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Abstract

Atmospheric aerosols are posing a great threat to the already stressed climate
with the effects being felt more on African continent. Their presence and in-
teraction with the clouds contribute to the strongest uncertainty in aerosol
characteristics and Earth’s energy budget hence; calling for a long term as-
sessment to be done. The present study analyses long term spatiotemporal
microphysical aerosol characteristics (namely: effective radius (7,,) and sur-

face-area concentration), using AErosolROboticNETwork (AERONET) frame-
work over Kenyan urban atmosphere (Nairobi-1°S, 36°E), rural atmosphere
(ICIPE-Mbita-0°S, 34°E) and maritime atmosphere (CRPSM-Malindi-2°S,
40°E). AERONET framework was used due to its availability over the selected
sites; it is also located in sites that provided contrasting aerosols type, source
and characteristics and due to its synergism with other frameworks. The
findings indicated a spatial and temporal variability in microphysical proper-
ties over CRPSM-Malindi, Nairobi and ICIPE-Mbita. CRPSM-Malindi is
dominated with coarse aerosols in all seasons while Nairobi with coarse mode
in the DJF and MAM seasons. ICIPE-Mbita is on the other hand dominated
with fine aerosols in all season. In terms of size distribution, the three
AERONET sites displayed a bimodal distribution inflecting at 0.44 pm and
fine mode radius of 0.15 pm while CRPSM-Malindi recorded a coarse mode
of 3.86 um and Nairobi and ICIPE-Mbita with 5.06 um. The coarse aerosols
have a higher concentration than the fine aerosols in all AERONET sites be-
cause of aerosol coagulation and dominance of certain type of aerosols that
are coarse in nature.
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1. Introduction

Aerosols are tiny (micro and submicron) sized particles (solid or liquid) that are
suspended in the atmosphere [1]. They are injected in atmosphere from both
natural and anthropogenic sources [2] and distributed through turbulence and
regional circulation; thus their concentration and distribution are highly variable
in space and time [3].

Aerosol variability depends on factors such as dominant anthropogenic emis-
sions, natural loading and atmospheric conditions [4]. Their presence in the at-
mosphere directly modulates the Earth’s radiative budget by scattering and ab-
sorption of the incoming solar radiation yielding a cooling and warming effect
respectively [4] [5]. They also indirectly modulate the radiative budget of the
earth by modifying the properties of the cloud condensation nuclei (CNN)
which aid in the formation of cloud droplets [5] [6] [7]. The atmospheric aero-
sols have been on an increasing trend especially in the third world countries
such as Kenya due to growing populace, rapid urbanization and changes in land
use, increased vehicular emissions, and increased industrialization within and
adjacent to, urban areas [8] [9].

The presence and variability of atmospheric aerosols have strongly contri-
buted to greater uncertainties in aerosol optical, microphysical and chemical
characteristics [10]. Despite plenty of ground, remotely sensed data uncertainty
has still continued to exist on how aerosols microphysical characteristics (effec-
tive radius and size distribution) contribute to environmental effects therefore

need to characterize them thus forming the basis of this study.

2. Materials and Methods
2.1. Study Sites

The study was undertaken in the region described in detail by Makokha [9].
These sites were chosen because they provided contrasting aerosol microphysical
characteristics and presence of AERONET frame work hence Figure 1 shows the

sites of study in Kenya.

2.2. Instrumentation

The study uses the AErosolROboticNETwork (AERONET) to analyze the spatial
and temporal variability of both effective radius and size distribution. This pro-
gram [11] is a federation of ground remote sensing aerosol networks established
by NASA (National Aeronautics and Space Administration). The program pro-

vides a long term, continuous and readily accessible public domain database of
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Figure 1. AERONET sites in Kenya. Source: http://www.maphill.com. Date: 04.08.2017.

aerosol optical, microphysical and radiative properties for aerosol research and
characterization, validation of satellite retrievals and synergism with other data-

base.

2.3. Derivation of Microphysical Properties.

Derivation of climate models, visibility and how human health is affected
through aerosol characterization requires a better understanding of effective ra-
dius (7, ﬁ) and surface-area concentration (size distribution). The sensitivity of
climate change, visibility and human health caused by natural and anthropogen-
ic variations of the above-listed microphysical properties characterizes the im-
pact of the atmospheric aerosol on climate change; visibility and human health
hence need for aerosol characterization.
Effective radius (7, ) is the area weighted mean radius of the aerosol particles.
It determines the size of the aerosol particles. The derivation of (7, ) is given by
Equation (1) and has been described in details by Dubovik [12].
I:ﬁ d(ﬁi:) dinr
Tor J'°° ] dN(r) (1)

r"——~dnr
0 dlnr

where r is the particle radius, dV (r) particle distribution. The particles and
droplets in aerosols in Equation (1) collide with one another undergoing coales-
cence leading to change in the aerosol particle size distribution. This increases
aerosol diameter as total number of particles decreases, hence size distribution of
v(r)

dinr

the particle volume relates with the particle number by the formula
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(12]

7 (r) :V(r)dN(r) :iﬁr3 _dN(r) (2)
dinr dlnr 3 dinr

The data for the daily averages for both effective radius and size distribution
were downloaded from the AERONET inversions (13) over three AERONET
sites in WordPad which was then imported to excel for further manipulation
and analysis. These data were regrouped in respective seasons Ze. DJF, MAM,
JJA and SON by first deleting the field values and then finding the averages from
which, line graphs were plotted for respective seasons throughout the period of
study. The variability of seasonal plots over same site were analyzed with time
hence a temporal erraticism of aerosol microphysical properties while on the
other hand, a spatial variability was achieved by comparing DJF, MAM, JJA and
SON of one AERONET site with the seasons from other AERONET sites.

3. Results and Discussions

3.1. Spatial and Temporal Characteristics of Aerosol
Microphysical Properties

AERONET data of level 1.5 from the three AERONET stations (obtained from
January 2004 to December 2017) were considered in this study to investigate

both the spatial and temporal variation of 7, and size distribution over Kenya.

;
3.2. Spatial and Temporal Characteristics of Effective Radius.

r,, refers to mean radius of the aerosol particles. It determines the size of aero-

sol particles hence can be characterized as fine mode (particle size < 0.6 pm) or
coarse (particle size > 0.6 um) mode aerosols [13] [14]. To start with is the anal-

ysis of the 7, over CRPSM-Malindi considering the DJF, MAM, JJA and SON

1
respectively.
From Figure 2(a), it was noted that 7,

or
In 2009, 7, was noted to range between 0.35 pm and 1.13 pm thus an indica-

tor that aerosol sizes vary with time. Higher (lower) radius is a signature of larg-
er (smaller) sized aerosols. Equally, there was a temporal variability in 7, of
aerosol in 2009 season with DJF posting an average of 0.68 um while in 2010 and

during DJF was varying with time.

2011; the same season posted an average of 0.73 pm and 0.72 pm with a range of
0.32 - 1.00 pm and 0.48 - 1.48 pum respectively. A greater variability was noted in
2013, with the lowest and highest radius of 0.41 um and 1.81 pum respectively
followed with highest variability in 2017 season registering a range of 0.42 - 3.17
pm and mean of 0.99 um, an indicator of coarse mode aerosols [14] [15]. The
reduced amount of PR during this local dry season, the sink of marine and Ara-
bian desert aerosols were ascertained to be the main causes of variability [8] [9].
Additionally, Figure 2(b) indicates variability of 7, in MAM season over
CRPSM-Malindi with time. The 2008 season, recorded an average of 0.70 pum
with a range of 0.30 - 1.58 um. The variability slightly increased in the 2011 sea-

son recording an average and range of 0.63 pm and 0.39 - 1.83 um respectively
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Figure 2. Variability in effective radius over CRPSM-Malindi during study period.
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but 2012 season recorded the largest radius as 2.98 um with smallest as 0.38 pm
and average of 0.99 um. a range and average of 0.48 - 3.49 um and 1.14 um re-
spectively were recorded in 2013 MAM and the greatest variability during this
season was recorded in 2017, during which the highest average of 1.20 um and
range of 0.45 - 5.43 were recorded. The variability in volume distribution was
favored by increased amount of PR in MAM thus increased aerosols wash down
(9] [14].

Also, as noted in Figure 2(c), it was observed that in JJA was varying

Ter
with time that was attributed to different aerosol source and type. It was ob-

served that during 2008 season, an average r,,

1.37 um was recorded. The variability was additionally experienced in 2010

of 0.66 um and range of 0.32 -

posting a range and average of 0.36 - 1.78 um and 0.68 um respectively. The var-
iation in 2013 season appeared to reduce slightly recording a range of 0.39 - 1.40
pum. The averages recorded are a signature of coarse aerosols dominating the re-
gion [12] [13] Aerosols from different sources such as flowering crops attributed
to the variability and enhanced aerosols in JJA over the three AERONET sites
[15].

Lastly, during 2008 SON season as indicated in Figure 2(d) 7,

vary with time with an average of 0.56 um being recorded and range of 0.40 -

was noted to

1.03 um, an indicator that it was majorly dominated with fine mode aerosols.
The study equally indicates that 2010 and 2011 were majorly dominated with the
fine mode aerosols registering averages of 0.58 um and 0.57 pm, and ranges of
0.27 - 0.92 pm and 0.4 7- 0.72 pum respectively. The variability increased in sub-
sequent years with the mode changing to majorly coarse mode with highest va-
riability noted in 2016 posting a range of 0.39 - 1.65 um and average of 0.83 um
greater than 0.6 pum suggested by Dubovik [12] thus dominated by coarse aero-
sols. The study attributed the variability to the fluctuation in the amount of the
precipitation during SON seasons [9].

Equally, over Nairobi AERONET site during the period of study was also

Tepr
analyzed and the findings represented as in Figure 3.

During the 2006 and 2009 DJF seasons, the 7,

as indicated in Figure 3(a). The 2006 DJF season was noted to register an aver-

was noted to vary with time

age of 0.72 um with a greater variability of 0.30 - 1.46 pm being experienced
while the 2009 DJF recorded a lower variability and average radius of 0.44 - 0.62
pum and 0.53 um respectively. Equally, the MAM season registered variability in

7

r with time as indicated in Figure 3(b). The 2006 season recorded an average

r,, and range of 0.52 um and 0.35 - 0.69 pm respectively and a signature of fine
mode aerosols while during 2009 season, it recorded an average of 0.84 um an
indicator of coarse mode aerosols. The enhanced temporal variability over this
region was attributed by many sources of atmospheric aerosols such as industrial
emissions, fuel burning and aerosols transported to the region by both monsoon
winds [9].

Additionally, the analysis of the r , over ICIPE-Mbita was done and the

eff
findings represented as in Figure 4.
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Figure 3. Variability in effective radius over Nairobi during the period of study.

Temporal characteristic of 7, was equally analyzed over ICIPE-Mbita and it
can be noted from Figure 4(a) that the average 7, recorded in DJF of 2007
indicated dominance of fine mode aerosols since it posted an average of 0.42 um
and range of 0.19 - 0.84 pm. A slight variability was equally noted in the 2008
and 2009 DJF season with range of 0.34 - 0.72 pm and 0.30 - 0.73 pum respective-
ly and both having an average of 0.51 um. This was followed by a greater varia-
bility in 2010 with a range of 0.29 - 2.58 and 0.63 as the average radius; a signa-
ture of dominance by coarse mode [14]. The 2011 season recorded the least va-
riability of 0.37 - 0.41 um and the least average 0.39 pm. The highest average of
1.08 um and greatest variability of 0.47 - 3.36 um was note in 2013 and it was
followed with smaller variability of 0.33 - 0.98 pm and bigger average radius of
0.62 pum in 2015. During this local dry season, the variability was attributable to
increased biomass burning, vehicular emission and increased construction
around the region [14] [15].

Furthermore, during local wet MAM season as indicated in Figure 4(b) the
study noted that 7

et
pheric aerosols [14]. During 2007 season, the site recorded an average of 0.45 um

was varying with time due to different types of atmos-

and a stretch of 0.21 - 1.29 pm while in 2008, it noted an average of 0.81 pm a

signature of coarse mode and a range of 0.41 - 1.86 um. But 2011 season noted a
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Figure 4. Variability in effective radius over ICIPE-Mbita during the period of study.

slight decrease in average radius and range to 0.72 pm and 0.45 - 1.17 pum re-
spectively. The aerosol 7, further reduced in 2012 and ranged between the ra-
dius of 0.29 - 0.83 pm and mean of 0.62 pm. The lowest variability was noted in
the year 2013 posting a stretch of values of 0.35 - 0.64 pm and mean of 0.47 um
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but in 2014 season, the variability greatly increased to a range of 0.41 - 1.77 pm
while mean of 0.85 pm.

In the JJA season as indicated in Figure 4(c), a temporal variability was
equally noted with 2007 season recording an average and range in radius of 0.27
pum and 0.18 pm to 0.83 pm, an indication that the site is dominated with fine
mode. 2008 and 2010 season both registered an average of 0.48 um and 0.43 um
with the radius spanning 0.21 - 0.76 pm and 0.20 - 0.80 pm respectively. In addi-
tion, the 2011 and 2013 seasons recorded an equally lower variability in 7,
with the range of 0.16 - 0.74 um and 0.32 - 0.96 um and mean 7,, of 0.39 um
and 0.55 pm. A further lower variability in the radius was noted in 2014 span-
ning 0.21 - 0.85 pm while registering an average radius of 0.46 pm. The highest
variability in7,, was noted in 2015 season with the values spanning the value of
0.31 - 1.46 um and the average radius of 0.77 um. From the findings the study
noted that ICIPE-Mbita is majorly dominated with fine mode aerosols during
this season. Aerosols from different sources such as flowering crops and aerosols
from Lake Victoria attributed to the variability in JJA over the three AERONET
sites [14].

A temporal variability over ICIPE-Mbita during the SON season as indicated

in Figure 4(d) displayed variability with time an indication of different

v,
aerosol types. The 2007 seasé; recorded a mean radius of 0.36 um and range of
0.21 - 0.65 pm while 2009 season noted a slightly higher radius of 0.41 pm and
lower range of 0.26 - 0.53 um. The site again noted a slight increase in radius and
range during 2010 season, posting values of 0.45 pm and 0.31 - 0.67 um in that
order. The variability and mean radius hit the highest values during 2011 season
with the radius stretching between 0.26 - 1.03 um and mean radius of 0.50 pum.
The 2013 and 2015 seasons reached same mean radius of 0.51 pm and range of
0.47 - 0.58 um and 0.29 - 0.85 um respectively.

Spatial variability was similarly noted over the three AERONET sites as indi-
cated in Figures 2-4. CRPSM-Malindi recorded average of 7, > 0.6 pm in all
the seasons an indicator that it is majorly dominated with the coarse mode
aerosols while Nairobi recorded average of 0.63 um and 0.68 pm in the DJF and
MAM respectively a signature of large sized aerosols in these seasons. But
ICIPE-Mbita recorded the average 7, < 0.6 pm in all seasons thus a pointer

that it is majorly dominated with the fine mode aerosols [12] [14].

3.3. Spatial and Temporal Characteristics of Surface Area
Concentration

Surface area concentration (Particle size distribution) over AERONET sites dic-
tates the fluctuation in the aerosol radius with time. To start with are the varia-
tions in the size distribution over CRPSM-Malindi seasons from 2008 to 2017. It
is noted from Figures 5(a)-(e) that there is a temporal variability displayed in a
bimodal distribution of aerosol particle size with an inflection at 0.44 um in all

seasons and high concentration in coarse aerosols than fine aerosols. The sizes in
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Figure 5. Variability in size distribution over CRPSM-Malindi during study period.
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DJF, MAM JJA and SON seasons of 2008 as noted in Figure 5(a) oscillated with
time with highest concentration of fine aerosols at 0.15 pym, 0.15 um, 0.09 um
and 0.11 pm respectively while coarse mode concentrated at 2.94 um, 3.86 um,
3.86 um and 2.94 um respectively. Moreover, the variability was displaying a
bimodal distribution of aerosols with large sized particles being higher than
small sized particles and indication of mixed aerosol [14] [16] [17].

Equally, from Figure 5(b), its noted to display bimodal distribution of aero-
sols with fine mode radius of 0.15 um in all seasons while the coarse mode radius
in DJF, MAM and JJA seasons of 2.94 um and coarse mode radius of 3.86 in
SON season. Again the temporal characteristics during the 2011 seasons dis-
played in Figure 3(c) & Figure 4(c) indicate that DJF and MAM season both
had same fine mode radius and coarse mode radius of 0.15 um and 3.86 um re-
spectively [12] [14].

The 2012 seasons equally indicated a variation of aerosol size with time. The
DJF and MAM both recorded fine aerosol and coarse aerosol modes as 0.15 um
and 2.94 pm respectively while SON season of the same year posted fine mode
radius of 0.15 um and coarse mode radius of 5.06 pm. The 2013 seasons noted a
great variability of aerosol sizes distribution with MAM and SON seasons both
posting fine mode radius of 0.15 pm and coarse mode radius of 3.86 um. Addi-
tionally, JJA noted much smaller fine mode radius and coarse mode radius of
0.09 pm and 2.24 pum respectively.

Away from size distribution over CRPSM-Malindi, the study also investigated
the same property over Nairobi during the same period whose findings were
represented as the sunisoidal waves in Figure 6. The size of distribution of
aerosols was noted to have a greater variability over Nairobi as indicated in with
the curve inflecting at 0.44 pm in all the seasons. The study noted that the dis-
tribution displayed a bimodal kind of distribution with the larger particle being
more than the fine particle. As indicated in Figure 6(a), the 2006 DJF, MAM
and JJA seasons posted a fine mode radius of 0.15 um with a greater variability
in the coarse mode radius. DJF posted the highest coarse mode radius of 6.64 um
followed by MAM with radius of 5.06 pum while JJA recorded lower coarse mode
radius of 3.86 um. Also, SON season recorded a lower fine mode radius of 0.11
pum with coarse mode radius of 3.86 um. The variability in fine mode and coarse
mode over this region indicates that aerosol size distribution varies temporally
due to coagulation and changes in the aerosol type dominating the atmosphere
[14] [16].

Although only two seasons were recorded during the 2007 the study noted a
significant seasonal variation as it may be observed from Figure 6(b). The large
sized particles were more than the small sized particles and larger sized aerosols
dominated the atmosphere during the DJF and MAM seasons both posting a
fine mode aerosol radius of 0.15 pm and coarse mode aerosol radius of 0.506
um. Also, the 2008 seasons displayed a bimodal distribution of aerosols with DJF
posting the lowest fine mode radius of 0.09 um, while MAM and JJA recorded
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Figure 6. Variability in size distribution over Nairobi during study period.

aerosol fine mode of 0.11 um and SON a higher value of 0.15 pm. A greater va-
riability was noted in the coarse mode aerosol radius with 2.94 um as the lowest
radius in DJF and 5.06 pm as the highest coarse mode radius in the MAM, JJA
and SON seasons [12] [14].

The study equally investigated size distribution over ICIPE-Mbita during the

same period and the findings represented as in Figure 7.
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Figure 7. Variability in size distribution over ICIPE-Mbita during period of study.

It is noted from Figure 7 that there is a temporal variability that displays a
bimodal distribution of aerosol particle size over ICIPE-Mbita. In 2007 as noted
in Figure 7(a), the fine mode aerosol radius recorded in DJF, JJA and SON was
0.15 pm while MAM recorded a lower mode of 0.11 pm. Also, the coarse mode
radius was note to vary with time with DJF and MAM seasons recording the
mode as 5.06 pm while JJA and SON seasons with 3.86 um. Equally, Figure 7(b)
displayed bimodal distribution of aerosols recording fine mode radius of 0.11
pm in DJF and MAM while JJA recorded a values of 0.15 pm. Lower coarse
mode radius of 3.86 um was recorded in DJF while higher mode of 5.06 um in
MAM and JJA.

Temporal characteristics may also be noted in 2010 seasons as displayed in
Figure 7(c). Its indicated that a fine mode radius of 0.15 pum is posted in all sea-
sons while coarse mode radius of 5.06 pm is realized in DJF while 3.86 pm in JJA

and SON. The 2011 seasons equally indicated a variation of aerosol size distribu-
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tion with time as indicated in Figure 7(d). DJF and MAM realized a fine mode
radius of 0.15 and a coarse mode radius of 3.86 um and 5.06 pm respectively
while JJA and SON both registered a higher fine mode radius of 0.19 pym and
coarse mode radius of 3.86 um and 5.06 pm respectively. While in 2012 DJF and
MAM seasons, aerosols size distribution indicated bimodal distribution with fine
mode radius as 0.15 pm and 0.11 pm respectively with both seasons posting
coarse mode radius of 3.86 um [14].

Additionally, the 2013 seasons displayed an interseasonal variation with a bi-
modal distribution between the fine and coarse mode aerosols, as it may be
noted from Figure 7(e). Its depicted that the all seasons had the same fine mode
radius of 0.15 pm but posted a variation in the coarse mode radius with DJF and
JJA registering radius of 5.06 um while MAM and SON with radius of 3.86 pm.
This is an indicator that JJA and DJF are dominated with coarse particles while
MAM and SON are dominated with fine particles [14]. The average of the 2014
seasons as indicated in Figure 7(f) displayed a variation in the aerosol sizes dis-
tribution as DJF, MAM and JJA posted a fine mode radius of 0.15 pm, while
SON with radius of 0.11 um. A greater variability in size distribution was noted
with coarse mode radius ranging between 3.86 pm in the DJF and JJA to 6.64 um
in MAM. Lastly, 2015 seasons as indicated in Figure 7(g) equally implied a vari-
ation in aerosol size distribution with time. DJF, JJA and SON recorded fine
mode radius of 0.15 um while MAM posted a higher fine mode radius of 0.19
pum. In addition, the coarse mode radius was noted to vary with DJF recording
3.86 um and MAM, JJA and SON all recorded mode of 5.06 pm.

Additionally, spatial analysis of size distribution over three AERONET sites
was done and noted that CRPSM-Malindi had an average fine and coarse modes
of 0.15 pum and 3.48 um while Naijrobi and ICIPE-Mbita both had the average
modes of 0.15 um and 5.06 pm. The greatest variability in the size distribution
was note over Nairobi while the lowest variability was over CRPSM-Malindi.
The study attributed the low variability over coastal region to the ever present
sea salt in the region [5] [8] [18].

4. Conclusion and Recommendation
Conclusion

The 7, and size distribution were varying both spatially and temporally over
the three AERONET sites. CRPSM-Malindi and Nairobi had the higher average
in 7, > 0.6 pm whereas ICIPE-Mbita had lower averages of 0.6 < r,,, a sig-
nature that CRPSM-Malindi is dominated with large sized particles in all seasons
while Nairobi is with coarse mode aerosols in DJF and MAM and ICIPE-Mbita
is dominated with fine aerosols in all seasons. The three AERONET sites dis-
played a bimodal distribution of aerosols with coarse aerosols having a higher
concentration than the fine aerosols due to aerosol coagulation. CRPSM-Malindi
experiences low variability in size distribution due to constantly being dominat-

ed with sea salt from Indian Ocean.
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