
dominated by an increase in geopotential height and surface atmospheric pressure, which
favor atmospheric stability.
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Figure 13. Monthly variations in the normalized Linke turbidity factor (TLN) and relative humidity
(RHN) and water vapor pressure (eVN) at Ile-Ife in the period January-December, 2016.

Figure 14 shows the correlation between the normalized Tin, PrsTn, and eyy for
January-December, 2016 based on daily data. We normalize all quantities for comparison
as each quantity encompasses wide dynamic ranges. A data cluster is visible at high eyn
(eyny = 0.8 £ 0.2), which equals a range of ey of approximately 25-35 hPa, typical for
prevalent humid tropical conditions. Here Ty, BgsTn may change significantly, but do not
depend that much on water vapor pressure. According to Figures 10 and 13 the wet season
has the lowest monthly averages for the Linke turbidity factor and the Angstrom turbidity
coefficient, so most data points are found on the lower end of Ty, frstn- The regression
plot shows that as the values of eyy increase, the values of Trn and Brstn decrease in
general, indicating an inverse relationship among these variables. The negative correlation
coefficients indicate an anti-correlation between Ty and ey, as well as fgsTn and eyy.
The disparities in these correlation coefficients and the scatter plots can be attributed to
the nature of these parameters. Ty characterizes the total turbidity and quantifies the
optical thickness of the atmosphere due to aerosol and water vapor particles relative to
a dry and clean atmosphere. In contrast, BgsTn represents the turbidity due to aerosol
particles [139]. Also, the differences may arise from the distinct parameters used to estimate
each of these atmospheric coefficients. This analysis quantitatively demonstrates that
atmospheric turbidity due to haze and aerosols is inversely related to the moisture content.
Dry conditions tend to result in higher levels of haze, whereas moist air obstructs haze
transmission. These interactions between moisture and suspended particles affect the
atmosphere’s transparency to solar radiation.

Considering Ty and eyy, some outliers are evident, with lower eyy values falling
both below and above the regression line for a given Ty y. There are some obvious data
points deviating from the main data cluster at low eyyn. These outliers mainly occurred
during the dry season months of January—-February when moisture levels were lowest.
These deviations from the overall T; y—eyn relationship can be attributed to particularly
dry harmattan conditions with extremely low moisture content. These dry conditions
may have been influenced by local weather variations or regional climate factors. In the
case of BgsTn and ey, there are a few high leverage points with higher Brstn values
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(~0.66-0.89) that lie below the regression line. These outliers also coincide with the dry
season and may result from high turbidity levels despite low moisture content. Other local
factors, such as biomass burning and the prevalence of dust, could have led to spikes in
turbidity and haziness levels, thus deviating from the expected inverse moisture-turbidity
relationship. High values of Ty and Bgstn, at high eyny may point towards industrial
emissions embedded in southerly flows from the Gulf of Guinea which are superimposed
of the enhance atmospheric water vapor in these air masses. However, while these outlier
points lie off the regression line, they do not significantly alter the overall inverse correlation
between turbidity and moisture observed in the analysis. These outliers can be attributed to
normal climate variability and local factors, rather than undermining the overall correlation
established in the analysis.
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Figure 14. Regression between the normalized Linke turbidity factor (Try) denoted with black
color, the calculated Angstrém turbidity coefficient (Bgstn) denoted with red color, and water vapor
pressure (eyy) at Ile-Ife in the period January-December 2016.

3.4. Atmospheric Turbidity and Air Mass Backward Trajectories

The 5-day backward trajectories computed using the HYSPLIT model for three partic-
ular days, 10 January 2016 (DOY 10), 28 March 2016 (DOY 88), and 22 May 2016 (DOY 143),
at 04:00 local time, for the study site are presented in Figure 15. During the harmattan
period (DOY 10), high turbidity is observed, with turbidity coefficient values of 15.08 for
Ty, 0.69 for Bgst, 0.66 for Koum, and 0.74 for SCH. However, during the transition and wet
days, DOY 88 and DOY 143, there is a reduction in the atmospheric turbidity, with low
turbidity coefficient values of 5.54 and 1.16 for Ty, 0.53 and 0.32 for 3gst, 0.42 and 0.43
for Kaum, and 0.57 and 0.34 for SCH. The trajectories reveal that the aerosol properties
at the study site are significantly modified by the advection of aerosol particles from the
bordering landmasses under favorable wind conditions. On DOY 10, the dust transported
to the study site originated mainly from the desert regions of West, East, and North-central
Sahel, covering areas from Bilma (18 N, 13’ E) in the north-east Niger to the Faya Largeau
(17N, 19’ E) in the Chad Basin, consisting of desert dust. The backward trajectories and
daily average values of the Angstrom exponent also indicate the presence of air masses
from biomass burning and mixed aerosols, which are common in these locations during
the harmattan (dry) season [93]. Similar results were obtained by [23] at Ile-Ife (7.48° N,
4.57° E), Nigeria, and using AERONET data, [93] also found the same pattern of air masses
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Source # al TS3N 454E

over West Africa. For DOY 88, the lowest trajectories indicate that the air masses ending
at the study site originated from the South, specifically from the Gulf of Guinea, while
those at the second and upper levels were from the Sahara. This shows a shift in the season
and a decrease in the aerosol loading of the atmosphere due to the encroachment of the
Southern trade winds—evidence of the transition into the wet season at the site [76]. On
the other hand, for DOY 143, the particles were transported to the site mainly from the
Gulf of Guinea, confirming the dominance of the Southern wind and the existing wet
season [11,93]. The particles during this season include mixed sea salt aerosols from the
Atlantic Ocean and other anthropogenic or continental aerosol sources such as urban pol-
lution, biomass burning and dust aerosols at higher altitudes from the Sahara deserts of

Northern Africa [93].
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Figure 15. Five-day backward trajectories computed with HYSPLIT for Ile-Ife: (a) 10 January 2016
(DOY 10); (b) 28 March 2016 (DOY 88); (c) 22 May 2016 (DOY 143). The red, blue, and green colors
correspond to heights of 500 m, 1500 m, and 3000 m above ground level (agl), respectively.

4. Conclusions

This study assessed atmospheric turbidity variations at a tropical location in Nigeria,
utilizing the Angstrém exponent, the turbidity coefficient, the Linke turbidity factor, the
Unsworth-Monteith turbidity, and Schiiepp turbidity coefficients. Measured aerosol optical
depth (AOD), solar radiation, and meteorological data were used. Additionally, this study
examined aerosol size distributions, monthly AOD variations, and the impact of air masses
from different origins on seasonal turbidity characteristics. Tr, frst, Kaum, and SCH were
derived from solar radiation data, while 3 and « were determined by fitting the Angstrém
power law expression to AOD data.

This study revealed distinct seasonal variability in atmospheric turbidity, with signif-
icantly higher values during the dry season (November—February) compared to the wet
season (March-October). Monthly AOD ranged between 0.64 and 1.47, « between 0.50 and
0.91,  between 0.50 and 1.04, T, between 0.48 and 9.62, BgsT between 0.20 and 0.60, Kaym
between 0.11 and 0.62, and SCH between 0.21 and 0.64. Compared with the literature, the
seasonal variations in the turbidity coefficients observed at this tropical site differ from
seasonal trends in temperate, subtropical Mediterranean, and semi-arid climates, which
show a maximum in summer.

The aerosol size distribution shifted from fine mode particles dominating the dry
season to coarse mode particles during the transition as particles grow hygroscopically,
as evidenced by higher « values in the dry season (up to 0.91). This study identified
haziness and the presence of coarse-mode aerosol particles through low o, high 3, and an
anti-correlation (R = —0.77) between Angstrém parameters.

Turbidity indices followed a log-normal probability distribution. For T, > 5.5, Ty,
has 69% frequency in the dry season and 1% in the wet season. For Bgst, Kaum, and
SCH > 0.3, frequencies are 100% in the dry season and 74%, 57%, and 78% in the wet
season, respectively, indicating higher atmospheric turbidity during the dry season.



Atmosphere 2024, 15, 367 23 of 28

An inverse correlation between atmospheric turbidity and moisture content, relative
humidity, and water vapor pressure was observed, indicating increased haze and reduced
transparency during the dry season. Prevailing wind patterns were identified as driving
seasonal turbidity variability. North-easterly winds during harmattan transported Saharan
dust aerosols, increasing particle loading in the dry season. In contrast, clean maritime
southern air masses predominate in the wet season.

Air mass backward trajectory analysis confirmed the transport of Saharan air masses
during high turbidity harmattan periods in the dry season and cleaner maritime air masses
from the Gulf of Guinea in the wet season. These seasonal shifts, driven by wind patterns
and moisture levels, contribute to an annual cycle of high atmospheric turbidity laden with
Saharan dust aerosols in the dry season and low turbidity during the wet season at Ile-Ife.
This pattern correlates strongly with aerosol size distributions and air mass origins.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos15030367 /s1, Table S1: List of sensors used in this study;
Table S2: Statistical parameters for the Linke turbidity factor (TL), the calculated Angstr(‘jm turbidity
coef-ficient (BEST), Schiiepp (SCH), and Unsworth-Monteith (KAUM) for January-December, 2016 at
Ile-Ife; Table S3: Frequency distribution of atmospheric turbidity coefficients values broken down into
different categories for January-December 2016 at Ile-Ife; Table S4: Monthly mean values of sunshine
duration Rs, air temperature TA, relative humidity RH, water vapor pressure ev, and precipitable
water content w in Ile-Ife.
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