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Abstract :

During the first Intensive Observation Period (IOP1) of the SHADOW (SaHAran Dust Over
West Africa) campaign carried out during March-June 2015, the Mbour site (Senegal) was
reinforced with a large setup of in-situ and remote sensing instruments to measure the aerosol
optical, physical and chemical properties as well as the atmospheric dynamical features over
the site. Here, we use this dataset to study the impact of Sea Breeze (SB) on the aerosol

properties.

Two case studies were selected: (i) one representative of SB events observed during typical
Harmattan conditions, (ii) and one representative of SB events observed during a Harmattan
desert dust event. Both cases show a strong influence of the SB period on the dry Mass
Scattering Efficiency (MSE), which increases by a factor of up to 1.4. Given the fact that SB
occurred every other day at this coastal site during IOP1 (dry season) and that the relative
humidity may reach 96%, the effect of such event on the radiative forcing may not be

negligible.

In order to evaluate the effects of different flows on aerosol transport, recirculation and
stagnation factors were retrieved from wind components. The air mass recirculation factor
implies that aerosols previously transported from the land over the sea are then brought back
inland. In both cases, high recirculation factors were calculated (between 0.84 and 0.98) and
air mass stagnation was observed right before the SB establishment. However, this stagnation
is observed over the sea during the first case while it is located near the coast during the
second case, which has a significant impact on the aerosol evolution. Indeed, a stagnation of
air masses over the sea is associated with an increase in fine aerosol mass concentrations
(PM1, PM>5) due to a higher contribution of marine and anthropogenic sources notably for
organic aerosols, and a higher contribution of more-oxidized organics. This contribution is

lower when the air mass stagnation occurs over the shoreline during the desert dust event.
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1. Introduction

Atmospheric aerosols have significant impacts on global climate and ecosystems
depending on their physical and chemical properties. Aerosols originate either from natural
sources or emissions by anthropogenic activities (e.g. desert dust, sea salt, black carbon,
sulfate, biomass burning smoke, biogenic aerosols). On a global scale, the African continent
is by far the largest source of both mineral dust and biomass burning aerosols (Bond et al.,
2004; Huneeus et al., 2011). Despite advances in remote sensing measurements (Christopher
et al., 2008; Winker et al., 2007), challenges remain with regard to describing precisely the
vertical extension and exchanges of particles within the atmosphere and the evolution of their
properties (optical, physical and chemical) during their transport. This is particularly the case
over regions such as West Africa, where the presence of strong dynamic features (monsoon
flux, Harmattan, Low Level Jet, etc.) are expected to cause strong diurnal, seasonal and
spatial variations of the aerosol microphysical properties (size distribution, shape,
composition, hygroscopicity) through their transport, mixing, ageing, sedimentation, and

cloud processing.

Mesoscale meteorological phenomena, such as Sea Breeze (SB) or Nocturnal Low
Level Jet (LLJ), can affect moisture, heat and momentum fluxes and polluted air masses

dispersion (Banta et al., 1998; Kolev et al., 1998; Luhar et al., 1998; Melas and Kambezidis,

1992; Physick and Abbs, 1992; Taubman et al., 2004). They have a significant influence on

coastal air quality through their ability to efficiently mix different types of aerosols and
condensable gases. This mixing could result in large modification of physical, chemical,
optical and hygroscopic properties of the aerosol population (Ferndndez-Camacho et al.,
2010; Lee et al., 2008; Piazzola et al., 2012). The processes leading to these modifications
(condensation of gases, formation of secondary products/heterogeneous chemistry or the
coagulation of aerosols) are dependent on the environmental conditions and especially the
relative humidity (Matsuki et al., 2010). Thus, the atmospheric residence time and the

radiative effects of aerosols are expected to be modified (Andreae and Crutzen, 1997).

Many studies have already been devoted to understand the SB structure (Atkins et al.,
1995; Augustin et al., 2006; Nielsen, 1992; Simpson, 1969; Talbot et al., 1986) or LLJ
systems (Ge et al., 2016; Hidalgo et al., 2015; Marengo et al., 2004; Pichugina et al., 2017)
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but only a few have addressed their relationship with trace gases (Brown et al., 2007; Darby,
2005; Sullivan et al., 2017). The impact of SB or LLJ phenomena, as well as their
interactions, on aerosol variability is also currently poorly understood (Babu et al., 2016;
Delgado et al., 2015; Moorthy et al., 1993; Pérez et al., 2016; Verma et al., 2016). Derimian
et al. (2017) showed that the aerosol population over regions away from the shore (Negev
desert) could be influenced by SB events. Indeed, they observed that the aerosol optical
thickness, as well as the proportion of hygroscopic aerosols, increased during a SB event.
Recently, few studies show that SB events are associated with an increase of PM; and PM> 5
concentrations (Babu et al., 2016; Crawford et al., 2017; Piazzola et al., 2012; Rodriguez et
al., 2008) most probably due to the production of new ultrafine particle formation events, that

seem to take place over the sea, being transported back to the coast.

Mbour (Senegal) lies on the west African coast, approximately eighty kilometers south
of Dakar and is often overflown by air masses originating from the Sahara and Sahel regions,
which may be enriched in desert dust transported within the Harmattan (Kaly et al., 2015;
Mortier et al., 2016), that move westward off the African continent (Karyampudi et al., 1999;
Madougou et al., 2012). According to previous studies (Bovchaliuk et al., 2016; Léon et al.,
2009; Marticorena et al., 2010; Veselovskii et al., 2018), this site is regularly influenced by a
diurnal SB and nocturnal LLJ mechanism, but its influence on the aerosol variability has not
yet been studied. The interaction between these dynamical features implies a high variability

of the aerosol mixing state over this region of Senegal.

During the SHADOW (SaHAran Dust Over West Africa, Veselovskii et al., 2016)
campaign, different atmospheric dynamical features (breeze, LLJ and trades) highlight the
complexity of the dynamical circulation due to their interactions. The combination of Doppler
lidar and ultrasonic anemometer shows evident interactions between SB, LLJ and Harmattan
flows. Figure 1 represents a conceptual model of flow patterns in the coastal region of
Senegal, which has been deduced from Doppler lidar scanning measurements during
Harmattan event day. Before SB occurrence, the Harmattan advects warm, dry and dusty air
masses from E/ENE to W directions, i.e. toward the sea (Figure 1 a). These air masses are
brought back over land within the SB Gravity Current (GC) that develops during the middle
of the day (Figure 1 b). Late in the afternoon, the Northerly LLJ occurs above 200 m and
cross the SB separating the SB GC into two layers (Figure 1 c). The GC upper layer, becomes
a residual GC layer and vanishes rapidly, reducing the GC top from about 1200 m down to
200-300 m. During this time lapse, called here LLJ effect period, the air mass near the ground
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may correspond mainly to a mixing of the prevailing GC and the LLJ air masses, located just
above it, probably due to the Northerly LLJ wind shear effect (Figure 1 d). Near the ground,
interactions of these different flows may mix different types of aerosols and thus modify their

physical, chemical and optical properties.

Hence, the goal of this study is to better understand the role of atmospheric dynamics on
the evolution of the aerosol properties during typical SB during Harmattan events and
combined SB and LLIJ interaction periods over a coastal tropical region. In particular we
focused our investigations on two typical SB events observed during the first Intensive
Observation Period (IOP1) of the SHADOW campaign (SaHAran Dust Over West Africa,
Veselovskii et al., 2016) for which in-situ measurements were used with remote sensing
observations to better understand the impact of the SB and LLJ on aerosol variability. Both
case studies correspond to Harmattan conditions (continental winds), but the first case
occurred in the absence of dust advection, while the second one occurred during a dust event.
Section 2 will introduce the campaign site and experimental setup; results and discussions
about the two selected cases will be presented in section 3 while section 4 will summarize and

conclude the paper.

2. Experiment and instrumentation

2.1. Campaign and site description

The SHADOW campaign took place for its first phase during the end of the dry season
and the pre-monsoon period (from March to June 2015) at an observation site located at the
Institute for Research and Development (IRD) in Mbour (14°23"38"N, 16°57'32"W Senegal,
North Western Africa (Deboudt et al., 2012; Derimian et al., 2008)). Mbour is located on the
Atlantic coast, in the Sahelian belt and 80 km south from Dakar (Figure 2). One major goal of
this campaign was to improve our knowledge on the complex aerosol variability and
properties in this region. A large set of in-situ and remote sensing instruments was
implemented to characterize physico-chemical, optical and radiative properties of particles.
Several instruments (lidar, sun/sky photometer, optical counter, Aerosol Chemical Speciation
Monitor (ACSM), aethalometer and nephelometer) were used in order to measure or retrieve
aerosol properties such as mass concentrations, chemical composition, size distributions, and
optical properties in different size fractions. A brief description of each instrument is given in

the following paragraphs. This paper focuses on the first part of IOP1 corresponding to a 7-
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week period (March — April 2015) and 43 days of observations during which frequent SB and

LLJ events were observed.

2.2. Ground based in-situ measurements

Aerosols were sampled through a PMg inlet and delivered to a comprehensive suite of
instruments. Absorption coefficient measurements were performed every minute by an AE16
aethalometer (Magee Scientific, 1 wavelength: 880 nm) at dry relative humidity (lower than
40% during 85% of the time with a maximum of 53% reached on April 19, 2015).
Aethalometer data have a known scattering interference from particles deposited on the
collection filter, and the measurements were post-corrected following the new correction
developed by Collaud Coen et al. (2010). Finally the corrected absorption coefficients
allowed retrieving BC concentrations (Rivellini et al., 2017). Dry scattering coefficient
measurements were also made at 1 Hz using a three-wavelength nephelometer (Aurora 3000,
ECOTECH) operating at 450, 525, and 635 nm at dry Relative Humidity (RH < 40% during
85% of the time). The nephelometer was calibrated using filtered air and CO> prior to, during,
and after the field campaign. The scattering coefficient has been corrected from angular

truncation errors and illumination intensity non-idealities based on Miiller et al. (2011).

Dry aerosol size distributions were also determined every minute at ground level from
0.01 up to 35 um particle diameters (Dp), using a Mini Wide Range Aerosol Spectrometer
(Mini-WRAS, model 1371, GRIMM Aerosol GmbH). An optical aerosol spectrometer and a
stepping mode operated electrode with Faraday cup electrometer are combined within the
Mini-WRAS. Measurements of the particle light scattering (Dp from 0.20 to 35 pum) and the
electrical mobility diameter (D, from 10 to 200 nm) can be combined to provide a size
distribution over a wide particle diameter range. The Mini-WRAS was calibrated with
polystyrene latex spheres (PSL) before and after the campaign. PMx concentrations were
derived from the particle size distribution using a fixed particle mass density of 1.7 g/cm?

automatically set by the instrument manufacturer within the algorithm.

Aerosol optical properties are dependent on particle composition and size distribution.
In order to take into account the mass concentration of the aerosol population on the optical
properties, the Mass Scattering Efficiency (MSE, m?g™') is defined (Hand and Malm, 2007).

MSE is a key parameter that links dry scattering coefficient (0scqt,ary ,Mm™1) and mass

concentration (M-, g m~3) through Equation 1:
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MSEdry = Oscat,dry /Mdry Equation 1

Knowing MSE for different aerosol components is crucial to estimate radiative forcing
using climate models from aerosol apportionment. The MSE could also be used to identify the
different types of aerosols. According to Hand and Malm (2007), for visible wavelengths
(near 550 nm) within the PM10 fraction, organic aerosol MSE is around 3.5 £ 0.9 m? g‘l,

mineral dust MSE is around 1.1 + 0.4 m? g”! while sea salt MSE is around 2.1 £ 0.5 m? g\

The chemical characterization of non-refractory submicron particles (NR-PM)), that is
to say material vaporizing around 600°C under close-to-vacuum conditions, was performed
on-line and in real time every 30 minutes by an ACSM (Aerodyne Research Inc.) equipped
with a PM2 5 cut-off inlet (URG Cyclone 2000-30EH, Chapel Hill, NC, USA) and with a
primary flow of 3 L min'!. This instrument is based on the same principle as the Aerosol Mass
Spectrometers (AMS), without providing aerosol size distribution information. A full
description of the instrument is available in Rivellini et al. (2017). Under ambient conditions,
mass concentrations of particulate organics, sulfate, nitrate, ammonium, and chloride are
obtained with a detection limit < 0.2jug/m? for 30 min of signal averaging. Middlebrook et al.
(2012) algorithm was applied to ACSM mass concentrations to obtain a time-dependent
correction of Collection Efficiency (CE) ranging from 0.45 to 0.83 (Rivellini et al., 2017). A
minor fraction (3.2%) of the data was excluded from the dataset due to unstable parameters,
which were generally observed after restarting the instrument following power outages.
Positive Matrix Factorization (PMF) of the ACSM organic aerosol spectra was performed
using the Multilinear Engine (Paatero and Tapper, 1994) and the Source Finder (SoFi, v.5.3)
(Canonaco et al., 2013) operated with IgorPro 6.37 (Wavemetrics). It allows the
deconvolution of the organic mass spectra into factors such as Hydrocarbon-like Organic
Aerosol (HOA), Cooking Organic Aerosol (COA) and Oxygenated Organic Aerosol (OOA)
concentrations. Additionally the latter one can correspond to different oxidization levels
(More-Oxidized OOA or MO-OOA, Less-Oxidized OOA or LO-OOA), depending on the
fragments attributed to these factors and reflecting their faster or longer processing time in the

atmosphere (Lee et al., 2015; Xu et al., 2017).

Meteorological data including temperature, water vapour mixing ratio, and solar
radiation were also measured every 10 mn at the sampling site using a meteorological tower

(DAVIS Inc weather station, Vantage Pro 2).
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2.3. Aerosol sampling for in-lab measurements

Size-segregated sampling of airborne particles was performed for off-line analysis with
a 3-stage impactor (Dekati Ltd.), with nominal cut-off sizes (i.e. aerodynamic diameters at
50% of collection efficiency) at 10, 2.5 and 1.0 um, respectively. Particles were collected
simultaneously onto Nuclepore™ polycarbonate membranes and 200-mesh copper TEM grids
with carbon type-B supporting films (Ted Pellar, Inc.), at a flow rate of 30 L min™' for about
15 min (this sampling duration was adjusted according to the ambient aerosol load). Samples

were sealed in aluminium foil bags and stored at 4°C pending analysis.

Single particle analysis by Scanning Electron Microscopy with Energy-Dispersive X-
ray spectrometry (SEM/EDX) was performed with a JEOL 7100F FEG-SEM equipped with
three ultrathin-window (30 mm?) energy-dispersive X-ray detectors (Bruker XFlash 6/30),
enabling the analysis of elements with atomic number higher than boron (Z > 5). Automated
particle analysis was run for about 500 particles per impaction stage using the commercially
available Esprit 2.0 system (Bruker®). Spectral acquisitions were performed at 15kV,
300 pA for 20s. The identification of individual particles is based on their elemental
composition obtained from SEM/EDX data as previously described in Derimian et al. (2017).
In summary, the analysed particles were classified among four different groups: Dust, Marine,
Mixed Dust/Marine, and Other. Particles sorted into the ‘Dust’ particle group were composed
of aluminosilicate (Al- and Si-rich), silicate (Si-rich), calcite (Ca-rich), gypsum (Ca- and S-
rich), dolomite (Ca- and Mg-rich), and Ti-rich particles. The ‘Marine’ particle group
comprises fresh (Na- and Cl-rich) and aged (Cl-depleted) sea salts. Particles that contain sea
salts internally mixed with crustal elements were classified into the ‘Mixed Dust/Marine’
particle type. Particles not assigned to any of the previous particle types were sorted into the

‘Other’ group.

2.4. Wind measurements

The wind field within the lower troposphere (<5 km) was measured by an eye safe
scanning wind lidar (Windcube WLS 100, Leosphere). This pulsed Doppler lidar operates at
1543 nm with a repetition rate of 10 kHz and uses a heterodyne technique to measure the
Doppler shift of laser radiation backscattered by aerosols. More technical details are given by
Kumer et al. (2014) and Ruchith and Ernest Raj (2015). During this part of the experiment,

continuous monitoring of the wind field between 100 m and 3 km (depending on the aerosol
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load) with a 50 m range resolution was performed. A combination of different scanning
programs, including Plan Position Indicator (PPI), Range Height Indicator (RHI) and a
Doppler Beam Swinging (DBS) techniques, was used to determine the spatial structure and
temporal evolution of the wind field and the vertical profile of the wind vector. The scanning

programs was constituted of :
- two 180° RHI along east/west and south/north axes with 1° resolution,
- two 360° PPI with 2° resolution at 5° and 30° elevation angles,
- a 65° PPI with 1° resolution at a 3° elevation angle above the sea (225° to 290°),

- and a 75° elevation DBS in order to deduce the three components of the wind vector

vertical profile.

In our study, the variational method (Iwai et al., 2011) has been applied on the RHI of
radial wind speed, along the East/West axe to retrieve the zonal wind component of the sea-
breeze (Figure 3). This method based on a three-dimensional wind field variational method
introduced by Gao et al. (1999) is more flexible to use Doppler data RHI in combination with
the DBS data. In order to precisely deduce the structure of the sea-breeze system (sea-breeze
gravity current top and front) from RHI of zonal component, we applied the transform
covariance method on the slowness zonal component u-1 to each profile. This component
corresponds to the reciprocal of the zonal component that tends to be discontinuous in area
where the wind speed is equal to zero in a pure sea breeze conditions (Miller et al., 2003) and
specially when the sea-breeze front propagation opposites to the prevailing wind (Harmattan)
which is the case in our study (Figure 1). We have used the discrete Haar wavelet covariance
transform method, which is well suited to identify the transition zones located:

- in the neighbourhood of the sea breeze front when the sea-breeze front propagation
opposites to the prevailing wind,
- just below shear zone where the flow changes directions from landward to seaward

corresponding to the sea-breeze gravity current top.

A collocated 20-Hz ultrasonic anemometer (model USA-1, Metek GmbH) providing 3D
wind and temperature measurements was deployed on a 10 m mast to document the blind

zone of the lidar.

The meteorological characteristics of the air flows were deduced using the approach of
Allwine and Whiteman (1994), which consists in evaluating specific atmospheric transport

and diffusion conditions by means of three indicators concepts: stagnation, recirculation, and

9
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ventilation. These indicators are not real measures of an air mass transport (except under
idealized homogeneous wind conditions) but they should be used as characteristics of the
flow at the measurement point (Allwine and Whiteman, 1994). They are widely used to
estimate flow meteorological characteristics at a study site influenced by local effects such as
SB or slope breeze in complex terrain (Al-Khadouri et al., 2015; Chithra and Shiva Nagendra,
2014; Crescenti, 1997; Venegas and Mazzeo, 1999).

To identify these three types of airflow conditions, integral quantities are defined over a
certain ‘transport period’, on the basis of the meridional v; and zonal u; components of the
wind as observed at time t; (j being the index of the point in the dataset) with the sampling
interval T of N discrete data points. The wind vector sum Li, and scalar sum Sj, also called
‘resultant transport distance’ and ‘wind run’, respectively, were calculated according to
Equations 2 and 3:

1
L=t [(Z;";’Z u]-)2 + (Z;g vj)z]z Equation 2
, 1
Sip =1 Z}";’i’(ujz +v?)? Equation 3

Withi=1,..,N—P+1and0 <P <N

Lip and Sip represent, respectively, the distance travelled by the air mass in a straight line
from the beginning up to the end of the trajectory and the total distance travelled by the air
mass during the desired transport period T = Pt. The recirculation factor Rip, evolving
between 0 and 1, is based on the ratio between these wind vector sum Lip and scalar sum Sjp
over the given transport period T, as expressed in Equation 4:

Ry,=1- % Equation 4

ip

Thereby, recirculation conditions (Rip equal to 1) corresponding to a state of the
atmosphere where a polluted air mass is initially transported away from the observation site,
but returns later to the site neighbourhood (Lip<<Sip), where pollutants accumulate, and could

produce high levels of air pollution concentrations.

A 24-hour transport period has been commonly used in past studies to estimate
atmospheric transport and diffusion conditions (Levy et al., 2009; Nankar et al., 2009; Pérez
et al.,, 2011; Russo et al., 2016; Surkova, 2013). However, shorter time periods are more

appropriate to detect small-scale specific atmospheric conditions and study in detail aerosol

10



10

15

20

25

30

variability after rapid transition of atmospheric dynamics. Here, we propose to deduce the
integral quantities Lip, Sip and Rip by varying the transport period T from 1 hour to 24 hours
at the observation site by using ultrasonic anemometer measurements. Furthermore, above the
sea, only Sip has been deduced from the 65° PPI performed between 225° and 290° azimuthal
angles by using the velocity-azimuth processing technique (Shapiro et al., 2003).

3. Results and discussions

3.1. General air mass characteristics of the IOP1

North-western Africa is mainly dominated by maritime and continental trades during
the winter and spring seasons (November to April) until the monsoon starts (Leroux, 2001).
Depending on wind directions, aerosol types observed over this site could be dominated by
desert dust, sea salt, biomass burning or urban particles. During the first intensive observation
period (IOP1) of the SHADOW campaign, the wind over Mbour at the ground, had two major
regimes: maritime trades (~25 %), coming from the North-West, and continentalized

maritime trades (~40 %), coming from the North to North-North-East directions (Figure 4a).

Maritime trades are mainly observed up to 300 m (Figure 4a and 4b) whereas
continentalized trades are detected up to 1000 m with relatively high speed reaching more
than 20 m/s particularly in the altitude between 300 m and 500 m corresponding to the LLJ
height (figures 4a-4e). During the early morning, maximum wind speeds have been measured.
Wind speed vertical gradient, of 0.04-0.07 s°!, are observed corresponding to high wind shear
effect generated by the LLJ phenomenon. Above 1000 m, the wind direction veers with height
to continental trades (Harmattan, NE to E, Figure 4e and 4h) indicating the presence of warm
air advection from the north-eastern/eastern dry lands (Parker et al., 2005) that can be
associated with long-range transport of desert dust from the Sahelian and Saharan source

regions.

At ground level, three dust events were identified during IOP1 corresponding to
Harmattan dust transport from the sources located in the Sahelian band and Saharan Desert
towards West Africa: 15-22 March, 29-4 April and 10-11 April. These dust events observed
over Mbour lasted from 2 days to a full week and were characterized by high AOD values
(between 1 and 2) associated with high extinction coefficients at the surface (up to 600 Mm')
and low values of the Angstrom Exponent, characteristic of coarse particles. During these

dust events, PM o concentrations reached values up to 1000 ¢ g m™.

11



10

15

20

25

30

SB episodes were also observed, coming from WSW to WNW, during 28 days out of
43 days and representing ~20 % of the total observation time. These episodes have been
identified by a large increase of the water vapour mixing ratio (up to 15 gkg?'), a large
decrease of the temperature (about 10°C) as well as a rapid change in wind direction (from
E/ENE to mainly W below 300 m during Harmattan events). SB occurred during the
afternoon and lasted on average for 5 hours, usually from 13:30 to 18:00 UTC (corresponding
to local time). In some cases, the strong Harmattan (opposite to the SB) delayed the SB
occurrence (by 15 min to one hour). The SB front blockade, during this longer SB
establishment period, could conduct to air mass stagnation (i.e. a relatively high atmospheric
residence time). These air masses are, on average and in comparison to maritime and

continental trades, enriched in fine particles (PM1) and depleted in absorbing ones.

LLJ events were observed during 39 nights out of 43 days. LLJ are wind speed maxima
which occur within the residual layer (the remnants of the daytime boundary layer) when the
wind is decoupled from the land surface. However, LLJ may influence the exchange
processes between the surface and the atmosphere, due to turbulences generated by wind
shear within the layer located below the jet (Banta et al., 2003; Van de Wiel et al., 2003).
During the IOP1, LLJ were coming from NNW to E sectors and lasted, on average, for 19
hours from 17:30 UTC to noon the day after. The mean LLJ core speed (corresponding to the
height of the maximum LLJ wind speed) was about 15 m s™' but could reach up to 24 m s,
particularly during the early morning. The jet core height is observed between 200 and 400 m
for more than 60% of the events. The complexity of the dynamical circulation due to the
interactions between the SB, the LLJ and the Harmattan flows induces a high variability of
aerosol physico-chemical characteristics. Thereafter, two typical case studies are presented to
better understand the impact of the SB and LLJ effects on the temporal evolution of aerosol
properties: the first one was observed on 28 March 2015 under typical Harmattan conditions,
while the second one, observed on 31 March 2015, corresponds to specific Harmattan

conditions with air masses enriched in dust particles.

3.2. Case study out of dust event: 28 March 2015

The time-height cross-section of the horizontal wind direction and speed on 28 March
2015 (Figure 5a) illustrates the atmospheric dynamics observed over Mbour, in the absence of
dust event. The Northerly LLJ was detected at night with a jet core height of 200 m and a core
speed of ~13 m s\, During the early morning (3:00 UTC), the Harmattan settled and this jet

12



10

15

20

25

30

strengthened while the jet layer deepened (200-600 m). At ground level, the air mass was,
first of all, a mix between the Northerly LLJ and the Harmattan with a water vapour mixing
ratio of about 8 g kg'! (Figure 6a). Then, the drier Harmattan air mass progressively reached
ground level, which led to a decrease of the water vapour mixing ratio that dropped a
minimum below 5 g kg!' around 11:00 UTC. Simultaneously, the Harmattan attenuated and
then the SB started rapidly at 14:30 UTC. The SB establishment period lasted about 30
minutes and was associated with a sharp increase of the water vapour mixing ratio from ~4 to
16 gkg! (Figure 6a).. Finally, the SB disappeared at 20:30 UTC, when the Northerly LLJ
appeared below 400 m, identified by the sharp decrease of the water vapour mixing ratio that

last for few minutes.

The aerosol mass concentration (Figure 6a and Table 1) was strongly dependent on the
atmospheric dynamics in addition to the temporal variability of aerosol sources. A “morning
peak” was clearly observed on that day between 7:00 and 9:00, with PMio, PM2s5 and PM;
reaching 155, 66 and 25 ug m™ respectively, while the daily averages were around 64, 30 and
13 ug m>. This peak was regularly observed at this time during the campaign and was not due
to an evolution of the atmospheric circulation, but rather to an intensification of local
anthropogenic activities generating an increased contribution of local pollution (Rivellini et
al., 2017). Figure 6b shows the time series of the mass scattering efficiency (MSE, RH <40%)
along with the water vapour mixing ratio. The morning PM peak coincides with a sharp
decrease of MSE, within the PMo fraction, from more than 2.5 to less than 1.5 m? g‘l, that
can be explained by a higher contribution of resuspended coarse dust from road-traffic.
Indeed, organic matter associated to higher MSE often dominates the fine fraction at Mbour,
while the coarse fraction associated with lower MSE is dominated by sea salt and/or dust
(Flament et al., 2011; Rivellini et al., 2017). This is corroborated by a decrease of the
PM1/PM iy ratio, which dropped from 0.25 just before this pollution event to 0.16 during the
pollution peak (Table 1).

The SB arrival around 14:30 did not alter the PMio concentration, which remained
relatively constant right before (51 pg m>), during (59 ug m>) and after (52 pg m>) the SB
establishment (Figure 6a, and Table 1). Over all SB cases observed during the IOP1, an
evolution of PMjo concentration after the SB establishment is rare (2 cases out of 28). In
contrast, the PMzs and PM; concentrations, respectively at 25.5 and 7.95 ug m, before the
SB establishment, reached 32.3 and 18.4 ug m> during the SB period (Table 1). This large

increase of the finer fractions was observed for all the SB cases recorded in Mbour during the
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IOP1 and is consistent with previous studies (Moorthy et al., 1993; Pérez et al., 2010;
Rodriguez et al., 2008).

During the SHADOW campaign, sulfate concentration within the PM; fraction was
found to be a good proxy for marine influence (Rivellini et al., 2017). Indeed, within a marine
atmosphere, various sulfur-containing compounds have the potential to create new aerosols
and/or, depending on the environmental conditions, condense onto existing particles (Kulmala
et al., 2011). On the other hand, Black Carbon (BC) is produced by incomplete combustion of
fossil fuel and biomass and is therefore a good proxy for anthropogenic aerosols (Figure 6¢).
During SHADOW, Rivellini et al. (2017) have shown that OM, BC and Chl maximum
concentrations are associated with similar wind regimes highlighting a common origin of the
higher concentrations for these species. Their results indicate that OM, BC and Chl higher
concentrations, especially during the sea breeze, could come from anthropogenic emissions

from Dakar and possibly from maritime traffic along the western African coast.

The organic and sulfate concentrations, within the PM; fraction measured by the
ACSM, increased by a factor up to 8 during SB (Figure 7a and b and Table 1): SOs
concentrations that were 0.29 ug m™ before the SB establishment increased up to 2.32 ug m™
afterward; whereas the organic concentrations (sum of the PMF OA factors, Figure 7b) were
around 0.74 pg m™ prior to the SB establishment and reached 5.84 pg m™ after the SB front
passage. Figure 7c shows the organic factor contribution as a function of time. Before the SB
establishment, the MO-OOA fraction is low (0.15), especially during the morning peak
suggesting fresh and local emission of organic. The MO-OOA fraction reached a maximum
(0.56) during the SB establishment and stabilized during the SB period around 0.4 to the
detriment of COA. The MO-OOA increase implies that the formation of secondary organic

aerosols was greatly enhanced during the SB period.

This relatively high contribution of marine sources to the submicron fraction during SB
was also observed for the larger fraction (1-2.5 pm) using electron microscopy (Figure 8). As
expected, the relative proportion of marine particles was higher during SB (61% of analysed
particles) than before it (21.2% of analysed particles). However, in contrast with air mass
collected before SB, most of marine particles collected during the SB contained a relatively
high content of nitrogen and sulphur, which probably indicates a contribution of local
anthropogenic activities. These marine particles were liquid in the atmosphere, as indicated by
the “halo” observed around them by microscopy (Figure 8b, blue arrow). An increase of their

relative proportion sharply modified the MSE of PMo (Figure 6b), most probably due to
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physical and chemical evolution of the aerosols exposed to a high water vapour-mixing ratio

and to condensable gases (such as SO, and organics).

This marine influence is also observed with the dynamic fields. Indeed, the maximum
recirculation factor R (0.84) on that day is detected at about 19:00 at the observation site near
ground for a transport period of about 7 hours. This factor depicts high recirculation
conditions during breezes, meaning that the Harmattan transported the air mass toward the sea
during the early afternoon while the SB brought it back over land. In addition, the influence
of marine air masses on the aerosol observed at Mbour were confirmed by the wind run
parameter (Sip) which can be used as an indication of stagnation (Kim et al., 2007). Figure 9
represents the wind run evolution deduced from the Doppler lidar PPI scan obtained over the
sea (westward) just before the SB arrival at Mbour and for a transport period of 1 hour. Low
values of Sj, (< 8 km) indicate that horizontal wind speed was very low, favouring stagnation
conditions (1-hour residence time). The Sip lowest value is observed over the sea (550-750 m)
and may suggest the presence of the SBF. In this range from the coast, confrontation between
the SBF and the opposing wind (Harmattan) may favour stagnation conditions. The
Harmattan may inhibit the SBF propagation and may generate an area where the wind is calm
which is confirmed by the Sip, lowest value. Therefore, before coming back at the observation

site, the air masses stagnated over the sea and thus could largely be influenced by marine air.

Later in the afternoon, the occurrence of the LLJ modifies the structure of the SB and is
associated with the increase of vertical heat flux and momentum flux (not shown here),
deduced from the sonic anemometer. This increase, observed during the LLJ effect period,
suggested vertical mixing process between the LLJ and the GC, which is consistent with the

decrease of water mixing ratio and increase of temperature at ground.

In parallel, the LLJ effect implied a new modification of atmospheric particle properties
for the rest of the day. Although, the LLJ establishment period duration was very short (19:30
—20:00 UTC), the LLJ onset might have impacted the aerosol properties at ground level due
to vertical mixing induced by the jet. This mixing process led to a decrease of both the
PM1/PMj ratio (Table 1: from 0.35 during SB to ~0.15 during the LLJ establishment period)
and the SO4/BC ratio (Figure 6¢, from 3.1 during SB to ~1.6 during the LLJ establishment
period). Likewise, the COA/MO-OOA ratio (Figure 6¢) was stable and relatively low (around
0.7) during the SB period but reached 2.55 during the LLJ establishment period. This suggests
a large contribution of local anthropogenic emissions prevailing over the regional emission of

Secondary Organic Aerosols (SOA). Consequently, the relative increase of the continental
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aerosol during this LLJ establishment period lowered the MSE within the PMjo fraction
towards values that are more characteristics of dust (Figure 6b, from ~2.4 during SB to ~1.5

during the LLJ establishment period, Hand and Malm, 2007).

3.3. Case study during a dust event: 31 March 2015

During dust events, the Harmattan flow is steadily settled all day long and is seldom
perturbed near the ground by the SB or by the Northerly LLJ flows, excepted for a few events
such as the one presented in this section. The atmospheric dynamics of the 31 March case is
illustrated by the time-height cross-section of the horizontal wind direction and speed (Figure
5b). At night, the Easterly Harmattan jet was mainly observed in the lower troposphere (<
2000 m) with a high core speed (> 15 m s!) located between 200 and 500 m above ground.
After sunrise (7:00 UTC), the Harmattan jet core rose up to 400—1000 m at 10:00 UTC before
the jet vanished progressively after 11:00 UTC. However, even after the jet disappearance, the
Harmattan flow prevailed near ground during a large part of this day, until the SB occurrence
at 15:30 UTC. The SB layer depth increased progressively up to 1100 m and collapsed at
19:00 UTC due to the Northerly LLJ occurrence with a jet core height located at 500 m. This
LLJ arrival, in altitude, may imply mixing processes between the surface layer (marine air
mass) and upper layers (continental air from the Harmattan flow) until 21:00 UTC

corresponding to the LLJ effect period.

With a daily average concentration ~200 pg m>, the PMio concentrations were much
higher, by a factor of 4, on this day than during the previous case study (Figure 6a and d).
These high concentrations were due to a desert dust event that started two days before (29
March) and lasted for one full week. The air mass was also much drier during this dust event,
with a twice-lower water vapour mixing ratio (4 gkg!) during the morning, before the SB

onset.

During this case study, the aerosol mass concentration evolution is extremely different from
that of the situation without dust event (Table 1). Firstly, as the desert dust particles account
for a large share of the PM, the aerosol is dominated by the coarse fraction. Therefore, very
low values of the PM; to PMjg ratio (~0.14) were observed during the periods of undisturbed
Harmattan flow (00:00 and 06:00 UTC). The PM background concentrations were very high
during the whole dust event so that the “morning peak” (07:00-09:00 UTC) represented only

a relatively small increase, even though the PM o, PM2 s and PM; concentrations reached 331,
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139 and 42 pg m>, respectively. However, even if the morning peak did not lead to a large
concentration increase, it clearly impacted the aerosol composition: the input of dust from
local pollution during the peak was associated with an increase of organic compounds (HOA)
(see Table 1), that generated a small decrease of the MSE within the PMj¢ fraction up to
~1.5 m? g! (Figure 6e), a value similar to the one observed during the morning pollution peak

in the absence of dust event (Figure 6b).

The SB arrival was detected at 15:30 UTC, corresponding to a sharp increase of the
water vapour mixing ratio and associated with an increase of PM. PMio, PM>s and PM;
respectively rose from 118.8, 67.2 and 20.5 g m™ just before the SB onset to 182.6, 95.4 and
32.5 ug m™ during the SB (Figure 6 and Table 1). This evolution also coincided with an
increase of the organic and sulfate concentrations within the PM; fraction, measured by the
ACSM : prior to the SB establishment, the SO4 (organic) concentrations were around 0.24
ug m (0.96 pg m?), while after the SB front passage, they reached 0.79 pg m= (6.2 pg m™).
The SO4 concentrations were significantly lower than the maxima observed in the absence of
dust event (2.32 pg m™ during SB on 28 March, Table 1), suggesting a lower influence of
marine air masses in this period of strong continental Harmattan flow. This fact is also
supported by a lower SO4/BC ratio during the SB (Figure 6f) and an increase of the
COA/MO-0OOA ratio, which is associated with a growing influence of local anthropogenic
emission (COA, Figure 7f). Unlike the first case, the OOA (MO-OOA+LO-OOA) fraction is
less important during the SB with anthropogenic and freshly oxidized (LO-OOA) organics
predominating over MO-OOA (decreasing from 0.62 before the SB establishment to 0.3
during the SB). This could be explained by the stagnation of the air mass closer to the coast
which leads to (i) a more prominent supply of primary (less oxidized) particles to the aerosol
burden; and (ii) less supply of aged (more oxidized) marine air masses during the SB

compared to the previous case.

The recirculation factor R reached a maximum of 0.98 for a 9-hour transport period
ending around 20:30 UTC. This implies that the air mass observed between the SB
occurrence and 20:30 was possibly the same one as the one sampled from 11:30 UTC until
the SB arrival. This effect is clearly visible on the three PMx concentrations (Figure 6d) that
decreased after the morning peak and then increased after the SB occurrence, roughly
reaching back at 20:30 UTC the levels observed at 11:30 (PMjo = 210 pug m>; PMas = 100
ug m>3; PM; = 30 pg m>). Interestingly, the linear slopes of the PM;o decrease (-0.38 pg m’

> min™) and increase (0.45 pg m™ min'') were very similar (same tendencies observed for
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PMzs and PM; linear slopes), which reinforces the hypothesis that the same air mass was
transported back and forth over the measurement site. Besides, the lesser influence of marine
air masses on the dust event case could be confirmed by the wind run parameter (Sip)
computed just before the SB arrival for a transport period of 1 hour (Figure 9): the low values
(< 8 km) indicating stagnant conditions (1-hour residence time) prevailed only very near the
coast and land for this case (200-250 m against 550-750 m for the previous case). This may
suggest that the SBF propagation is inhibited very close to the coast favouring calm wind area

in the vicinity of the SBF.

All these aerosol property alterations before and during SB were also reflected in the
high temporal variability of the MSE (Figure 6e). The different MSE values combined with
the chemical composition allowed us to identify periods when (i) organics were predominant
within the PM; (Figure 7e and Table 1: during the SB period) corresponding to very high
MSE (> 2.5 m? g'!), (ii) dust were predominant within the PMio (late night and morning)
corresponding to high MSE (> 1.5 m? g'!). One can note that the MSE increase at the arrival
of the SB was sharper during the dust event case than in the absence of dust. The effective
radius (calculated as the ratio of the 3™ and 2" moments of the Mini-WRAS aerosol size
distribution) was on average 0.25 = 0.12 pm and 0.81 = 0.20 um and the PMjo to PM; ratio
was equal to 2.85 and 5.62 during the SB periods of the “without dust” and “dust event” cases
respectively. However, Hand and Malm (2007) showed that larger particles from urban, rural
and marine origins are associated with lower MSE while we observed the opposite tendency.

Therefore, the chemical composition of those aerosols is necessarily playing a major role.

Later in the afternoon, the LLJ effect period was observed from 19:00 UTC to 21:00
UTC (Figure 5b). As for the case study without dust event, the occurrence of the LLJ
modified the structure of the SB, favouring vertical mixing process between the LLJ and the
GC. This LLJ was responsible for (i) a sharp increase of PM concentrations (notably the
coarse fraction, Figure 6d), (ii) a decrease of the SO4/BC ratio (Figure 6f) associated to a
lesser influence of marine air masses, and (iii) a large increase of the COA/MO-OOA ratio
associated with a larger influence of local anthropogenic emissions (Figure 6f). Consequently,
as for the previous case, the increase of the relative proportion of dust during this LLJ
establishment period modified the MSE of PMj¢ (Figure 6e) toward lower values (from ~2.5
at the beginning of the SB event to ~1.4 during the LLJ establishment period) that are more
characteristic of dust (Hand and Malm, 2007).
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4. Conclusions

This paper describes the aerosol variability due to specific atmospheric dynamical
features regularly observed during the IOP1 of the SHADOW campaign over Mbour (coastal
region of Senegal), using a combination of in-situ and remote sensing observations. The in-
situ samplers and instruments provided the chemical composition, the coarse optical
properties and the physical properties of the aerosols. Coincidently, a scanning wind lidar

combined with a sonic anemometer, measured the wind field within the lower troposphere.

Complex circulations of different flows involving Easterly Harmattan, Northerly Low
Level Jet and Westerly Sea Breeze, have been identified during the period. The interaction
between these flows implied a high variability of the aerosol physico-chemical characteristics
and two case studies were selected. The first study case is representative of SB events
observed during typical Harmattan conditions without dust event, while the second highlights
a SB event during a Harmattan desert dust transport event. Both cases show a strong influence
of the SB on the aerosol properties. SB events coincided with an increase in organic and
sulfate concentrations within PM1 fraction, good markers of anthropogenic and marine
influences, respectively. Marine particles from the 1-2.5um fraction collected during SB were
also associated with higher nitrogen and sulphur contents indicating the contribution of
anthropogenic activities. Moreover, high recirculation factors over 0.8 have been computed
and the dry Mass Scattering Efficiency increases during the SB, for both cases, by a factor of
1.4. Given the fact that SB phenomena occurs every other day at Mbour during at least 3
hours and that the relative humidity may reach 96%, the effect of such events on the aerosol

radiative forcing may not be negligible.

Both cases show some specific dynamical evolution features at ground level. Indeed,
the air mass stagnation area, observed just before the SB onset (over the land), could remain
very close to the coast (31th March) or could extend farther over the sea (28" March). Before
the occurrence of the SB over the land, the anthropogenic air mass is transported from the
land to the sea by the Harmattan. Then, this air mass seaward propagation is weakened in the
neighbourhood of the SBF, which is opposed to the Harmattan. The confrontation between
the SBF and the opposing wind (Harmattan) may favour stagnation conditions located over
the sea for the 28th March and very close to the coast for the 31st March. The stagnation
condition location depends on the strength of the opposing wind, which inhibits the SBF

propagation and generates a wind calm area in the neighbourhood of the SBF.
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This difference has a strong impact on the aerosol evolution. Indeed, the environment
over the sea, humid and enriched in condensable gases, is highly favourable to aerosol coating
and particle aging. The air mass stagnation over the sea is associated with an increase in the
concentrations of organic species in the finer aerosol fractions (PMi) and notably the More
Oxidized Oxygenated Organic Aerosol fraction (MO-OOA), due to an increased contribution
of anthropogenic sources (from Dakar and possibly from maritime traffic (Rivellini et al.,
2017)) and the formation of secondary organic aerosols. While, when stagnation occurs closer
to the coast, the influence of marine air is less important. As a result PM; or PMys
concentrations increase less and the Cooking Organic Aerosol (COA) on MO-OOA ratio
indicates an influence of local anthropogenic emission. SB events are then not necessarily
associated to new formation of aerosols as previously found (Piazzola et al., 2012; Rodriguez

et al., 2008).

Moreover, during the LLJ onset in altitude (LLJ effect periods), PMio and absorption
coefficient observed at ground level increased dramatically (up to a factor of 2), probably due
to the vertical processes between the surface and the LLJ, which transported dust and local
anthropogenic emissions, notably cooking-like organic aerosol or waste burning emissions.
SB events are common over coastal regions and their influence on aerosol depends mainly on
the dynamical features over the region. Wind profile measurements coupled with aerosols
measurements are then essential to better understand sea breeze effects on aerosol variability
and properties. Similar studies at different coastal locations around the globe would help to

better implement this phenomenon in current global aerosol models.
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Table 1: Mass concentrations (in ug m3) of PM1, PMz2s, PM1, Black Carbon (BC) as well as non-refractory components of the PM; fraction (S04, COA, HOA, LO-OOA and

MO-0O0A) measured at Mbour on March 28 and March 31 during 5 periods: Morning peak, before SB, SB establishment, SB, and LLJ effect.

PMio PM, s PM, BC SO, COA HOA LO-O0A MO-0O0A
March 28, 2015
Morning peak 155.5+39.9 66.6+ 15.1 249+52 NA 0.56 £0.04 1.92 +£0.39 3.15+1.58 1.65+£0.74 0.75£0.16
Before SB 67.1£94 25.5+£3.1 7.95 +£0.50 0.29 £0.16 0.29 £0.16 0.22£0.12 0.12 £0.09 0.13£0.04 0.27 £0.12
SB Establishment 59.4+6.2 37.6+3.2 23.1+£25 0.70 £0.25 2.80+0.90 1.14 £ 0.60 1.32+£0.25 1.44 £0.48 2.73+£0.82
SB 525+6.6 323+35 18429 0.75 £0.16 2.32+0.27 1.34 £0.37 141 £0.41 1.11 £0.37 1.98 +0.51
LLJ effect 82.7+33.3 34.1+89 125+1.7 0.61 £0.23 0.99 +0.09 0.65 £0.26 0.94 £ 0.40 0.39+0.10 0.55+0.13
March 31, 2015
Morning peak 331.1+£233 138.6+9.7 41.8+6.8 NA 0.20+0.13 2.65+1.17 5.07+1.73 2.80+0.76 1.18+0.16
Before SB 174.7£37.4 756+ 11.5 239+42 0.14 £ 0.04 0.24+0.10 0.18+0.17 0.19 £ 0.07 0.20 £0.09 0.39+0.16
SB establishment 118.8 £16.7 67.2+104 20.5+34 0.12 £0.07 0.26 +0.13 0.19 £0.04 0.18£0.14 0.26+0.12 0.39+0.11
SB 182.6 £ 18.3 954 +43 32.5+09 0.83+0.18 0.79+0.18 1.57+£0.79 1.29 £ 0.08 1.47 £0.24 1.87 £0.31
LLJ effect 2283 +17.9 102.8 £5.0 299+1.9 0.35+0.03 0.29 £0.05 0.88 £0.22 0.68 +0.27 0.48+0.11 0.40+0.16

30




Figure 1: Conceptual model of the dynamical situation observed over Mbour during the
SHADOW campaign IOP1, as deduced from Doppler lidar scanning measurements during
(a) Harmattan event before the SB occurrence, (b) SB establishment, (c) the LLJ effect
period (d) after the LLJ effect period
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Figure 2: Dakar and Mbour locations. The Sahelian band is represented with the orange square. Note
that the site of measurements is located in the Mbour area directly on the Atlantic coast.
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Figure 5: Time-height cross-section of the horizontal wind direction (arrows) and speed (color
scale) at Mbour Senegal (a) on 28 March and (b) on 31 March. Downward and leftward arrows
represent, northerly wind and easterly wind, respectively. The main flows are mentioned on the graph
(SB: sea breeze; LLJ; Low-level jet; GC: gravity current); the SB GC edge is symbolized by a red
dashed line and the event periods observed at ground level are mentioned on the bottom strip.
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Figure 6: Temporal evolution of the water vapour mixing ratio

~ 0
00:00 06:00 12:00 18:00 00:00

Time (UTC)
on 28 March 2015 (left) and 31 March 2015 (right)

plotted in parallel of (a and d) the different fraction of particle matter (PM1o, PM2s and PM1) over Mbour, (b and e) the
total mass scattering efficiency (MSE) calculated from the scattering coefficient measured at 525 nm and the PMio
concentrations over Mbour and (¢ and f) the COA (Cooking-like Organic Aerosol) to MO-OOA (More-Oxidized
Oxygenated Organic Aerosol) ratio (red) and sulfate (SO4) to black carbon (BC) ratio (green) observed at Mbour. The
shaded areas represent respectively the periods of the morning peak (grey) “Before the SB” (green), the SB establishment

(purple), the SB (blue) and the LLJ effect (red), as described in Table 1.

A 15 minutes moving average was performed on the

raw measurements and only 1 point every 30 minutes was plot corresponding to the ACSM frequency measurement.
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Figure 7: Temporal evolution of the water vapour mixing ratio on 28 March 2015 (left) and 31 March 2015 (right), (a
and d) the concentration of SO4, NHs and NO; measured by the ACSM over Mbour, (b and e) the organic factor
contribution (MO-O0A, LO-O0A, COA, HOA, LCOA) calculated from Positive Matrix Factorization and (¢ and f) the
Organic and Black Carbon concentration observed at Mbour. The shaded areas represent respectively the periods of the
morning peak (grey) “Before the SB” (green), the SB establishment (purple), the SB (blue) and the LLJ effect (red), as

described in Table 1.
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Figure 8: Typical electron images and elemental composition of dust, marine, mixed dust/marine particles
(fraction 1-2.5um) collected on TEM grid at Mbour on 28 March 2015 A. before (10:50-11:00) and B. during (14:45-
15:00) during the sea breeze. The composition results from statistical analysis on 213 and 674 particles, respectively.
The yellow and blue arrows point to a typical dust or marine particle, respectively.
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Figure 9: Wind runs (Sip) time-series computed from the Doppler lidar located at Mbour just before the sea
breeze arrival during the 28 March (in red) and during the 31 March (black) for a transport period of 1 hour.
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