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Abstract

The Westward transport of mineral dust from the North Africa continent to
Atlantic Ocean can produce poor air quality, low visibilities, and negatively
impacting respiratory and cardiac health due to the optical and physical
properties of aerosols. The dynamical impact of the sea-breeze on the dust
vertical distribution in West Africa remains unknown. To investigate this is-
sue, we have used in-situ measurements from lidar. We have focused on the
attenuated backscatter of aerosols to study the effect of the local circulation
on the vertical profile of mineral dust at land-sea transition. The results high-
light a strong diurnal cycle of mineral dust associated with the nocturnal
low-level jet (NLL]). The jet is located between 500 m and 1000 m and cru-
cially affected by the dynamic of the sea-breeze circulation.
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1. Introduction

Desert aerosols from arid and semi-arid areas located in North Africa are sus-
pended in the atmosphere. The mineral dust exported from the northern he-
misphere represents almost one billion tons per year [1] corresponding to 70%
of the aerosol mass annually lifted around the world and six times more than the

second largest source, Asia [2]. The desert aerosols have a significant impact on

DOI: 10.4236/0jap.2020.91002 Feb. 4,

2020 11 Open Journal of Air Pollution


https://www.scirp.org/journal/ojap
https://doi.org/10.4236/ojap.2020.91002
https://www.scirp.org/
https://doi.org/10.4236/ojap.2020.91002
http://creativecommons.org/licenses/by/4.0/

H. Senghor et al.

the climate via the Earth radiative budget [3]. Aerosols can also negatively in-
fluence the human health through respiratory and cardiac diseases [4] [5] [6].
The World Health Organization evaluated the premature deaths, due to the at-
mospheric aerosol loading approximately 800,000 deaths each year.

Moulin et al [7] found a strong correlation between dust transported over
North Africa and the climate variability of the North Atlantic Oscillation (NAO).
Chiapello ef al. [8] and Prospero et al. [9] have found a strong increase of Afri-
can dust emissions since 1970s. This enhancement of dust emissions has been
attributed mainly to the drought, in the Saharan-Sahel area, caused by changes
in the global distribution of Sea Surface Temperature (SST) [10]. The SST is a
key parameter on the vertical distribution of desert aerosols in West African
coastlines. This link can be explained by the strong interactions between surface
land, ocean and the atmosphere [11]. The Western African coastlines are deter-
mined by a strong interaction of westward flows from meso-scale and a local
sea-breeze circulation [12]. The latter is one of the most familiar dynamical
phenomena recording at the coastal regions all around the world [13]. The
sea-breeze circulation is often associated to the onshore advection in the lower-
most atmospheric layer bringing a clear air masses flux that induced a low-
er-mixed-layer height [14]. During the field campaign of SaHAran Dust Over
West Africa (SHADOW), carried out from March to June 2015 and which has
done at coastal site at Mbour (Senegal), Rivellini et al [15] related a decreasing
of aerosol concentration inducing by the sea-breeze phenomena. Rivellini et al
[15] defined the period from March to April with the maximum sea-breeze oc-
currence frequency. They have shown that the wind direction was dominated by
the northwest regime (~62%) with some occurrences (~33%) of western winds.
Schepanski et al [16] pointed out an important effect of the breakdown of the
NLL]J in dust mobilization in West Africa. They related that 65% of dust sources
activation occurs during nighttime (06 - 09 UTC). Their results, which indicated
the role of the NLL] in dust mobilization in the Sahara, were corroborated by re-
gional model studies and analysis of meteorological station data [16]. Their
study is limited in terms of the vertical distribution of dust transport from Saha-
ran-Sahel sources in the Easterly LL] (ELLJ]). Heese et al [17] showed a heavy
dust loading in the ELL] in nighttime during AMMA field campaign above the
land surface level (Niamey, Niger). In the early morning, aerosols contained in
the ELLJ layer are dispersed into the developing boundary layer. This study,
which has done in the middle area of Sahel region, is a typical case study for the
areas located far from the Ocean. In the African coastal, the vertical distribution
of aerosol during daytime can be affected by local atmospheric circulation. Pet-
zold et al [12], using an aircraft measurements, assumed that the dilution of
dust plumes over Dakar is due to the local circulation. This case study can not be
representative for the global influence of the dynamic on the vertical distribution
of the aerosols, because it just covered a very short range time scale.

Regarding the effects of atmospheric aerosol loading on public health, it be-
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comes very urgent to reduce the lack of information on the temporal variability
of mineral dust mainly over North Africa. In this area, the population has been
suffered from dust events consequences [6] [18]. Hence, Choobari et al [19]
emphasized the lack of studies on the diurnal and seasonal variability of the ver-
tical distribution of mineral dust over the greatest dust source regions, around
the globe, and dust transport along their pathways.

Based on the knowledge taken from the state of the art of aerosol vertical dis-
tribution such as conceptual scheme of the mechanisms controlling the Saharan
atmospheric boundary layer structure and the dust vertical redistribution devel-
oped by Cuesta et al. [20], we investigate the diurnal and seasonal meteorological
processes behind the shift of the aerosol layer in the Sahel area. This study aims
to reduce uncertainties of local dynamic impact on the seasonality of desert dust
transport in West Africa coastal.

The present work is organized as follows: Section 1 is attributed to the intro-
duction. Section 2 represents observations used for this study. In section 3, we fo-
cus on the analysis of results. Section 4 discusses the main results and Section 5 is

dedicated to the conclusion.

2. Datasets
2.1. Ceilometer (CL31)

We use a lidar also called ceilometer (CL31) installed in Dakar since April 2012
in collaboration with Howard University and Universidad Complutense de Ma-
drid. The vaisala manufactured lidar is based on an eye safe laser InGaAs diode
at wavelength 905 nm, sending pulses out along the zenital direction with an
energy per pulse of 1.2 pJ + 20% [21] [22]. The ceilometers can efficiently detect
the height of the boundary layer [23] [24] [25]. For the detection, the ceilometer
uses a one lens system with overlapping transmitting and receiving optics, the
beam overlap occurs at shallower altitude, providing nearly full overlap of the
transmitter and the receiver field-of-view at altitude above 30 m [21]. An in-
clined mirror provides the separation between transmitting and receiving areas
with a hole in the center. The half-angle beam divergence for our ceilometer
measures 0.75 mrad and has 0.66 mrad for the half-angle field of view. This lidar
has a measurement range from 0 to 7500 m above sea level (asl), with a high
temporal resolution (16 seconds, 5400 profiles per day) and high vertical resolu-
tion (10 m). The ceilometer combined to the Boundary Layer View Software
(BL-View) provides a good vertical profile of the attenuated backscatter signal of
aerosols [26]. This instrument is used to get information from the different at-
mospheric component as cloud base height, atmospheric aerosol loading and the
level of the atmospheric boundary layer [22].

For the comparison, a spectral conversion becomes necessary for the ground-
based measurements from 905 nm to 532 nm wavelength. First, the attenuated
backscatter coefficient was calculated by interpolation to match the Cloud-Aerosol

Lidar with Orthogonal Polarization (CALIOP) extinction profile at 532 nm us-
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ing the following formula which has been taken from Tsaknakis et al [22]:
b

= bzz .o~ A/ 22)c(2) (1)

Here, b, and b, are respectively the attenuated backscatter coefficient at
wavelength A, and A, c represents the Angstrom wavelength exponent. The latter
parameter has taken from Sun photometer AErosol RObotic Network (AERONET)
at Dakar station.

The extinction coefficient was derived from the total attenuated backscatter
profiles b(z) using a standard extinction lidar inversion technique, which can be

expressed as follows:
b(z)=k-o(2) 2)

where k= 0.03 sr! is a constant particle backscatter to extinction ratio [27] [28]
representative of aerosols particles. o(2) is the extinction coefficient [26]. Ac-
cording to Eck et al [29], the monthly diurnal variability showed is computed when
a threshold of nine days measurements is available for each month (Figure 3).

In 2012, only data from April to September are available. In year 2013, the da-
ta for February, March, June, September, October, November and December are
available. In year 2014, only data from October, November and December are

missing.

2.2. CALIPSO

CALIPSO belongs to the Afternoon satellite constellation (A-Train) that was
launched by the National Aeronautics and Space Administration (NASA) in as-
sociation with Centre National d’Etudes Spatiales (CNES) on 28 April 2006 [30].
The platform of CALIPSO has a high resolution CALIOP, 60 m in the lower le-
vels. CALIOP is an elastic-backscatter lidar with a dual-wavelength polarization
lidar (532 and 1064 nm). It has three receiver channels that measure the back-
scatter intensity at 532 nm, polarized 532 nm, and 1064 nm wavelengths with
pulse energy of 110 mJ and a frequency of 20.25 Hz [31]. In this paper, we used
desert dust extinction coefficient profiles at 532 nm to evaluate the ceilometer
vertical profile for three years period from 2012 to 2014 when maximum data
retrieval is available. The Level 3 aerosol profiles (monthly product) with a 2° la-
titude x 5° longitude resolution and 60 m vertical resolution are downloaded

from http://www.icare.univ-lillel.fr/drupal/archive/ and are used to evaluate the

annual cycle of the atmospheric dust loading aerosol over the transition zone

between continent and ocean.

2.3. Weather Observations

The vertical profile of local wind (velocity and direction) were obtained at the
weather station located at Dakar-Yoff (14°73'N, 17°5'W; 24 m asl) [32]. We use
three years of data from January 2012 to December 2014. The radio sounding
data published online by the Wyoming University are downloaded from

http://weather.uwyo.edu/upperair/sounding.html.
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We also used the horizontal wind vector measurements (direction and speed)
made at 30 mn intervals at the International Airport of Dakar-Yoff, Senegal. The
station is located at 14°44'N, 17°30'W and 27 m ASL [33]. This aviation surface
weather information was provided in http://www.ogimet.com/metars.phtml.en.

3. Methodology

A typical dust diurnal cycle in West Africa is displayed on 11 April 2012 (Figure
1). The CL31 is not able to give the volume depolarization ratio to distinct the
signal from different aerosol types. The NOAA HYSPLIT MODEL Backward
trajectories ending at Dakar at 23 UTC (not shown) on the day before indicate
that the residual layer of aerosols located between 1000 and 4000 m could be
composed by Saharan dust and biomass burning. The trajectories calculated
with the HYSPLIT transport model ending over Dakar at the level 3000 m asl
and coming from Guinea Golf countries was dominated by the biomass burning
[34]. The aerosol layers ending over Dakar below 2000 m shown by the
HYSPLIT model was particularly coming from the Sahara. The vertical distribu-
tion of atmospheric particles between two aerosol types in the troposphere was
already observed by Heese et al [17]. Despite the important quantity of the black
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Figure 1. Lidar attenuated backscatter profile recorded on 11 April 2012 (Dakar, Senegal). The
raw signal and sliding average of attenuated backscatter profile (30 profiles, 3 gates) are respec-
tively shown on the top (Figure 1(a)) and the bottom (Figure 1(b)) panel. The residual layers are
visible up to a height of 1000 m.
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carbon emitted in Dakar [35], dust is a major component of aerosol loading be-
tween the near surface and 2000 m ASL [34] [36] [37]. In the following sections,
we will consider that attenuated backscatter signal from aerosol was dominated
by mineral dust over Dakar.

Figure 1(a) shows that the noise introduced by photons of the sky back-
ground increased at noon [38] up to 2000 m and it was reducing the quality
measurement of dust loading during daytime. Despite the great capacity of the
lidar to sound the troposphere, it was very important to emphasize that the Light
Amplification by Stimulated Emission of Radiation (Laser which is used within
to detect aerosols layers) is limited up to around 3000 m height due to the sky
background [17] [21] [39]. The ceilometer signal-to-noise ratio (SNR) above
2500 m is too weak to allow for the detection of atmospheric components other
than clouds. That’s why its performance for investigating aerosols vertical dis-
tribution is limited between the surface and 2000 m asl. In order to overcome the
parasite information from mainly sky artifacts, we improved the aerosol detec-
tion by smoothing the level-2 data (Figure 1(b)) with a running means of 30
profiles and 3 vertical gates (30 m)).

4, Validation of Extinction Coefficient Profiles in Dakar

In this section, we compare measurements from CALIOP and CL31 in terms of
vertical profile extinction for dust aerosol at 532 nm wavelength.

The CL31 provides a total attenuated backscatter coefficient from all types of
aerosols in the atmosphere and for CALIOP, only the extinction from desert
dust aerosols is retrieved (Figure 2).

In winter (December-January and February, DJF), the profiles from both li-

dars are very similar with a good the correlation (Figure 2(a)). However, the
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Figure 2. Seasonal averaged of dust extinction coefficient profiles (km™) at 532 nm in Dakar retrieved from CALIOP lidar in gray
lines and CL31 in black lines between 2012 and 2014. DJF and MAM are respectively represented on the left (Figure 1(a)) and

right panel (Figure 1(b)).
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spatial lidar underestimates the extinction near the surface compared to the
ground measurements. This difference between both profiles can partly be ex-
plained by the lower resolution of CALIPSO (2° x 5°). Indeed, the low resolution
of the satellite measurements cannot clearly detect the contribution of local
boundary layer on the atmospheric dust loading.

In spring (March-April-May, MAM), both profiles are very also similar with a
very good correlation (Figure 2(b)). In this season, the extinction values pro-
vided by the CL31 in the lowermost atmosphere indicate a weaker attenuated

backscatter coefficient of the aerosols than in winter.

5. Annual Cycle

A clear seasonal cycle of vertical dust distribution over West Africa coastal is

shown in this section.

5.1. December to February

In DJF, the seasonality of the diurnal cycle shows a maximum aerosol loading at
daytime from sunrise 09 UTC to sunset 18 UTC (Figures 3(a)-(c)). The enriched
aerosol layer increase from 500 m up to 1000 m asl between 12 UTC and 15
UTC. In this range time, the diurnal convection of the atmospheric boundary
layer induced a growing thickness of the Mixed Atmospheric Boundary Layer
(MABL) indicated by a vertical displacement of the enriched aerosol layer. After
18 UTG, the aerosol thickness of the boundary layer starts to decrease while the
radiative forcing also diminishes at the land surface. As a consequence, the
aerosols contained in the MABL are confined to the lowermost levels of atmos-
phere (ie. between surface and 500 m height). The air mass becomes clearer

above 500 m during nighttime and 1000 m daytime.

5.2. March to May

In MAM, the structure of the atmosphere is different compare to the situation of
DJF which described in the previous subsection. Indeed, the MABL aerosol lay-
ers increases during nighttime through in MAM (Figure 3(d), Figure 3(e) and
Figure 3(f)). The dust loading in the troposphere is higher during nighttime
than daytime in the lowest part of the atmosphere between surface and 1000 m
asl (Figure 3(d), Figure 3(e), Figure 3(f)). The aerosols attenuated backscatter
signal is stronger between 500 and 1000 m asl than below 500 m during night-
time. The aerosol layer starts a progressive rising at 06 UTC at the altitude be-
tween 500 m and 1000 m (Figure 3(d)). This apparent shift of the dust plumes is
due to the sea-breeze circulation in the West African coastal [12]. This pheno-

mena is much more pronounced during springtime with a focus on May.

5.3. June to August

In summer (June-July-August, JJA) in the middle panel (Figure 3(g), Figure
3(h) and Figure 3(i)), the atmospheric structure is almost identical to the spring

DOI: 10.4236/0jap.2020.91002

17 Open Journal of Air Pollution


https://doi.org/10.4236/ojap.2020.91002

H. Senghor et al.

(@

Attenuated backscatter

1%

Height (km)

v
[

0
00:00 03:00 X 09:00 12:00 15:00 18:00 21:00
Time (hours)

(d)
2

Attenuated backscatter

Height (km)

09:00 12:00 15:00 18:00 21:00 24:00

Time (hours)

Height (km)

0
00:00 03:00 X 09:00 12:00 15:00 18:00 21:00
‘Time (hours)

G)

™ ]

10+ 104
Atienuated backscatter Attenuated backseatter
g 5|
£ 10% o 10° B
] ] ) v i S &
‘ .
104 ’ 106 . o 2
107 o :
i 7 i .

24:00 107 D?]:OO 03:00 06:00 09:00 12:00 15:00 18:00 21:00

lmmumd backscatter

%

"

Height (km)

o
by

08:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
Time (hours)

24:00

,©

Altenullrcd blck.u:vallm' T ‘
’ s
10¢
107

Height (km)

:
k)
=

0
00:00 03:00 06:00 09:00 12:00 15:00
Time (hours)

o
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
Time (hours)

© ®

Height (km)
[sr.m]"

Height (km)

0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Time (hours)

06:00 09:00 12:00 15:00 18:00 21:00 :00
Time (hours)

@

{ Autenuated backscatter

i Tt

Height (km)

3 3 > 5
2 2 3 73
Height (km)
o -
o~
[sr.m]"!
s .
3 5 > s
2 3 2 1

o

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Time (hours) Time (hours)

(1)

Attenuated backscatter

(k)

Attenuated backscatter

[sr.m]"

g
Height (km)

Height (km)

0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00  24:00
Time (hours)

08:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Time (hours)

Figure 3. Diurnal cycle of monthly sliding average lidar profiles recorded in Dakar during 2012 to 2014 ((a) to (j)) and during the
year 2018 for (k) and (l). The attenuated backscatter was calculated at the wavelength 905 nm and the subplot from (a) to (1)
represent respectively the monthly average of from December to November.

situation. The much aerosol loading is located in the upper levels between 500 m
and 1500 m asl. The dust layer is more elevated than during springtime where
the upper layer was located between 500 m and 1000 m asl. This elevated aerosol
layer can be associated to a stronger convective transport, which is more impor-
tant in summer than during other seasons in the tropical regions [40]. The noc-
turnal aerosol layer reaches highest levels between June and August. During day,
the lower part of the troposphere is heavier in aerosol compare to spring, but the
stratification of the atmosphere is still observed. In this season, the destruction
of the boundary layer development during daytime is not only due to stratifica-
tion of the atmosphere which inducing by the oceanic air masses. In addition to
these latter thermodynamical features, the rainfall can play an important role in
the vertical distribution of aerosols over West Africa. The aerosols suspended

can be scavenging by convective and stratiform precipitation [41].

5.4. September to November

In autumn (September-October-November, SON) the vertical aerosol distribu-
tion is very similar to the summer situation in the lower panel (Figure 3(j), Fig-
ure 3(k), and Figure 3(1)), but the aerosol layer is less thick. The heavy aerosol
layer is located around 1000 m asl during nighttime (Figure 3(j), Figure 3(k)).
This strong attenuated backscatter signal indicates a tick aerosol layer, in agree-
ment with Senghor et al. [37], Adams et al [30], and Bado et al [42]. Léon et al.
[43] have observed from lidar measurements a thick aerosol layer located be-
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tween 1000 and 2000 m at the Western coastal of Dakar in September 2001. In
West Africa, November is a period when the ground observations show a mini-
mum dust loading in the atmosphere (Figure 3(1)) in agreement with Léon et al.
(36].

The wet season is going until October in Senegal [44] and then the precipita-
tion impacted the vertical distribution aerosols. The surface humidity is relative-
ly high impacting dust emissions over West Africa. To avoid the effect of sca-
venging on the aerosol layer and in order to isolate clearly the impact of the local
atmospheric circulation on mineral dust layer, we only considered hereafter the

dry season (winter and spring) for discussion.

6. Atmospheric Vertical Stratification

In this section, we focus our investigation in both months, December and May
which represent respectively the winter and the spring seasons. These both se-
lected months allow us to show a very clear contrast on the vertical aerosol dis-
tribution over West Africa coastal. The study of the dust plumes or the aerosol
layers in general is more difficult in this area because the tropospheric structure
is determined by an interaction between different wind regimes. The transport
of mineral dust occurs during the whole year over Dakar [36], since it is located
in the pathways of desert dust aerosols. The meso-scale circulation interacts with
the local dynamic at the coastlines due to the sea-breeze circulation [12].

In December the lower values of the relative humidity are located between 500
m and 1500 m (Figure 4(a)). The atmosphere is drier during the daytime with a
minimum humidity of 20% than nighttime. The dryer air masses in daytime
(Figure 4(a)) are associated with a strong development of the atmospheric
boundary layer shown by the attenuated backscatter coefficient (Figure 3(a)).
The well mixed layer is composed by a combination of mineral dust from local
emissions and desert dusts removed in the atmosphere by dry deposition during
their westward transport and the degradation of the ELLJ in early morning [16].
The dust aerosols make the atmosphere dryer inducing a low relative humidity
[45] [46] [47]. During night, air masses coming from the ocean bring moisture
in the troposphere and producing stratification near surface (Figure 5(a)).

In contrast, Figure 4(b) shows a slight inversion of the relative humidity with
a minimum of 21% between 500 and 1000 m in spring during night. These lower
values of the relative humidity during night indicate a majority presence of min-
eral dust with a high contribution to the aerosol optical depth (AOD) [48]. The
lower values of the relative humidity during night in MAM are well correlated
with the attenuated backscatter coefficient which occurred between 21 and 09
UTC. These heavy aerosol concentrations are associated to a westward Sahara
dust transported in NLL]J [17] which is located between 500 and 1000 m asl over
Dakar (Figure 4(f)).

In MAM, between 08 UTC and 14 UTC the air masses are coming from nor-
theastern indicated a continental air masses (Figure 5(a)). The winds coming
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Figure 5. Seasonal variability of diurnal cycle for the horizontal wind speed (blue), wind direction (brown), and surface tempera-
ture (red) in Dakar between 2012 to 2014. DJF is represented on the left panel (Figure 5(a)) and MAM on the right panel (Figure
5(b)).

from southwestern have shown a clear marine air masses (Figure 5(b)). The
oceanic air masses affects the tick dust aerosol layer near surface (Figure 3(f)) in
agreement with McKendry et al [14], Petzold et al [12], and Rivellini et al [15].

The vertical wind profile shows a stronger wind below 500 m than above 500
m (Figure 6). The wind speed is more important in DJF than in MAM (Figure
6(a)) for the both daily sounding (00 UTC and 12 UTC). The maximum wind is
registered with a velocity of 25 m/s for the sounding at 12 UTC and a value of 21
m/s at 00 UTC. For both seasons, air mass at the altitude comes from the conti-
nent, north-east in winter and south-east in spring, transporting Saharan dust to
the Atlantic Ocean (Figure 6(b)).

The seasonality is clearer in the wind direction in DJF than MAM. In agreement
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Figure 6. The vertical profile of the Wind speed (Figure (a)) and wind direction (Figure 6(b)) over Dakar for DJF and MAM from
2012 to 2014. The profiles have represented for the daily both sounding at 00 UTC and 12 UTC. The air masses layers are averaged

by a gate of 100 m ASL.

with [37] [49], the wind direction in the lower levels (below 500 m) is south-
ern-east during MAM and northern-east during the DJF. The wind direction ob-
tained near the surface in winter shows a clear signature of the Harmattan.

7. Conclusion

The analysis of the aerosol profiles based on the attenuated backscatter shows a
clear seasonal cycle with a heavy atmospheric dust loading located between 500
m and 1000 m asl. The offshore advection during DJF and the occurrence of the
local turbulence in daytime bring much dust loading in the atmosphere over the
West Africa coastal. On the other hand, the onshore advection near surface and
the westward advection between 500 m and 1000 m (Figure 5(b)) indicate a
strong impact of the sea-breeze circulation which occurs in MAM and inducing
mainly a strong dilution of the aerosol concentration near continental surface
(Figure 3(f)). The complex relationship between the weather forcing and the
atmospheric aerosol loading induces a dryer atmosphere (Figure 3(d), Figure
3(e) and Figure 3(f)). The dryer atmosphere is mainly stronger during night-
time in MAM due to the thickness and intense westward dust advection in the
nocturnal jet. During JJA, the mineral dust layer near surface measured by the
ceilometer can reach a maximum height of the boundary layer with a top up to
1500 m. This thick dust layer could be induced by the seasonal migration of the
Inter-tropical Convergence Zone which promotes the violent convective systems

in Sahel area.
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