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Abstract

The peculiarity of the lower atmosphere of south west
region of Nigeria was explored using theoretical and
experimental approach. In the theoretical approach, the
reconstruction of 1D model as an extraction from the 3D
aerosol dispersion model was used to examine the physics
of the recirculation theory. The experimental approach
which consists of obtaining dataset from ground
instruments was used to provide on-site guide for
developing the new recirculation theories. The data set was
obtained from the Davis weather station, Nigeria
Meteorological agency and Multi-angle Imaging Spectro-
radiometer (MISR). We looked at the main drivers of
recirculation and propounded that recirculation is a
complex process which triggers a reordering of the mixing
layer- a key factor for initiating the type of rainfall in this
region.
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1. Introduction

The role of aerosols in understanding the climatic system is
enormous because it controls verse processes in the
atmosphere like atmospheric circulation (Alfano et al.,
2015), rainfall pattern (Rotstayn and Lohman, 2002) cloud
formation (Allen and Sherwood, 2010). Its direct and
indirect influence on the global climate can be very
complicating when understudying the comparative role of
aerosols to global energy balance (Mao et al., 2014).
Atmospheric aerosols have been reported to form
heterogeneous or homogenous layers in the atmosphere
(Emetere et al., 2015a). This is possible because the layer
formed depends on its size, chemical and physical
properties and initial source of dispersion. Aerosol Optical
Thickness (AOT) of magnitude - less than 0.1 signifies a
crystal clear sky of maximum visibility. Also, AOT of
magnitude of 1 indicates very hazy sky of poor visibility
(Alfano et al., 2015). There are newer measuring
instruments for estimating AOT of vertical profiles of
aerosol plumes and clouds. This instrument includes the
Cloud Aerosol Lidar and Infrared Pathfinder Satellite
Observer (CALIPSO), Multi-angle Imaging Spectro-
radiometer (MISR) and the Moderate Resolution Imaging

Spectro-radiomer (MODIS). The Aerosols Robotic Network
(AERONET) comprise of more than 200 calibrated sun
photometers for measuring aerosol optical depth around
the world (Voiland, 2010). However, these instruments do
not run independently. Models are propounded to
maximize the functionality and accuracy of the measuring
instruments.  Unfortunately, these model needs
improvement in several areas e.g. adequate estimation of
aerosol dispersion and deposition, rates of new particle
formation and their dependence on controlling variables
e.g. growth and aging. The aerosols dispersion and
deposition technique requires a systemic evaluation of
aerosols not only at ground level but also in the planetary
boundary layer (PBL) to determine the aerosol transport
mechanism-in relation to weather formation at the PBL
(Voiland, 2010; Emetere et al., 2015b). The planetary
boundary layer contains a large variety of aerosols from
anthropogenic and natural sources (Andreas, 1999). The
planetary boundary layer (PBL) comprises of sub-layers e.g.
mixed layer, surface layer, stable layer and residual layer.
The surface layer is closest to the earth i.e. 10 percent of
the height of the PBL. Turbulent stresses are relatively
constant. The mixed layer or convective layer are directly
above the surface layer and are characterized by
convective motion and significant mixing of air. It makes
up the entire layer of the PBL above the surface layer -
during day and reduces drastically during the night. The
stable layer is located above the mixed layer. It is the entry
point where air from above the PBL entrains into the mixed
layer. This stable layer restricts turbulence, prevents
frictional influences from reaching above the PBL and
prevents the continued upward motion of thermals. The
residual layer is mainly residuals of the mixed layer and is
not influenced by turbulent stresses. The PBL are
influenced by environment forces like differential heating,
energy budgets, moisture, diurnal variations, buoyancy,
shear, and roughness length. The PBL eliminates aerosols
via natural mechanisms which operate either as wet
deposition, dry deposition or chemical reactions. These
processes can occur individually or simultaneously.
Layering of the PBL is dependent on its temperature.

In this study, the examined site (see Figure 1) transverses
the coastal region (in the south of Nigeria) to the sub-Sahel
region (in the north of Nigeria). Dramatically, the wind
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transport mechanism initiates turbulent stress on the PBL.
For example, during harmattan, the wind transports large
quantities of dust particles from the Sahara Desert in the
north to the south. Also, aerosols due to bush burning,
automobile activities in the south increase the aerosols
content over the study site (figure 1). During the non-
harmattan, the West African Sub region is washed by the
humid SW Monsoon winds from the Atlantic Ocean
(Okpani, 2009).

The recirculation theory helps us to understand the
anomalies in both the aerosols dispersion and deposition
points of the atmospheric field settings. The mysteries of

Zamfara

the recirculation zones in the mixing layer of the lower
atmosphere are yet to be explained i.e. comparing the pre-
circulation and post circulation. The turbulent boundary
layers formed during recirculation are somewhat complex
when explaining the minute changes that triggers
continuous recirculation (Kim and Patel, 2000; Sadek et al.,
2011). In this paper, the main objective is to examine a 3D
dispersion model which was developed from the aerosols
dispersion dynamics around a cement factory. We looked
at the main drivers of recirculation and propounded that
recirculation is a complex process which triggers a
reordering of the mixing layer- a key factor for initiating the
type of rainfall in this region.

Figure 1. South West region of Nigeria

2. Methodology

The recirculation theory was reviewed via the use of
ground measuring instrument located in the South West
region of Nigeria. The Davis weather station used for this
study was installed at Covenant University, Ota Nigeria. Ota
is on 6.21°N and 3.21°E. The weather station was used to
obtain the wind properties i.e. peculiar to the region. The
Meteorological data for rainfall was obtained from the
Nigerian Meteorological Agency for five States in the south-
west i.e. 0Osogbo-Osun, llorin-Kwara, Ibadan-Oyo,
Abeokuta-Ogun, Ondo-Ondo and lkeja-Lagos. The main
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Here, C(x,y,z) is the pollutants diffusion mean
concentration at a point (x,y,z) [kg/m3], Ky, K« is the eddy
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objective of the theoretical approach is to derive
recirculation equations from micro scale. The results from
the micro-scale are then extended to the meso-scale.
Recall the idea of the paper examines the effect of large
scale recirculation on the rainfall patterns. The area of
study is the south-west region of Nigeria. The satellite
imagery (MISR) for the aerosol optical depth of the
locations were examined. The theoretical approach to
these studies can be obtained from the aerosol dispersion
model (Emetere et al., 2015c; Emetere et al., 2015d). The
3D model for consideration is given as:

0 (K 6C) P+S (2)
+— —)-P+
oy \ ¥? 9y

()

(3)

diffusivities in the direction of the y- and z- axes [m?/s] . The
reconstruction of the 3D model is achieved via Figures 2-3
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In Figure 2, the recirculation favours the upward motion
into the free troposphere. In Figure 3, the recirculation
influences a downward motion within the frictional
boundary of the lower atmosphere. In figure 4, the
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recirculation is a sustained recirculation that impacts upon
the upward and downward motion. This kind of circulation
is common in a large scale wind dynamic as shown in
Figure 5.

el PBL

Figure 2. Type 1 recirculation dispersion pattern from cement Factory

PBL

Figure 4. Type 3 recirculation dispersion pattern from cement Factory



IMPACTS OF RECIRCULATION EVENT ON AEROSOL DISPERSION AND RAINFALL PATTERNS 347

Wind Speed (m/s)
© N b O O

W o=z 2 W2 WWWLw22=22= W
n 2§z ﬂﬁ% SE ‘”33

Figure 5. Magnitude of wind speed within different directions

In this paper, we are more interested in type 3 which gives
a prediction for a large scale recirculation event and its
effect on the rainfall patterns for thirteen years. Type 3 is
the most prevalent during recirculation in the in or below
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—+

Here D represents the transport equations for
recirculation; B is the pressure gradient force.
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Here V, is the mean velocity in x direction, P is the pressure,
A is the surface area, V; is the kinematic viscosity, € is the
turbulence kinetic energy, k is the dissipation rate, g,
turbulent diffusivity coefficient.
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Equation 7 has important implications for precipitation
formation via the recirculation region. The recirculation
region initiates the nucleation scavenging which grows the
precipitation size. The ability of aerosol particles to act as a
cloud condensation nuclei (CCN) depends on its size
(Westervelt et al., 2014). The solution of equation (7) is
given as

€= 28 (v, (Kt+C-x)-PAX) (8)
Vt

The solution i.e. equation (8) shows that the updraft term
xvﬁ was able to initiate the nucleation scavenging. Hence,
t

large scale recirculation may influence precipitation over
an area provided that other terms in equation (8) are quite
low. This assumption was verified by the rainfall and
aerosol optical depth over the research site.

3. Results and discussion

In this section we tried to verify how intense is the
relationship between the aerosol content of an area and
the rainfall pattern. The data duration is thirteen years.
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the tropopause. This event is more frequent for locations
close to coastal belt (Lee et al., 2014). The mathematical
representation of type 3 is given as

0 <K GC) B+D (4)
+— — ) -B+
oy \ Y2 9y

First we examine the wind speed data (figure 5 & 6) from
the Davis weather station to determine the various
expected possibilities in the recirculation zones.

The wind data set for January, 2013 was used to estimate
the recirculation zone in 1D where x=z. January, 2013 was
chosen because it had the highest volume of wind speed
data within the year (Akinyemi et al.,, 2016). More
specifically, the recirculation zone occurs more frequently
along the SE, S, ESE, ENE, E, SSW and SSE as shown in figure
6. If we assume that all the negative terms in equation 8
are minute, then the turbulence kinetic energy which
defines the sustenance of the recirculation zone can be
written as

v, 2
e=xV, —
XVt (9)
Where
( Vsin® if 0<x<480, 0<0<pi/16
| Vcose if 480<x<960, pi/16<6<pi/8
V,(8)=4 V(sinB+cosB) if 960<x<1440, pi/8<B<pi/4
| vsin?0 if 1440<x<1920, pi/4<6<pi/2
Vcos?8 if 1920<x<2400, pi/2<6<pi

%=0.01, and V =7.8m/s i.e. the highest speed with an
t

equivalently high frequency. Let x be the altitude of the
lower atmosphere where altitude 1440 m to 2400 m
represents the free troposphere. The recirculation activity

was theoretically represented in figure 7.

The 3D representation of the recirculation parameters
illustrated in equation (9), where the maximum turbulence
kinetic energy over the research area is about 261 J/Kg and
occurs between 1000 m to 1500m altitude. The divergence
of recirculation features as seen by the red dotted lines is
evidence that the recirculation zones are unpredictably
dynamic. Hence, it possesses a verse ability to influence
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rainfall over an area. In the context of this paper, we are
more concerned with the influence of the recirculation of
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aerosols which is expected to initiate significant effect on
the rainfall over an area.
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Figure 7. (a) 3D representation of recirculation parameter;
(b) 2D representation of recirculation dynamics; (c) 2D
representation of altitudinal influence on turbulence
kinetic energy

We examined the rainfall pattern between the years 2000
to 2012 over the research locations because of its dismal
occurrence in recent times. A comparative analysis
between the rainfall pattern and the aerosol optical depth
was carried to further explain the dynamic nature of the
recirculation zones. The rainfall pattern of 2001 seems to
be uniquely uniform with a clear evidence of uniform
recirculation activity-throughout the six locations. Though
other explanations can be given to the uniformity of the
2001 rainfall pattern, in this text, we tailored our argument
towards the recirculation theory and how it influences
rainfall (Figure 8). Aside the coastal location of Ikeja-Lagos
where updrafts is expected to be high, the well defined
aerosol optical depth over Lagos (figure 9a) contributes to
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the relatively high rainfall between the year 2000 and 2013.
We propound that the region with influential recirculation
activity possess a different rainfall pattern. Hence, llorin
and lkeja-Lagos had significant recirculation influence in
2000; Ondo and Osogbo in 2002; Osogbo, Ikeja-Lagos and
Ondo in 2003; Ondo and Osogbo in 2004; Osogbo in 2005;
Ikeja-Lagos and Osogbo in 2006; Ibadan in 2007 and 2009;
Ikeja-Lagos in 2011; llorin in 2012.

In 2011, the recirculation in other location was relatively
low; however, the recirculation impact in 2012 was high
with a corresponding high rainfall throughout 2012. The
aerosol optical depth in llorin is quite low compared to
Lagos despite the influx of the dust aerosols from the
Sahara via the north-east winds. This might have
established our earlier guess that with adequate aerosols
and recirculation, nucleation scavenging is triggered to
collectively influence rainfall at the long run. The type of
recirculation in Osogbo signifies a negative recirculation
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which favours the downdraft as expressed in figure 3 while
the recirculation in lkeja-Lagos signifies a positive
recirculation which favours the updrafts as expressed in
figure 4.

This study provides the hint into understanding the
tropospheric anomaly noticed (Lee et al., 2014), it was
proposed (via statistical analysis) that biomass burning
aerosol (BBA) affects liquid clouds- leading to an increase
in cloud droplet number concentrations and a decrease of
droplet effective radii. In the long run, this process leads to
geographical rearrangements of rainfall patterns (Sobel,
2010). The theory of recirculation as explain in this paper
sheds more light on the possibility of rainfall suppression
and promotion (Diem, 2013; lacobellis and Sommerville,
2006). The recirculation activity can influence the normal
deceleration (in form of normalization, accelerating or
decreasing) of auto-conversion processes in the lower
atmosphere Weber and Quaas, 2012.
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Figure 9. (a): AOD pattern within the years 2000 to 2012 for Lagos;
(b) : AOD pattern within the years 2000 to 2012 for llorin

The recirculation activity in the lower atmosphere controls
the magnitude of increase in cloud condensation nuclei and
by extension, the available potential energy. Figure 7c
affirms the auto energy conversion from turbulence kinetic
energy to available potential energy. Hence, the high
turbulence kinetic energy between 1000m and 1500m
affirms the aerosol effect on warm precipitation formation
(Frank et al., 2003). It is therefore scientifically sensible to
propose that the recirculation activity further complicates
aerosol radiative effects and climate predictability via
driving larger processes like general circulation, nucleation,
and warm water precipitation.

4, Conclusion

The recirculation zone is comprised the negative
recirculation which supports the downdraft activities and
positive recirculation which supports the updraft activities
within the lower atmospheric setting. The negative
recirculation has no influence on the rainfall pattern of an
area-as seen in Oshogbo-Osun. The positive recirculation
has significant influence on the rainfall pattern of an area-
as seen in lkeja-Lagos. The maximum turbulence kinetic
energy over the research area is about 261 J/Kg and occurs
between 1000 m to 1500m altitude. This altitude shows the
role of recirculation in cloud formation and rainfall. Hence,
the meteorological data set for the six locations shows that
Ondo and lkeja-Lagos has the highest value of turbulence
kinetic energy. Also, we discover that the turbulence
kinetic energy of negative recirculation is low i.e. compared
with the turbulence kinetic energy of positive influence.
The rainfall pattern of 2001 seems to be uniquely uniform
with a clear evidence of uniform recirculation activity
throughout the six locations. It was shown that
recirculation activity influences the nature of clouds. The
glaring results are the increase in cloud droplet number
concentrations and a decrease of droplet effective radii.
This result is possible because nucleation scavenging
triggers rainfall both at the long or short term as shown in
the results. Also, from figure 7 and 8, it is concluded that
recirculation is a complex process which triggers a
reordering of the mixing layer- a key factor for initiating the

type of rainfall in this region. Hence, the adaptation of the
model formed on micro-scale conditions showed
tremendous success in the meso-scale frame because of its
flexibility to accommodate modifications.
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