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Abstract

This study evaluates the vertical profiles of aerosol and cloud optical proper-
ties in 40 dominated dust and smoke regions in Western-Northern Africa
(WNA) and Central-Southern Africa (CSA), respectively, from the surface to
10km and from 2008 to 2011 based on LIVAS (LIdar climatology of Vertical
Aerosol Structure for space-based lidar simulation studies). Aerosol extinc-
tion (AE), aerosol backscatter (AB), and aerosol depolarization (AD) gener-
ally increase from the surface to 1.2 km and decrease from 1.2 km to the up-
per layers in both WNA and CSA. AE and AB in CSA (maximum of 0.13
km™, 0.14 km™, 0.0021 km™".sr”}, 0.0033 km™'.sr™") are higher than in WNA
(maximum of 0.07 km™, 0.08 km™, 0.0017 km™".sr™%, 0.0015 km™".sr™") at 532
and 1064 nm respectively. AD in WNA (maximum of 0.25) is significantly
higher than in CSA (maximum of 0.05). There is a smooth change with the
height of cloud extinction and backscatter in WNA and CSA, while there is a
remarkable increase of cloud depolarization with height, whereby it is high in
CSA and low in WNA due to high and low fraction of cirrus respectively. Al-
tocumulus has the highest extinction in NA (0.0139 km™), CA (0.058 km™),
WA (0.013 km™), while low overcast transparent (0.76 km™) below 1 km in
SA. The major findings of this study may contribute to the improvement of
our understanding of aerosol-cloud interaction studies in dominated dust and
smoke aerosol regions.
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Climatology of Vertical Aerosol Structure for Space-Based Lidar Simulation
Studies (LIVAS)

1. Introduction

Active sensors and atmospheric models have been used to analyse vertical struc-
ture, aerosol, and cloud optical properties at global scale, however, few studies
have investigated the African climatology aspect at high spatial scale. As a result,
the knowledge on the quantification of the impacts of aerosols on the radiation
budget and cloud processes remains poor. The atmospheric aerosols are broadly
classified as natural (wind-borne desert dust, sea spray, volcanic eruptions, forest
fire, etc.) and anthropogenic (biomass burning activities, industrial and urban
pollution, fossil fuels combustion, car traffic, etc.) aerosols. The dust and bio-
mass-burning aerosol are remarkably concentrated in Western-Northern Africa
(WNA) and Central-Southern Africa (CSA) respectively in all seasons [1]. The
largest fractions of dust in the world are found in Sahara desert [2]-[7] while the
largest amount of biomass burning is found in South Africa [8] [9], and Africa is
the continent with the largest number of fires from biomass burning [9] [10]. A
recent study also showed that Central and South Africa are among the regions in
the world with the largest fraction of biomass-burning aerosols [11]. This shows
the tangible fact that dust and biomass burning aerosol studies are essential in
the Saharan and Sahel regions in West and North of Africa and Central and
South of Africa regions, respectively.

The sophisticated lidars are highly needed in many regions of Africa to have
more knowledge on aerosol and cloud studies. The aerosol types are classified by
their hygroscopicity and chemically by their predominant species [12]. Such
classification is very useful for aerosol and cloud interaction studies.

The LIVAS (LIdar climatology of Vertical Aerosol Structure for space-based
lidar simulation studies) provides six aerosol type data from the simulation of
CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) on board of
CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations)
layer 2 data products [13]. The six aerosol types defined by CALIPSO are clean
continental, clean marine, dust, polluted continental, polluted dust, and smoke,
which are determined by the attenuated backscatter, volume depolarization ra-
tio, surface type and layer height [12]. The Lidar is a particularly useful instru-
ment which gives us insight into the detailed vertical distribution of the aerosol
optical properties [14] [15] [16] [17] [18]. There is an agreement between LIVAS
and CALIPSO in polluted continental types, while for smoke particles the LIVAS
shows a large number of fine particles whereas CALIPSO indicates the same vol-
ume distribution of both fine and coarse particles [14]. They also reported that
the LIVAS has fewer fine particles than CALIPSO for dust particles, while there
is an agreement between LIVAS and AERONET on the average size distribution
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of both smoke and dust particles.

The aerosol optical properties were found to be accurate at 355 nm and 532
nm [4]. The dust aerosols are lifted up due to strong winds and then transported
over long distances [7] [19] [20]. The smoke particles have high absorption and
result in radiative heating ([21] Keil and Haywood, 2003; [22]. There are signifi-
cant smoke aerosols in Central and South Africa and their sources [23]. Saharan
dust particles show Africa also some absorption of solar radiation leading to lo-
cal warming of the atmosphere [22]. The dust and smoke backscatter coefficients
were found almost equal at 532 nm, while the smoke extinction coefficient was
found higher than that of dust [24]. The backscatter coefficient was found to be
sensitive to the shape of dust particles [4]. The aerosol extinction coefficient is
weakly influenced by the shape of aerosols, while the aerosol backscatter coeffi-
cient is strongly reduced by non-spherical dust particles [15] [25].

The aerosol composition changes their size distributions and refractive indices
due to the variability of relative humidity [26]. The continental aerosol compo-
nents were found to grow with the increase of relative humidity [26]. The highly
stratified aerosol layers of dust and smoke up to 5.5 km in height were found
close to Africa [27]. There exists a high concentration of biomass burning parti-
cles in dust during winter due to savanna fires in the Sahel [28].

The backscatter coefficients were found to be high and low for dust in the
shape of sphere and spheroid, respectively [4]. The mixing of dust and smoke
aerosols was found in many previous studies. In this paper, we focus only on two
dominant aerosol types in Western-Northern Africa (WNA) and Central-Southern
Africa (CSA) regions, namely, dust and smoke.

Our contribution is to identify the variability of vertical profiles of smoke and
dust aerosols in terms of their optical properties in WNA and CSA. There are
two main goals of this study: the first is to investigate and compare the vertical
profiles of aerosol and cloud optical properties in dominated dust and smoke re-
gions in Africa. The 40 regions were selected due to their location known to have
large dust and biomass-burning aerosols. This is the first study related to the
vertical profiles of aerosol and cloud properties in many Africa regions with few
or lack of ground-based instruments. The second goal is to investigate the rela-
tionship between the vertical structure of aerosol and cloud optical properties in
dominated dust and smoke regions.

The 40 regions evaluated are located from 12°N to 28°N and 18°W to 21°E in
WNA, while from 1°S to 34°S and 12°E to 35°E in CSA. The paper is organized
as follows. The data and methodology used in this study are described in Section
2, and the results obtained are discussed in Section 3. In Section 4, we present

new findings and concluding remarks.

2. Data and Methodology
2.1. Data

The LIVAS (LIdar climatology of Vertical Aerosol Structure for space-based li-
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dar simulation studies) provides data for vertical structure of aerosol and cloud
optical properties on a global scale from CALIPSO (Cloud Aerosol Lidar and In-
frared Pathfinder Satellite Observations) observations at 532 nm and 1064 nm and
depends on the aerosol types for spectral conversion factors of extinction and
backscatter derived from European Aerosol Research Lidar Network (EARLINET)
[13]. The LIVAS is a 3-dimensional global vertical aerosol structure dataset
sponsored by the European Space Agency (ESA) [29]. LIVAS uses level 2 (ver-
sion 3) product of CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization)
sensor on board CALIPSO satellite [13], in which CALIPSO (level 2) has the
ability to determine the vertical profiles of aerosols and clouds [30] and to dis-
tinguish aerosols from clouds [31]. The LIVAS data have been used in this study
over a period of 4 years from 2008 to 2011 as the climatology aspect. LIVAS pro-
vides monthly data with a spatial resolution of 1 x 1 degree, vertical resolution
from 60 m (between —0.5 km and 21 km) to 180 m (above 21 km) [13]. The
LIVAS data are very useful for satellite sensors and model performance evalua-
tion [29] and have shown good agreement with AERONET at a global scale in
the previous study by Amiridis et al [13]. The users are recommended to con-
sider grids for which the number of CALIPSO overpasses is greater than 150
[13]. In this study, we have also considered grids with the number of CALIPSO

overpasses less than 150 to capture the aerosol events as much as possible.

2.2. Methodology

We have analysed the vertical structure of aerosol and cloud optical properties in
20 regions located in Western-Northern of Africa (WNA) and the other 20 re-
gions in Central-Southern of Africa (CSA) as shown in Table 1. The 40 regions
were selected and chosen by default but focusing on regions dominated by dust
and biomass burning regions in Western-Northern of Africa and Central-Southern
Africa respectively (Figure 1).

The method used by Amiridis et al [13] is that for the conversions applied in
LIVAS, the spectral dependence of the extinction and backscatter is considered

to follow the well-known Angstrém exponential law as follows:

A1y
Xpar (’Lz ) = Xpar (ﬂi)(%}

where x,,,. (1,) is the converted extinction or backscatter at 4, (either 355, 1570 or
2050 nm), A'11 /;, 1s the extinction or backscatter-related Angstrém exponent
and x,,, (4,) is the extinction or backscatter product of CALIPSO at A, = 532 nm.

The LIVAS allowed us to analyze six properties, namely, aerosol extinction
coefficient and aerosol backscatter coefficient at both 532 nm and 1064 nm, and
aerosol depolarization ratio, cloud extinction coefficient, cloud backscatter coef-
ficient, and cloud depolarization ratio at 532 nm. The aerosol and cloud sub-
types data are retrieved at 532 nm. The largest fractions of dust in the world are
found in Sahara desert [5] [6] [7], while the largest amount of biomass burning

is found in Southern Africa [8] [9] and Africa is the continent with the largest
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number of fires from biomass burning [9] [10]. A large fraction of mineral dust
aerosols is found over Sahara desert [4] in Western Africa [32] [33]. A recent
study also showed that Central and Southern Africa are among the regions in the
world with the largest fraction of biomass burning aerosols [11]. This shows that
the Saharan desert and Sahel regions in Western and Northern Africa and Cen-
tral and Southern Africa regions are the best regions for dust and biomass burn-
ing smoke aerosol studies, respectively. Due to the different aerosol and cloud
type spatial distribution in Western, Northern, Central, and Southern Africa
[34], we have evaluated the aerosol and cloud optical properties relationships in
those regions. The LIVAS provides regional and seasonal statistics of aerosol and
cloud optical properties [13]. We have used LIVAS statistical mean data of
aerosol-cloud optical properties and aerosol-cloud subtypes for 4 years. The

LIVAS provides the statistical mean related to the surface elevation, the number

Table 1. Description of 40 regions in WNA and CSA selected for the vertical profiles of aerosol and cloud optical properties.

20 Regions in Western-Northern of Africa (WNA)

20 Regions in Central-Southern of Africa (WNA)

Number of Number of
CALIPSO Lat Lon CALIPSO Lat Lon

Overpasses Overpasses
Adrar 165 26.5 -1.5 Durban 165 -29.5 30.5
Agadez 78 19.5 10.5 Gorogonsa 86 -18.5 34.5
Agoufou 98 15.5 -1.5 Johannesburg 164 -26.5 28.5
Al Kufrah 170 23.5 22,5 Kadoma 81 —-18.5 29.5
Banizoumbou 82 13.5 2.5 Kasai 159 -4.5 21.5
Dakar 167 14.5 -17.5 Kinshasa 82 —4.5 15.5
Ennedi 108 18.5 21.5 Kolwezi 83 -10.5 25.5
Ghat 85 255 10.5 Luanda 37 -9.5 13.5
Hodh El Chargui 166 18.5 -7.5 Lubumbashi 174 -11.5 27.5
Hodh El Gharbi 162 16.5 -9.5 Lusaka 166 -15.5 28.5
Tllizi 100 26.5 7.5 Maputo 98 =255 32.5
Kidal 159 19.5 0.5 Mongu 165 -15.5 23.5
Matam 79 15.5 -13.5 Muchungue 158 -20.5 335
Murzuq 139 24.5 15.5 North-Western of Rwanda 166 -1.5 29.5
Ouagadougou 161 12.5 -1.5  North-Western of Burundi 167 -3.5 29.5
Tamnrasset 160 235 4.5 Pietermaritzburg 166 -29.5 29.5
Tibesti 166 21.5 16.5 Port Elizabeth 82 -335 25.5
Tindouf 168 27.5 —-6.5 Pretoria 164 -25.5 28.5
Tirris Zemmour 88 24.5 -9.5 SEGC Lope 165 -0.5 12,5
Tombouctou 171 20.5 -4.5 Skukuza 83 -24.5 30.5
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Figure 1. Location of 40 regions selected in West-North of Africa (WNA) and Cen-
tral-South of Africa (CSA) for the vertical profiles of aerosol and cloud optical properties.

of CALIPSO overpasses, number of profiles examined, and samples averaged af-

ter filtering (aerosol, clear air, total) for each grid cell [13].

3. Results

The dust and biomass burning aerosol particles have different light absorbing
and scattering properties [27]. The aerosol properties such as shape, size distri-
bution, and composition influence their scattering characteristics [35]. The
source of dust aerosols may strongly affect their optical properties [36]. The
aerosol subtypes with high extinction values are dust aerosols in both Northern
Africa (maximum of 0.045 km™) (Figure 2(a)) and Western Africa (maximum
of 0.088 km™) (Figure 2(b)) while significant high extinction of smoke aerosols
in both Central Africa (maximum of 0.0014 km™) (Figure 2(c)) and Southern
Africa (maximum of 0.0011 km™) (Figure 2(d)). The dust and smoke aerosols
vertical distributions reveal the impacts of aerosols on several cloud types. The
dust and smoke aerosols may have different impacts on clouds due to their dif-
ferent optical, physical, and chemical properties. The clean marine, polluted
continental, and clean continental aerosol subtypes have a remarkable low ex-
tinction in NA (Figure 2(a)), WA (Figure 2(b)), and CA (Figure 2(c)), while

there are much less dust and clean continental aerosols in SA (Figure 2(d)).
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Figure 2. Aerosol subtype extinction average in 40 regions in North of Africa (a), West of Af-
rica (b), Central Africa (c), and South of Africa (d) from 2008 to 2011.

The dust and biomass burning aerosol particles have different effects on cloud
formation [27]. The dust aerosols are remarkably changed cloud properties,
whereby the previous studies indicated the reduction of the cloud optical depth,
liquid water path, and the effective particle size in altocumulus and Cirrus
clouds [37]. The cloud subtype extinction with considerable high values is Alto-
cumulus (Ac) in North (0.0139 km™) (Figure 2(a)), Central (0.058 km™)
(Figure 3(b)) and Western (0.013 km™) (Figure 3(c)) of Africa between 3.5 km
to 5 km, which reveals a significant role that aerosols may have in middle clouds
in those regions. In contrast with North, Central, West of Africa, the cloud sub-
type extinction with high values is low overcast transparent (0.76 km™) below 1
km in South of Africa (Figure 3(d)), due to the coastal regions considered in
this study. There are considerable low extinctions of other cloud subtypes (low
overcast opaque, transition stratocumulus, low broken cumulus, altostratus
opaque, and deep convective opaque) in all four regions (NA, WA, CA and SA).

The high dust amount is mostly concentrated at heights close to the surface in
Sahara desert [38], which is in agreement with our results as shown by optical
properties. The aerosol extinction, backscatter and depolarization ratio coeffi-
cients increase from the surface to 1.2 km and decrease from 1.2 km to the upper
layers in both WNA and CSA at both 532 nm and 1064 nm (Figure 4(a), Figure
4(b), Figure 4(c)). The maximum aerosol extinction coefficients of 0.07 km™

and 0.08 km™ (Figure 4(a)), while the maximum aerosol backscatter coefficients
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Figure 3. Cloud subtype extinction average in North of Africa (a), West of Africa (b), Central Africa (c),
and South of Africa (d) from 2008 to 2011.

of 0.0017 km™"sr™' and 0.0015 km™"-sr™" (Figure 4(b)) are found around 1 km
with 532 nm and 1064 nm respectively in WNA. The maximum aerosol extinc-
tion coefficients of 0.13 km™ and 0.14 km™" (Figure 4(a)), while the maximum
aerosol backscatter coefficients of 0.0021 km"-sr™" and 0.0033 km™".sr™" (Figure
4(b)) are found around 1 km with 532 nm and 1064 nm respectively in CSA.
This shows that there is a remarkable sensitivity of 532 nm and 1064 nm wave-
lengths on the extinction and backscatter coefficients. The aerosol extinctions at
532 nm are greater than at 1064 nm at all altitudes due to the fact that the aero-
sols are primarily products of fresh biomass burning and industrial pollution,
which contain relatively small particles in Southern Africa [39]. The dominated
smoke aerosol regions have high extinction and backscatter than dominated dust
aerosol regions. We have realized also that the dust extinction and backscatter
coefficients are higher than those of smoke at the height of 4 km to 6 km. This is
mainly due to the aerosol and cloud interactions in the middle cloud level. This
reveals also different impacts of dust and smoke aerosols on clouds. The dust
and smoke optical properties from the surface to upper layers change with
height. The aerosol physical and chemical properties are height dependent [26].
The aerosol depolarization ratio in dominated dust aerosol region (maximum of
0.25 in WNA) is significantly higher than in dominated smoke region (maxi-
mum of 0.05 in CSA) (Figure 4(c)). This shows that the aerosol depolarization

ratio can be used to identify aerosol types, as indicated in the previous study by
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Figure 4. The average of aerosol (a)-(c) and cloud (d)-(f) optical properties in 20 regions in WNA and 20 regions in CSA from
2008 to 2011.

Omar ef al. [12]. The high and low of aerosol depolarization contribute to the
decrease and increase of both scattering and absorption of dust and smoke
aerosols, respectively. The significant low aerosol depolarization from 7 km in-
dicates the presence of the mixture of dust and smoke aerosols. The low depo-
larization may reveal also the decrease of the size of the dust aerosols as very
small particles do not significantly depolarize laser light [14]. This shows that
dust particles are considerable larger than smoke particles below 7 km. The
cloud optical properties in dominated smoke region (CSA) are considerably
higher than in dominated dust aerosol region (WNA) whereby high values are
found below 1 km (Figure 4(d), Figure 4(e)), Figure 4(f)). The cloud extinction
(Figure 4(d)) and cloud backscatter (Figure 4(e)) coefficients indicate smooth
changes with height, while there is a remarkable increase of cloud depolarization
ratio with height in high clouds (Figure 4(f)) mainly due to the presence of Cir-
rus (Ci) ice cloud.

In a previous study, we found that cloud types and cloud fraction change by

region in Africa [35]. This is the reason we have also considered the variability of
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vertical aerosol and cloud optical properties in low, middle and high clouds
(Figure 5) by a region in North of Africa (NA), West of Africa (WA), Central of
Africa (CA) and South of Africa (SA) at 532 nm. The high and low values of
both aerosol extinction coefficients are found in CA (0.11 km™, 0.05 km™) and
NA (0.028 km™; 0.029 km™) in low and middle clouds (Figure 5(a)) respec-
tively. The high and low values of aerosol backscatter coefficients are found in
CA (0.0016 km™.sr™') and NA (0.0007 km™".sr™") respectively in low clouds,
while they are found in CA (0.0017 km"-sr™') and SA (0.0003 km"-sr™") in mid-
dle clouds (Figure 5(b)). There are significant differences of aerosol depolariza-
tion ratio in dust and biomass burning regions, whereby high and low values are
found in WA (0.16 and 0.17) and CA (0.03 and 0.01) in both low and middle
clouds respectively (Figure 5(c)). This shows that aerosol depolarization may be
used as an indicator of aerosol subtypes. This is in agreement with the previous
study by Tesche et al [40], whereby they demonstrated that the particle depo-
larization ratio at 532 nm maybe used to separate aerosol types. The cloud ex-
tinction, cloud backscatter, and cloud depolarization ratio coefficients are sig-
nificantly high in SA compared to CA, WA, and NA in low cloud, while no sig-
nificant differences in middle and high clouds for all regions (Figure 5(d), Fig-
ure 5(e), Figure 5(f)). This is due probably to the large fraction of low overcast
transparent cloud in SA as indicated by Figure 3(d). It is clear that the cloud
depolarization ratios for SA, CA, WA, and NA increase in high clouds, whereby

high and low values are found in CA due to a high fraction of Cirrus clouds as
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Figure 5. The average of aerosol optical

properties (a)-(c) and cloud optical properties (d)-(f) at 532 nm in low, middle, and high

cloud levels in 40 regions of South of Africa (SA), Central of Africa (CA), West of Africa (WA) and North of Africa (NA) from

2008 to 2011.
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demonstrated by Figure 3(b). The high and low values of cloud depolarization
ratio found in CSA and WNA are related to the high and low fraction of high
clouds in CSA and WNA (Figure 5(f)), respectively.

The increase of cloud depolarization maybe used as an indicator of ice clouds.
The low and high cloud depolarization ratio maybe used as an indicator of liquid
cloud and ice clouds, respectively, in NA, WA, and CA. In contrast to the other
three regions, the cloud depolarization in SA maybe used as an indicator of low

and ice clouds in middle and high cloud levels and not in low cloud levels.

4. Summary and Conclusions

Several studies have been done on dust vertical distribution in West and North
of Africa due mainly to the presence of Sahara desert and Sahel region, but few
studies have investigated the vertical distribution of smoke aerosols in Central
and South of Africa. In this study, we tried to fill that gap by comparing the ver-
tical distribution of dust and smoke aerosols in West-North of Africa (WNA)
and Central-South of Africa (CSA) as the climatology aspect. In contrast to
many previous studies whereby they evaluated large scale, we have focused on
many regions as possible to understand deep aerosol vertical distribution at a
local scale.

The main objective of this study is to compare the vertical profile of aerosol
and cloud optical properties and to investigate the relationship between the ver-
tical structure of aerosol and cloud optical properties in dominated dust and
smoke aerosol regions. The climatology of dust and smoke aerosols optical
properties in West-North (20 regions) and Central-South of Africa (20 regions)
was studied using LIVAS data. We have used the data of six aerosol and cloud
optical properties based on lidar climatology of Vertical Aerosol Structure for
space-based lidar simulation studies (LIVAS). We have selected twenty regions
located in dominated dust aerosols in North and West of Africa (WNA) and
twenty other regions with high concentration of smoke aerosols in Central and
South of Africa (CSA).

The annual average of aerosol types shows that the dust and smoke aerosols
are dominating in WNA and CSA, respectively. The new major findings show
considerable high sensitivity of dust and smoke aerosols at 532 nm and 1064 nm
and accompanied by the changes of optical properties with height. The aerosol
extinction, backscatter, and depolarization ratio coefficient values of both dust
and smoke increase from the surface to 1.2 km and then decrease from 1.2 km to
6 km. The smoke extinction and backscatter coefficient values are higher than
those of dust aerosols from the surface to 4 km, whereas the dust extinction and
backscatter coefficient values are high than those of smoke aerosols from 4 km
to 6 km. This shows that the variability of the meteorological effects on dust and
smoke aerosols are different due mainly to their optical, physical, and chemical
properties. The aerosol depolarization property shows an exception whereby

dust aerosols have high depolarization ratio than smoke aerosols from the sur-
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face to the upper layers. The cloud optical properties in dominated smoke region
(CSA) are considerably higher than in dominated dust aerosol region (WNA).
There is a smooth change in the height of cloud extinction and cloud backscatter
coefficient in both WNA and CSA, while there is a significant difference in cloud
depolarization in the two regions. The cloud depolarization in smoke-dominated
regions is considerably high than that in dust-dominated regions, especially be-
tween the surface and 1 km altitude. In the middle clouds, there is almost no
difference in cloud optical properties in WNA and CSA, while in high cloud lev-
els there is a remarkable increase in cloud depolarization in both WNA and CSA
mainly due to the increase of ice cloud particles. This reveals that cloud depo-
larization may be used as an indicator of ice clouds. The cloud depolarization in
CSA is always higher than that in WNA from low to high cloud levels. The alto-
cumulus is the cloud with high extinction in NA, WA, and CA, while it is low

overcast transparent in SA.
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