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Abstract. Southern West Africa (SWA) is an African pollutitiotspot but a relatively poorly
sampled region of the world. We present an overviévin-situ aerosol optical measurements
collected over SWA in June and July 2016 as parthas DACCIWA (Dynamics-Aerosol-
Chemistry-Clouds Interactions in West Africa) aim® campaign. The aircraft sampled a wide
range of air masses, including anthropogenic poluplumes emitted from the coastal cities,
long-range transported biomass burning plumes fZemtral and Southern Africa and dust plumes
from the Sahara and Sahel region, as well as neigtaf these plumes. The specific objective of
this work is to characterize the regional variapibf the vertical distribution of aerosol partisle
and their spectral optical properties (single scaty albedo:SSA asymmetry parameter,
extinction mass efficiency, scattering Angstrém angnt and absorption Angstrém exponent:
AAE) First findings indicate that aerosol optical pdjes in the planetary boundary layer were
dominated by a widespread and persistent biomassinigu loading from the Southern
Hemisphere. Despite a strong increase of aerosobauconcentration in air masses downwind of
urban conglomerations, spect&bAwere comparable to the background and showedtsigrsaof
the absorption characteristics of biomass burngrgswols. In the free troposphere, moderately to

strongly absorbing aerosol layers, dominated Hyeeitlust or biomass burning particles, occurred
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occasionally. In aerosol layers dominated by minguat particlesSSAvaried from 0.81 to 0.92 at
550 nm depending on the variable proportion of mthgenic pollution particles externally mixed
with the dust. Biomass burning aerosol particleseveggnificantly more light absorbing than those
previously measured in other areas (e.g. Amazdloah America) withSSAranging from 0.71 to
0.77 at 550 nm. The variability &SAwas mainly controlled by variations in aerosol position
rather than in aerosol size distribution. Corresfiagly, values ofAAE ranged from 0.9 to 1.1,
suggesting that lens-coated black carbon partigtgs the dominant absorber in the visible range
for these biomass burning aerosols. Comparison iighature shows a consistent picture of
increasing absorption enhancement of biomass ky@e@nosol from emission to remote location
and underscores that the evolutiorB&Aoccurred a long time after emission.

The results presented here build a fundamentak bafsknowledge about the aerosol optical
properties observed over SWA during the monsooscseand can be used in climate modelling
studies and satellite retrievals. In particular aedarding the very high absorbing properties of
biomass burning aerosols over SWA, our findingsgesg that considering the effect of internal
mixing on absorption properties of black carbontips in climate models should help better

assessing the direct and semi-direct radiativesffef biomass burning particles.

1. Introduction

Atmospheric aerosols play a crucial role in thenelie system by altering the radiation budget
through scattering and absorption of solar radiatamd by modifying cloud properties and
lifetime. Yet considerable uncertainties remain wbthe contribution of both natural and
anthropogenic aerosol to the overall radiativeatffBoucher et al., 2013} arge uncertainties are
related to the complex and variable properties ebsol particles that depend on the aerosol
source and nature as well as on spatial and temnparations. During transport in the
atmosphere, aerosol particles may undergo physiedl chemical aging processes altering the
composition and size distribution and henceforth dptical properties and radiative effects. The
capability of reproducing this variability in clitreamodels represents a real challe(idghre et

al., 2013; Stier et al., 2013; Mann et al., 201%herefore, intensive experimental observations in
both aerosol source and remote areas are of pararimaportance for constraining and evaluating
climate models.

Key parameters from a climate perspective are dresal vertical distribution and respective
spectral optical properties. Radiative transferesocommonly incorporated in climate models and
in satellite data retrieval algorithms use singlattering albedoSSA) extinction mass coefficient
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(MEC) and asymmetry factog) as input parameters. These parameters deper @etosol size
distribution, the real and imaginary parts of tlefractive index if-ik), and the wavelength of
incident light,A. The knowledge of the vertical distribution of $kefundamental parameters is
crucial to accurately estimate the direct and sgineiet radiative effects of aerosols as well as the
vertical structure of atmospheric heating ratesiltiegy from absorption by particles. Above
information is also required to retrieve aerosaperties (aerosol optical depth, size distribution)

from remote sensing data.

Southern West Africa (SWA) is one of the most cliemaulnerable region in the world , where the
surface temperature is expected to increase by aBtke end of the century (2071-2100) in the
Coupled Model Intercomparison Project Phase 5 (GYIFRoehrig et al, 2013)It is
characterized by a fast-growing population, indakgation and urbanizatiorfLiousse et al.,
2014) This is particularly the case along the Guineastavhere several already large cities are
experiencing rapid growtl{Knippertz et al.,, 2015a)Despite these dramatic changes, poor
regulation strategies of traffic, industrial andnuestic emissions lead to a marked increase of
anthropogenic aerosol loading from multiple sourceduding road traffic, industrial activities,
waste burning, ship plumes, domestic fires, powantp, etc. Tangible evidence for regional
transport of anthropogenic pollutants associatetth wiban emissions has altered air pollution
from a local issue to a regional issue and bey@ektz et al., 2018; Deroubaix et al. 201Bhis

is particularly the case during summer when laradiseeze systems can develop and promote the
transport of pollutants inland, away from the utbed coastal strip of SWAFlamant et al.,
2018a) In addition to this anthropogenic regional patiat SWA is impacted by a significant
import of aerosols from remote sources. Biomassibgrmainly from vegetation fires in Central
Africa are advected to SWA in the marine boundaget and aloffMari et al., 2008; Menut et al.
2018; Haslett et al., 2019)The nearby Sahara desert and the Sahel aredatgees of natural
wind-blown mineral dust aerosol throughout the yeiih a peak in springtiméMarticorena and
Bergametti, 1996)Biomass burning, dust and anthropogenic polluéenosols can be mixed
along their transport pathway$lamant et al., 2018a; Deroubaix et al. 2019¥sulting in
complex interactions between physical and chemigaicesses and even meteorological
feedbacks.

In West Africa, most of the aerosol-radiation iatgion studies focused on optical properties of
dust and biomass burning aerosols in remote reg@ngom major sources of anthropogenic

pollution aerosol. They include ground-based anoane field campaigns such as DABEX (Dust
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and Biomass Experimenitjaywood et al., 2008AMMA (Analysis Multidisciplinary of African
Monsoon,Lebel et al., 201Q)DODO (Dust Outflow and Deposition to the OcelttConnell et
al.,, 2008) SAMUM-1 and SAMUM-2 (Saharan Mineral Dust Expeeimt, Heintzenberg, 2009;
Ansmann et al., 20119nd AER-D (AERosol Properties — DuRyder al. 2018) These projects
concluded that the influence of both mineral dust Biomass burning aerosols on the radiation
budget is significant over West Africa, implyingathmeteorological forecast and regional/global
climate models should include their different raidia effects for accurate forecasts and climate
simulations. Over the Sahel regid@plmon et al. (2008)ave highlighted the high sensitivity of
mineral dust optical properties to precipitatioracpes at a climatic scale. However, the optical
properties of aerosols particles in the complexribal environment of SWA are barely studied.
This is partly due to the historically low level imidustrial developments of the region. Motivated
by the quickly growing cities along the Guinea Qp#i® study of transport, mixing, and feedback
processes of aerosol particles is therefore vemyoitant for better quantification of aerosol
radiative impact at the regional scale and impraagmof climate and numerical weather
prediction models.

In this context, the DACCIWA (Dynamics-Aerosol-Chistry-Clouds Interactions in West Africa,
Knippertz et al., 2013bcampaign, designed to characterize both natumdl @nthropogenic
emissions over SWA, provides important and unighseovations of aerosols in a region much
more affected by anthropogenic emissions than pusly thought. A comprehensive field
campaign took place in June—July 2016 includingmsitve ground-basealthoff et al., 2018)
and airborne measuremeriEamant et al., 2018b)in this study, we present an overviewimf
situ airborne measurements of the vertical distributibaerosol particles and their spectral optical
properties acquired with the ATR-42 French reseanaraft over the Guinea Coast.

Section 2 presents the flight patterns, instruntemtaand data analysis. Section 3 provides an
overview of the aerosol microphysical and opticadperties. The impact of aging and mixing
processes on aerosol optical properties is disdusssection 4 before conclusions are presented in

section 5.
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133 2. Methodology
134 2.1. ATR-42 measurements overview
135 This analysis focuses on flight missions conduttgthe ATR-42 aircraft of SAFIRE (Service des
136  Avions Francgais Instrumentés pour la Recherche rerir@nement - the French aircraft service
137 for environmental research) over the Gulf of Guirea inland. A full description of flight
138 patterns during DACCIWA is given iRlamant et al. (2018b)Here we present results from 15
139 flights focused on the characterization of anthggsoc pollution, dust and biomass burning
140 plumes. The flight tracks are shown in Figure 1 arstimmary of flight information is provided in
141  Appendix 1. The sampling strategy generally coedistf two parts: first, vertical soundings were
142 performed from 60 m up to 8 km above mean sea lgrekl) to observe and identify interesting
143 aerosol layers. Subsequently, the identified a¢lagers were probed with the-situ instruments
144 by straight levelled runs (SLR) at fixed flightiaites.
145 5 4 3 2 4 0 1 2 3 4
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159
160 Figure 1. Tracks of the 15 flights analyzed in thistudy. The colors indicate aircraft flight
161  levels sampling layers dominated by biomass burninfgreen), mineral dust (orange), mixed
162 dust-biomass burning (red) and anthropogenic pollubn particles (blue).
163
164 The ATR-42 aircraft was equipped with a wide varief instrumentation performing gas and
165 aerosol measurements. The measured meteorologicaipters include temperature, dew point
166 temperature, pressure, turbulence, relative huynids well as wind speed and direction. Gas
167 phase species were sampled through a rear facingti/Zeflon tube. Carbon monoxide (CO) was
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measured using ultra-violet and infrared analyS¢tECARRO). The nitric oxide (NO) and
nitrogen dioxide (N@ measurements were performed using an ozone dammiscence
instrument (Thermo Environmental Instrument TEi4Rith a Blue Light Converter for the NO2
conversion). On-board aerosol instruments sampigoient air via stainless steel tubing through
the Community Aerosol Inlet (CAl). This is an isnktic and isoaxial inlet with a 50 % sampling

efficiency for particles with a diameter ofin (Denjean et al., 2016).

The total number concentration of particles largean 5 nm Ktot) was measured by a

condensation particle counter (CPC model MARIEtha University of Mainz). The aerosol size

distribution was measured using an ultra-high siitgi aerosol spectrometer (UHSAS, DMT), a
custom-built scanning mobility sizer spectrome®MPS) and an optical particle counter (OPC,
GRIMM model 1.109). Instrument calibration was penied with PSL nanospheres and oil
particles size-selected by a differential mobibityalyser (DMA) for diameters from 90 nm to 20
um. The SMPS data acquisition system failed after-tiard of the campaign and could not be
repaired. We found the UHSAS to show false coumtthé diameters below 100 nm. Therefore,
these channels were disregarded in the data asalysi

The particle extinction coefficient{,) at the wavelength of 530 nm was measured withvéyc
attenuated phase shift particle light extinctionniter (CAPS-PMex, Aerodyne Research). The
particle scattering coefficientss(s) at 450, 525 and 700 nm were measured using a3TSI
wavelength nephelometer. The absorption coeffisieft,) at 467, 520 and 660 nm were
measured by a Radiance Research Particle Soot glmsorPhotometer (PSAP). The PSAP
measures changes of filter attenuation due todhection of aerosol deposited on the filter, which
were corrected for the scattering artifacts acemydd theVirkkula (2010)method. Prior to the
campaign, the CAPS was evaluated against the catidninof the nephelometer and the PSAP. An
instrument intercomparison was performed with puselattering ammonium sulfate particles and
with strongly absorbing black carbon particles (B8dth types of aerosol were generated by
nebulizing a solution of the respective substameessize-selected using a DMA. For instrument
intercomparison purposes. from the combination of nephelometer and PSAP adjssted to
that for 530 nm by using the scattering and abgorpAngstrom exponentSAE and AAE,
respectively). The instrument evaluation showeeéxellent accuracy of the CAPS measurements

by comparison to the nephelometer and PSAP conibimat
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2.2. Ancillary products

In order to determine the history of air massesrpaircraft sampling, backward trajectories and
satellite images were used. The trajectories werapcated using the Hybrid Single Particle
Lagrangian Integrated Trajectory Model (HYSPLITdahe National Centers for Environmental
Prediction (NCEP) Global Data Assimilation SysteBDAS) data with 0.5° horizontal resolution
for sequences and times of interest. We comparetidbkward trajectory heights with information
of fire burning times (e.g. MODIS Burnt Area Protuand dust release periods (e.g. Meteosat
Second Generation (MSG) dust RGB composite imagea3sess the aerosol source regions of the
investigated air masses. The air masses represeynttitk trajectory are assumed to obtain their
aerosol loading from source regions when the trajggasses over regions with significant dust
activation and/or fire activity at an altitude atoso the surface. Trajectory calculations with
slightly modified initial conditions with respect the arrival time, location and altitude were
performed to check the reliability of the locatiohsource regions. Uncertainties in this approach,
caused by unresolved vertical mixing processes, @ndeneral uncertainties of the trajectory
calculations are estimated to be in the range e2@3% of the trajectory distan¢8tohl et al.,
2002)

2.3. Data analysis

In the following, extensive aerosol parameters ¢eoitrations, scattering, absorption and
extinction coefficients) are converted to standerdperature and pressure (STP) using T = 273 K
and P = 1013.25 hPa. The STP concentration datespmnd to mixing ratios, which are
independent of ambient pressure and temperatuiegdilie measurement. In the analysis, the data
were averaged over sections of SLR with homogenaerassol conditions outside of clouds.

2.3.1. Derivation of aerosol microphysical and optial properties
Appendix 2 and Table 1 show the iterative procedamd the equations used to calculate the

aerosol microphysical and optical parameters aslypexplained below.

The particle number concentration in the coarsearid,,s9 Was calculated by integrating the
OPC size distributions over the range 1 to 5 une imber concentration of particles in the fine
mode (i) Was obtained as the difference between total muntbncentration Ny particle

diameter range above 5 nmgasured by the CPC aNg,arse
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For optical calculations, the\dr,,s from the PSAP were adjusted at the 3 wavelengiassared
by the nephelometer using tHWeAE calculated from the X3 measuretrayys ONCE oscar AN 0aps
obtained at the same wavelength, an optical closudy estimated the complex refractive index
based on optical and size data. Optical calculatiwere performed using Mie theory for spherical
particles by varying stepwise the real part of ¢henplex refractive indexnf) from 1.33 to 1.60
and the imaginary part of the complex refractiveei k) from 0.000 to 0.080. Given that the size
distribution measured by the UHSAS and the OPC mid&peonn, the optical-to-geometrical
diameter conversion was recalculated at each ibardiased on the assumad The resulting
number size distributions from SMPS, UHSAS and QiRe parameterized by fitting four log-
normal distributions and used as input values éndptical calculationsn andk were fixed when
the best agreement between calculated valueg pando,,s and measurements was found. Once
n andk were obtained at\3 we estimated the following optical parameters:

- SAEdepends on the size of the particles. Generally, l@wer than 0 for aerosols dominated by
coarse particles, such as dust aerosols, but higeer than 0 for fine particles, such as
anthropogenic pollution or biomass burning aer¢Selinfeld and Pandis, 2006; Schuster et al.,
2006)

- AAE provides information about the chemical compositd atmospheric aerosols. BC absorbs
radiation across the whole solar spectrum withstirae efficiency, thus it is characterizedANE
values around .1Conversely, mineral dust particles show strongtlighsorption in the blue to
ultraviolet spectrum leading ®AE values up to BKirchstetter et al., 2004; Petzold et al., 2009).

- SSAdescribes the relative importance of scatterirdyasorption for radiation. Thus, it indicates

the potential of aerosols for cooling or warming tbwer troposphere.

- g describes the probability of radiation to be scattén a given direction. Values gfcan range
from -1 for entirely backscattered light to +1 émmplete forward scattering light.

- MEC represents the total light extinction per unit snesncentration of aerosol. The estimates of
MEC assume mass densities of 2.65 ¢ ¢ar dust aerosol, 1.35 g énfior biomass burning
aerosol, 1.7 g cffor anthropogenic aerosol and 1.49 g’ éon background aerosgHess et al.,
1998; Haywood et al., 2003a)
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262
Aerosol parameters Symbol A (nm) Method
Aerosol microphysical properties
Total number concentrati Niot - Measured by a CPC in the part diameter rang
above 5 nm
Number concentration in the coa Neoarse - GRIMM size distributions integrated on the ranc
mode to 5 um.
Number concentration in the fine mc Nine - DifferenceN anc Neoarse
Number size distributic dN/dlogDy. - dN/dlogDp = Zi-1* (Nie; expé(logD, — logD,.)%/ (2log
0))/(V2 loga))
with Nyt the integrated number concentration,,he
geometric median diameter ang@jeometric standard
deviation for each mode i
Volume size distributic dv/dlogDr - dV/dogDp = Zi-,* (Nioy; D7/6 expt(logD, —
logDy4»% (2l0g 6:))/(V2 log 7))
Aerosol optical properties
Scattering coefficiel Oscat 450, 550, 70 Measured by the nephelometer and correcte
truncator error
Absorption coefficier Oabs 467, 52(, 660 Measured by the PSAP and corrected for f
based artefacts
Extinction coefficier Oexi 53C Measured by the CAF
Scattering Angstrém expont SAE 450 to 701 Calculated from the nephelometer measurem
SAE =-1In (05.a(450)65.2(700)) / In (450/700)
Absorption Angstrém expone AAE 440 to 66! Calculated from the PSAP measureme
AAE = —In(0ap{(467)loan(660)) / In (467/660)
Complex refractive inde n 450, 550, 66 Inversion closure study using Mie theory (Fig.
n(x) = m(A)-ik(2)
Sincle scattering albed SS/ 450, 550, 66 Inversion closure study using Mie theory (Fig.
SSAL) = 0sca(A)0exi(A)
Mass extinction efficienc MEC 450, 550, 66 Inversion closure study using Mie theory (Fig.
MEC) = 6ex{4)/Cn,
with C,;the aerosol mass concentration
Asymmetry paramete g 450, 550, 66 Inversion closure study using Mie theory (Fig.
g() = 1/2 ¢/“cos)sin(O)P(6,2)d(0)
with P(6,4) the scattering phase function afd
the scattering angle.
263 Table 1. Aerosol microphysical and optical propertes derived in this work
264
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2.3.2. Classification of aerosols plumes

Data were screened in order to isolate plumes dateihby anthropogenic pollution from urban
emissions, biomass burning and mineral dust pesticesulting in a total number of 19, 12 and 8
genuine plume interceptions, respectively, acrbeslb flights. Identification of the plumes was
based on a combination of CO and NOx (sum of NON@g) concentrations, as well &\E and
SAEthat have been shown to be good parameters fesifyling aerosol type€irchstetter et al.,
2004; Petzold et al., 2009 he classification was then compared with resfrtten the back
trajectory analysis (Figure 2) and satellite imagescribed in section 2.2. The guidelines for
classification are as follows:

- Anthropogenic pollutionSAE was beyond threshold 0, indicating a large nunflastion of
small particles in urban plumes, and CO and NOxcentrations 2 times higher than the
background concentrations. During the DACCIWA caigpabackground CO and NOx values
were around 180 ppb and 0.28 ppb, respectively. tidjectories show large differences in the
flow patterns and source regions with urban pluoréginating from the polluted cities of Lomé,
Accra and Abidjan. The aircraft sampling over landstly followed the north-eastward direction
(Figure 2d).

- Biomass burningThe criteria are the same as for urban pollutiormes except that trajectories
track theses plumes back to active fire hotspowsbasrved by MODIS and the ratio NOx to CO
was set below 1. CO and NOx are byproducts of catidiu sources but CO is preserved longer
along the plume when compared with NOx, which makegatio NOx to CO a good indicator for
distinguishing fresh anthropogenic pollution plunfesm biomass burning plumes transported
over long distance@Vang et al., 2002; Silva et al., 201 During this time of the year, most of the
forest and grassland fires were located in Ceantrel Southern Africa (Figure 2a).

- Mineral dust AAE higher than 1 indicates a large mass fractionioknal dust and &AEbelow

0 indicate a high effective particle diameter. Boarce region of the dust loaded air masses was
located in the Saharan desert and in the Sahaelr@-Rp).

- Dust and biomass burning mixingCombining remote sensing observations and model
simulations,Flamant et al. (2018ajdentified a biomass burning plume mixed with matedust.
This agrees well with the measurBAE of 1.2 andSAEof 0.3 observed in this laydvlenut et al.
(2018) have shown that one of the transport pathways ahass burning aerosols from Central
Africa was associated with northward advection talsaChad and then westward displacement
linked to the African Easterly Jet. The plume araged from a broad active biomass burning area
including Gabon, the Republic of Congo and the Denatic Republic of Congo and passed over

10
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areas with strong dust emissions further northiwith-3 days before being sampled by the aircraft
(Figure 2c).

- Background:We refer to background conditions as an atmosplstate in the boundary layer
without the detectable influence of local anthrogug pollution sources. Most back trajectories
originated from the marine atmosphere and coastalsssouth of the sampling area.

Longitude
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Figure 2. Backward trajectories for the analyzed amsol layers. Trajectories date
back 10 days for (a), 5 days for (b) and (c), andday for (d).

3. Results

3.1. Aerosol vertical distribution

Figure 3 shows a statistical analysisNgfe, Neoarse @Ndoeyderived from then-situ measurements
of vertical profiles. The aerosol vertical struetus strongly related to the meteorological strrectu
of the atmosphere (séippertz et al., 2017or an overview of the DACCIWA field campaign
Therefore wind vector and potential temperaturefileo acquired with the aircraft have been

added to Figure 3 as a function of the dominate@sol composition, introduced in Figure 1. The

11
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313 data from individual vertical profiles were mergetb 200 m vertical bins from the surface to 6

314 km amsl. The profiles were calculated using ontiniidual profiles obtained outside of clouds.
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Figure 3. Vertical layering of aerosols and meteotogical variables for profiles for which

aerosols dominated by biomass burning (green), dugbrange), mixed dust-biomass burning
(red), anthropogenic pollution (blue) and backgroum particles (black) were detected. The

panels show profiles of (a) the extinction coeffient at 530 nm, (b) the particle number

concentration in the range 0.005 < P< 1 um, (c) the particle number concentration intie
range 1 < <5 um, (d) potential temperature, (e) the wind dection and (f) the wind speed.
The colored areas represent the™ 25", 75" and 97" percentiles of the data. The mixed dust-

biomass burning plume is represented by a dot becaa it is derived from measurements

during a SLR.

The observed wind profiles highlight the presendeseveral distinct layers in the lower
troposphere. For cases related to dust, urban tpoiliand background condition, we clearly
observe the monsoon layer up to 1.5 km amsl whiatharacterized by weak to moderate wind
speeds (2 to 10 m'sthe later corresponding to dust cases) and a filom the southwest (220-
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250°). In all three air mass regimes, the monsagerlis topped by a 500 to 700 m deep layer
characterised by a sharp wind direction changem(femuth-westerly to easterly). Weak wind
speeds (less than 5 M)sare observed in urban pollution and backgroundiitions, while higher
wind speeds are observed in the dust cases. Ab&vien2 amsl, the wind speed increases in the
urban pollution and dust cases and the wind remeasterly, indicating the presence of the
African easterly jet with its core typically fartheorth over the Sahel.. The maximum easterlies
are observed in the dust cases slightly below B%kns| (> 15 m'y. For the background cases,
the wind above the shear layer shifts to north-emysand remains weak (~i.e. 5 M)sOverall,

the wind profile associated with the biomass bugréases is quite different from the other three
cases, with a flow essentially from the south-saetit below 5 km amsl and higher wind speeds

in the lower 2 km amsl than above, and a seconasymum of 7 m $ at 4 km ams|.

The vertical distribution of aerosol particles weesry inhomogeneous, both across separate
research flights and between individual plumes entared during different periods of the same
flight. Measurements of aerosols within this aniaglg®ver a broad geographic region, as shown in
Figure 1, which may explain some of the variahilByVA is subject to numerous anthropogenic
emission sources (e.g. road traffic, heavy indestriopen agriculture fires, etc.) coupled to
biogenic emissions from the ocean and forests. & hesulting large emissions are reflected in the
high variability Ofgex, Niine@NdNgoarsein the lower troposphere over SWA. Below 2.5 km lams,
showed a large heterogeneity with values rangiom 85 to 188 Mril between the '8and 97"
percentile and a median value of 55 Mrithe variability ofoevalues was slightly enhanced near
the surface and was correlatedNg. andNceaseWhich ranged from 443 to 5250 énand from
0.15 to 1.6 cm, respectively. Maximum surfage, was recorded in the anthropogenic pollution
plume of Accra where highls,e was sampled. The aerosol vertical profile is sihpmmodified
during biomass burning and dust events. The dustglextends from 2 to 5 km amsl, and is
associated with transport from the dust sourc&himd and Sudan (see Figure 2) with the midlevel
easterly flow. The biomass burning plume is assediavith transport from the southwest in a
layer of enhanced wind speed just below 4 km arsstliacussed above. Both layers showed
enhanced, with median values of 68 Mm(pys = 12 Mni'; pg; = 243 M) in biomass burning
plumes and 78 Mih(pes = 45 Mm; pe; = 109 Mnt) in dust plumes. As expected, the extinction

profile was strongly correlated to;Nfor biomass burning layers and Nsfor dust layers.

A prominent feature in the vertical profiles is theesence of fine particles up to 2.5 km amsl
outside of biomass burning or dust eveats, Nine andN..aseCOntinuously decrease with altitude,
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most likely due to vertical mixing of local emiss®from the surface to higher levels. Therefore,
the regional transport of locally emitted aerosweés not limited to the surface but occurred also at
higher altitude. Recently, numerical tracer experits performed for the DACCIWA airborne
campaign period have demonstrated that a combimafitand—sea surface temperature gradients,
orography-forced circulation and the diurnal cyokethe wind along the coastline favor the
vertical dispersion of pollutants above the boupdayer during daytiméDeroubaix et al., 2019;
Flamant et al., 2018a)Because of these complex atmospheric dynamicssaldayers transiting
over the Gulf of Guinea in the free tropospherelddie contaminated by background or urban

pollution aerosols from the major coastal cities.

3.2. Aerosol size distribution

Figure 4a shows the range of variability of the bemand volume size distributions measured
during DACCIWA. These are extracted from the SLBeniified in Fig.1. Figure 4b shows the

same composite distribution normalized by CO cotre¢ion in order to account for differences in

the amount of emissions from combustion sources.

dN/dlogDp/CO (cm™ ppb™)

107

107 10°
Diameter (nm) Diameter (nm)

Figure 4. (a) Statistical analysis of number sizeistributions with colored areas representing

the 3", 25", 75" and 97" percentiles of the data and (b) number size distoutions normalized

to CO for plumes dominated by biomass burning (gre®), dust (orange), mixed dust-biomass
burning (red), anthropogenic pollution (blue) and kackground particles (black).

Considerable variability in the number concentraidd the size distributions, up to approximately
2 orders of magnitude, was observed for a largetifna of the measured size range. The size
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distributions varied both for different aerosol égpand for a given aerosol class. This reflects the
relative wide range of different conditions thatrev@bserved over the region, both in terms of
sources, aerosol loading, and lifetimes of the jlsim

In particular for ultrafine particles with diamesebelow 100 nm, large differences are observed,
with an increase as large as a factor of 50 inrugdames, which reflects concentration increase
from freshly formed particles. Interestingly eleatnumber concentrations of these small-
diameter particles were also observed in someldysts. Comparing the particle size distribution
of the different dust plumes sampled during th&feampaign, a variation as large as a factor of
20 in the number concentration of ultrafine paetcls found. Their contribution decreased with
height as reflected by higher small particle numieeorded in dust plumes below 2.5 km amsl
(Figure 3b and 4b). As the composite urban sizeiloligions showed a relatively similar ultrafine
mode centered at 50 nm, dust layers have mosy Ighghificant contributions from anthropogenic
pollution aerosol freshly emitted in SWA. The uline mode was not observed in biomass
burning size distributions, even though dust armimaiss burning plumes were sampled in the
same altitude range. We interpret this observatitim dust plumes transported below 2.5 km amsl|
that were sampled over the region of Savé (8°02929'E; Benin) near the identified urban air
mass transported northeastwards from Lomé and/araAand which may have collected
significant fresh pollution on their way, whereasrbass burning plumes collected at the same
altitude and sampled over Ivory Coast south ofAbaljan pollution plumes may not have been

affected by significant direct pollution (Figure 1)

The accumulation mode was dominated by two modegecsd at [y ~ 100 and 230 nm
depending on the aerosol plume. The particle seteiltltions for biomass burning plumes were
generally dominated by an accumulation mode cettar®, , ~ 230 nm. Despite the relative wide
range of sources and lifetimes of the biomass hgrpiumes sampled throughout the campaign
(Figure 2), the Py in the accumulation mode showed little variati@p { from 210 to 270 nm)
between the plumes. Similarly, previous field stsdfound accumulation mode mean diameters
from 175 to 300 nm for aged biomass burning plumegardless of their age, transport time and
source locatiorfCapes et al., 2008; Janhall et al., 2010; Weinz&tral., 2011; Sakamoto et al.,
2015; Carrico et al. 2016)The coagulation rate can be very high in biontassing plumes and
can shape the size distribution over a few hoBek&moto et al., 2016l is worth noting that in
the biomass burning and dust size distributionsetti® a persistent particle accumulation mode

centered at ~100 nm that exceeds the amount afrlgayticles in some layers. This small mode is
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420 unlikely to be related to long-range transport ioitass burning and Saharan dust emissions, as it
421 would be expected that particles in this size ramgaild grow to larger particles through
422  coagulation relatively quickly. As similar conceatrd accumulation modes of particles have been
423 observed in background plumes, it suggests thaianient of background air from the boundary
424 layer in dust and biomass burning plumes. Thisigperted by remote sensing observations on 2
425 and 5 July 201@Flamant et al., 2018a; Deroubaix et al., 2019).

426

427  The number concentration of large super-microniglagt was strongly enhanced in the mineral
428 dust layers. The peak number concentration disglayéroad shape at,p~ 1.8 pum, which is
429 comparable to literature values of other long-ratrgmsported dust aerosogveinzierl et al.,
430 2011; Ryder et al., 2013; Denjean et al., 2016; &iwl., 2018) The relatively homogeneous, P
431 in the coarse mode of dust(Pfrom 1.7 to 2.0 um) suggests low internal mixinghwother
432 atmospheric species. Besides, the volume sizeidison in urban plumes showed significant
433 presence (~ 65% of the total aerosol volume) afdgvarticles with diameters of ~ 1.5 — 2 um,
434  which were also observed in background conditi@ihss coarse mode has most likely significant
435 contributions from sea salt particles, as plumewiag from the cities were transported at low
436 altitude over the ocean (Fig. 3).

437

438 3.3. Aerosol optical properties

439 SSAis one of the most relevant intensive optical prtips because it describes the relative
440 strength of the aerosol scattering and absorptigaadty and is a key input parameter in climate
441 models(Solmon et al., 2008Figure 5 shows the spect@&BAfor the different SLRs considered in
442  this study.

16



https://doi.org/10.5194/acp-2019-587 Atmospheric

Preprint. Discussion started: 9 August 2019 Chemistry
(© Author(s) 2019. CC BY 4.0 License. and Physics
Discussions
1.0 — 10
(@) (b) g
0.95 [ 0.9 09 & $ s
== 0.8 08 - f
0.90 e
>=

SSA
o
3

=3 IS4 {
N N
=) %
._H1.1 ‘

07 o= = o7

SSA
s

0.9 09 wm————y

£ 0.6 06— ‘ ‘
440 550 660 440 550 660
4 e 0 110 — ‘ ‘

o8 " 08

0.65 0.7 0.7
06 0.6 : :
o6l 440 550 660 440 550 660 440 550 660
Wavelenght (nm) Wavelenght (nm)

443
444 Figure 5. (a) Statistical analysis of single scating albedo at 450, 550 and 660 nm for
445  plumes dominated by biomass burning (green), dusbfange), mixed dust-biomass burning
446 (red), anthropogenic pollution (blue) and backgroum particles (black). The boxes enclose the
447 25" and 75" percentiles, the whiskers represent the'sand 95" percentiles and the
448 horizontal bar represents the median. (b) SpectrabSA for the different individual plumes
449 considered in this study. The mixed dust-biomass loming plume is represented by a dot
450 because it is derived from measurements during onlgne SLR.
451
452  The highest absorption (lowest SSA) at all thre@edengths was observed for biomass burning
453 aerosols. SSA values ranged from 0.69-0.78 at #®rv1-0.77 at 550 nm and 0.65-0.76 at 660
454  nm. This is on the low side of the range of val(@3%3-0.93 at 550 nm) reported over West Africa
455 during DABEX for biomass burning plumes mixed withriable proportion of mineral dust
456  (Johnson et al., 2008No clear tendency was found for the spectral deégeece of SSA, which in
457 some of the cases decreased with wavelength aothéns were very similar to each other at all
458 three wavelengths. The strongest spectral depeade#n8SA was observed for biomass burning
459 plumes with the lowest absorption (highest SSA340 nm. Laboratory experiments have shown
460 that strongly absorbing biomass burning particlsdtto have a weak wavelength-dependent
461 absorption, while weakly light-absorbing partickesd to have a strong wavelength dependent
462 absorption(McMeeking et al., 2014; Zhai et al., 201%Which is consistent with results in this
463  study.
464
465 SSA values of anthropogenic pollution aerosols wgeaerally intermediate in magnitude with
466 median values of 0.81 at 440 nm, 0.82 at 550 nnDaB@l at 660 nm. Our data show that the value
467 of SSA varied significantly for the different plusmeSome pollution aerosols absorb almost as
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strongly as biomass burning aerosols with SSA(550ratues as low as 0.72, whereas the highest
SSA(550nm) value observed was 0.86. In additior, ahsorption properties of urban aerosol
varied greatly between the sampled plumes for snubkepparent same geographic origin. For
example, we measured SSA(550nm) values from 0.728® in the Accra pollution outflow. The
variability in SSA values may be due to the posstantribution of emissions from different cities
to the sampled pollution plume®droubaix et al., 2019)thus having different combustion
sources and chemical ages. Past in-situ measurewiegrosol optical properties over SWA cities
appear, unfortunately, to be absent from literatbti@vever, the flat spectral dependence of SSA
appears to be anomalous for anthropogenic poll@@nsols, as SSA is expected to decrease with
increasing wavelengttb(bovick et al., 2002; Di Biagio et al., 2018)s during DACCIWA SSAs

of anthropogenic pollution aerosols reached simitalues to those of background aerosols, it

suggests a large contribution of the latter toabesol optical properties of the mixture.

The magnitude of SSA increased at the three wagtisnwhen dust events occurred. It is
important to note that the measurements excludgnéfisant portion of the coarse-mode aerosol
due to poor inlet passing efficiency of larger @etgarticles (a 50% size cut around 5 pm), which
may result in an overestimate of SSA. Despitelthigation, our measurements are comparable to
one another and to previoirssitu measurements by taking into account the samptileg. iLarge
variations in SSA were obtained with values randiogn 0.76-0.92 at 440 nm, 0.81-0.94 at 550
nm and 0.81-0.97 at 660 nm. Compared with theatitee for transported dust, lower values were
obtained in the present study for few cases. Famgke,Chen et al. (2011)eported SSA(550 nm)
values of 0.97+0.02 during NAMMA (a part of AMMA epated by NASA) using an inlet with a
comparable sampling efficiency. The lower valuesnfrDACCIWA reflect inherently more
absorbing aerosols in some dust plumes. In corttrdse plumes, the SSA of dust aerosol showed
a clear increasing trend with wavelength. This béhais likely due to the domination of large
particles in dust aerosol, which is in agreemerttinglar patterns observed in dust source regions
(Dubovik et al., 2002)Moreover, an increase of SSA is observed withehength for mixed dust-
smoke aerosol, suggesting that the aerosol patigee predominantly from dust, albeit mixed

with a significant loading of biomass burning.
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SSA(450) SSA(550) SSA(660) MEC(450) MEC(550) M EC(660) g(450) g(550) g(660) SAE
Mineral dust mediar0.88 0.90 0.93 0.74 0.68 0.66 0.74 0.72 0.69 -0.35
3n 0.82 0.82 0.86 0.38 0.38 0.39 0.69 0.67 0.65 -0.56
25" 0.85 0.87 0.90 0.43 0.43 0.43 0.73 0.72 0.67 -0.48
75" 0.91 0.93 0.96 0.94 0.85 0.85 0.75 0.74 0.72 -0.25
97" 0.92 0.95 0.97 1.57 1.37 1.21 0.78 0.76 0.72 -0.12
Biomass burning mediar0.74 0.76 0.72 191 1.62 1.34 0.69 0.68 0.61 1.07
3" 0.70 0.72 0.66 0.94 1.45 1.22 0.64 0.65 0.59 0.59
25" 0.70 0.76 0.71 1.67 1.48 1.27 0.69 0.65 0.60 0.83
75" 0.77 0.77 0.74 1.86 1.65 1.55 0.72 0.68 0.62 1.15
97"  0.78 0.77 0.76 2.38 1.92 1.58 0.73 0.68 0.63 1.64
Mixed dust- mediar 0.7€ 0.77 0.81 1.5¢ 1.4C 1.3C 0.7¢ 0.6€ 0.6¢ 0.3¢
Biomass 3n - - - - - - - - -
burning 25" - . - - - - - - - -
75" - - - - - - - - - -
o7 - - - - - - - - - -
Anthropogenic  mediar 0.8 0.8¢ 0.8t 2.6C 2.4¢ 1.9C 0.6C 0.61 0.6z 0.7t
Pollution 3n 0.7¢ 0.7¢ 0.81 0.7¢ 1.24 0.5¢ 0.6C 0.5¢ 0.5¢ 0.3C
25" 0.80 0.82 0.83 2.14 2.25 1.53 0.62 0.60 0.56 0.65
75" 0.84 0.86 0.85 3.51 2.96 2.53 0.69 0.62 0.67 0.89
97"  0.87 0.88 0.90 3.70 4.83 2.74 0.73 0.64 0.70 0.94
498

499 Table 2. Single scattering albedo, extinction magsficiency, asymmetry parameter, single
500 scattering albedo and scattering Angstrom exponerfor the dominant aerosol classification.

501

502 As shown in Table 2, the observed variabilityS&Areflects a large variability falEC at 550nm,

503 which spans a wide range from 0.38 to 1.37g 1.45 to 1.92 thg* and 1.24 to 4.83 frg” for
504 dust, biomass burning for anthropogenic pollutesas, respectively. According to Mie theory,

505 MECis heavily influenced by the mass concentratiorthé accumulation mode where the aerosol

506 is optically more efficient in extinguishing rad@i. We foundMEC to be positively correlated
507 with SAE (not shown) with measurement wavelengths (450-6®), which agrees with Mie
508 theory. In contrast, the values g@fappear to differ only little between the sampléahes for a
509 given aerosol class. We fougdn the range of 0.67-0.76 for dust, 0.65—-0.68bfomass burning

510 and 0.59-0.64 for anthropogenic polluted aeroso&5@ nm.g values in dust plumes were high,

511 which is expected due to the presence of coarsielparcontributing to forward scattering.

512

513 This analysis includes sampled aerosols originafiogn different source regions and having

514 undergone different aging and mixing processeschvbould explain some of the variability. The
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impact of these factors on the magnitude and sgedépendence of optical parameters will be

investigated in the following section.

4. Discussion

4.1. Contribution of local anthropogenic pollutionon aerosol absorption properties
Figure 6 shows the vertical distribution 86A, SAEand NOx mixing ratio for the dominant
aerosol classification. In dust plumes, if we egelihe case of mixing with biomass burning
aerosol, SSAs were fairly constant above 2.5 kml atls values ranging between 0.90 and 0.93
at 550 nm, in agreement with values reported owmst dource regionéSchladitz et al., 2009;
Formenti et al., 2011; Ryder et al., 2013, 201Bgspite the range of sources identified during
DACCIWA, dust absorption properties do not seerbéacclearly linked to particle origin or time
of transport. Aerosols were more absorbing withia fbow-altitude dust plumes with SSA values
dropping to 0.81SAEvalues exhibited simultaneously a sharp increlssedo zero below 2.5 km
amsl. This is consistent with a higher concentratibfine particles, though the value 8AEwas
still much lower than for pollution or backgroundrasol (i.e. where it is typically ©.2), which
means that scattering was still dominated by lapgeticles. The decrease in NOx with height
further indicates the concurrent influence by emoiss from pollution sources in the low-altitude
dust plumes. Based on these observations, thegstaoration in the light-absorption properties of
dust-dominated aerosol over SWA could be attributethe degree of mixing into the vertical
column with either freshly emitted aerosols fromban/industrial sources or long-range

transported biomass burning aerosol.

One of the critical factors in the calculation ef@sol direct and semi-direct radiative effectthes
mixing state of the aerosols, which can signifibaaffect absorbing properties. There were no
direct observational constraints available on thieperty during the DACCIWA airborne
campaign. However, we investigated the probablesa¢mixing state by calculating composite
SSA from the aerosol size distribution. On the $asiFigure 4, dust size distribution showed only
minor discrepancies in the mean and standard deviaif the coarse mode but significant
differences in the balance between fine and coasges, which suggests low internal mixing of
dust with other atmospheric species. The sizeildligtons of mixed dust-pollution have been
deconvoluted by weighting the size distributionsneifieral dust and anthropogenic pollution
aerosol averaged over the respective flights. absmmes that dust was externally mixed with the
anthropogenic pollution particles and assumes aogemeous size distribution for the dust and

anthropogenic pollution aerosol throughout a flight,: ando..sWere then calculated using Mie
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549 theory from each composite size distributions dredorresponding andm. The resultingosca
550 andoaswere used to calculate a compoS®A A similar calculation was performed for the mixed
551 dust-biomass burning case. Figure 6 shows a gooeemgnt with the observations 8GA
552 implying that external mixing appears to be a reabte assumption to compute aerosol direct and
553 semi-direct radiative effects in these dust layersamodeling applications. This is consistent with
554 the filter analysis performed during AMMA and SAMUR) which did not reveal any evidence of
555 internal mixing in both mixed dust-biomass burniagd dust-anthropogenic pollution layers
556 (Chou et al., 2008; Lieke et al., 2011; Petzoldlet2011)
557
4000
Py (a) o) [p ©)
3500 @ F@ |®
— %.‘I”‘ @ \‘ MHQI L ]
- Y @ »
£ 2500 @1 1@ »
o @1 @l @
S 2000 {
= [l Biomass buming
= 1500 l - Mixed biomass
© burning and dust
Mineral dust
1000 L ke } . -Anthrop pollution
- | -Background
0 ey, Sl o | Boeege o 0 o
@ @ ‘ ® (O calculation
09650.700.750.800.850.900.951.00 -10 -05 00 05 1.0 15 0 2 3 5
SSA(550nm) SAE NOx (ppb)

558
559
560
561
562
563
564

565
566
567
568
569
570
571
572
573

Figure 6. Vertical distribution of (a) the single gattering albedo at 550 nm, (b) the scattering

Angstrom exponent and (c) NOx mixing ratio for thedominant aerosol classification. In

panel (a), full circles representSSA measurements and empty circles represent composite

SSA calculated by deconvoluting size distribution measements in mixed dust layers and

assuming an external mixing state.

Figure 6 indicates markedly different processescéfig optical properties of biomass burning
aerosols.SSA SAEand NOx of biomass burning plumes did not sigaifity vary with height
from 2.2 to 3.8 km amsl. Moreover, the size distiitn of biomass burning aerosols for the
observed cases did not show significant contriloutid ultrafine particles (Figure 4). These
observations seem to indicate that the absorptiopegties of biomass burning plumes were not
affected by direct pollution emissions, probably do the remote location of the sampled biomass
burning plumes as discussed in section 3.2. Thieadgiroperties of aerosols are determined by
either the aerosol chemical composition, the aé¢gige distribution, or both. Changes in the size
distribution of biomass burning aerosol due to ctaiipn and condensation have been shown to
alter theSSA as particles increase towards sizes for whicttesoag is more efficienfLaing et al.,
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2016) Variations in particle chemical composition, aaiisby source emissions and aging
processes associated with gas-to-particle transfitom and internal mixing, has been shown to
change thesSA(Abel et al., 2003; Petzold et al., 201The contributions from size distribution
and chemical composition to the variationS8Ain biomass burning plumes will be explored in
section 4.2.

In the boundary layer, the simil&SAandSAEin anthropogenic pollution and background plumes
suggests that background aerosol may be rathexdcbickground pollution originating from a
regional background source in the far field. Oualgsis of the spectral dependence S8A
showed no apparent signature of anthropogenictmmilaerosols (see section 3.3) despite a strong
increase of aerosol number concentrations in agsegcrossing urban centers (see section 3.2).
This can be explained by two factors: First, thgaoniy of accumulation mode particles were
present in the background, while the large proportf aerosols emitted from cities resided in the
ultrafine mode particles that have less scatteeifigiencies (Figure 4). Second, large amounts of
absorbing aerosols in the background can mininfieeimpact of further increase of absorbing
particles to the aerosol load. We did not find anyrelation between the values ®6Aand their
spectral dependence, which suggests that the ildayidb SSAcannot be attributed to different
contributions of marine aerosol in pollution plum&ke high CO values (~180 ppb) observed in
background conditions further indicates a strongtrdoution of combustion emissions at the
surface. Recent studies showed a large backgro@ifrdomass burning transported from the
Southern Hemisphere in SWA that dominated the aédgemical composition in the boundary
layer (Menut et al., 2018; Haslett et al., 2019)he high absorbing propertieS3A-0.81 at
550nm) of background aerosols is consistent withgoa mixture of aged biomass burning and
Atlantic marine aerosol. Moreov&SAof background aerosol was lower than previoughpreed
over the Southern Atlantic (Ascension Island) aésihe fire season in Central Afri€auidema
al., 2018) which supports this conclusion. These resulthlight that aerosol optical properties at
the surface were dominated by the widespread biemasing particles at regional scale.

4.2. Aging as a driver for absorption enhancementfdiomass burning aerosol

In order to determine the contributions from sizstribution and chemical composition to the
variation of SSAIn biomass burning plumeSSAis presented as a function®AEandk in Figure

7a and b, respectivelk was iteratively varied to reproduce the experirakstcattering and
absorption coefficients, as described in sectighl2.lt appears that the variation of the size

distribution (assessed VBAEIn Figure 7a) had minimal impact in determining tfaiability of
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SSA Thus, the observations suggest that there wafect of plume age on the size distribution,
consistent with previous observations of size ilistton in aged biomass burning plumes
(Sakamoto et al.,, 2015; Carrico et al.,, 2016; Lairg al., 2016) Using a Lagrangian
microphysical modelSakamoto et al. (201%)ave shown a rapid shift to larger sizes for bissna
burning plumes within the first hours of aging. &edrastic but similarly rapid growth by
coagulation was seen I3apes et al. (2008 their box model. Given that the biomass burning
plumes sampled during DACCIWA had more than 5 diaysge, the quick size-distribution
evolution within the early plume stages might ekptae limited impact of the size distribution on
the SSA

(a) (b)
0.78 0.78
0.76 0.76

SSA(550)
=}
2 ;
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o
N
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o
N

o
~
N

©
~
(=]
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~
[=}

0.6 0.8 1.0 12 1.4 005 006 0.07 0.08

SAE ' k(550)

Figure 7. Contribution to single scattering albedda) from particle size (assessed VIBAE)
and (b) from composition (assessed vig in biomass burning plumes.

In contrast, Figure 7b shows th@BAvariability was strongly influenced by the varittlyi in
composition of biomass burning aerosol. Althougéréhis some variability between the results
from different plumes, overall there was a consistiecrease i8SAwith increasing, implying a
high contribution for light-absorbing particles. lobserved variability 08SAis reflected in a
large variability ofk, which is estimated to span in the large rangd&-0.080 at 550 nm. No
clear tendency was found for the wavelength depmwefk, which in some of the cases
increases with wavelength and in others decreasgsiiown). Correspondingly, valuesAAE in
biomass burning plumes ranged from 0.9 to 1.1 witimedian value of 1.0. Theoretically, fine-
mode aerosol with absorption determined exclusibgly8C would haveAAE equal to 1.0, since
BC is expected to have a spectrally conskafidond et al., 2013)Therefore, the lovSAvalues
observed in biomass burning plumes over SWA andihall spectral variation df both suggest
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that BC is the dominant absorber in the visible aear-IR wavelengths for these biomass burning
aerosols.

Compared with past in-situ measurements of ageddss burning aeros@SAvalues over SWA
(0.71-0.77 at 550 nm) are at the lower end of theperted worldwide (0.73-0.99 at 550 nm)
(Maggi et al., 2003; Reid et al. 2005; Johnson et 2008; Corr et al. 2012; Laing et al. 2016)
This can be attributed in part to the high flamirgsus smoldering conditions of African smoke
producing more BC particldg\ndreae and Merlet, 2001; Reid et al., 2Q0&hich inherently have
low SSAcompared to other regiorfBubovick et al 2002). HoweverSSAvalues over SWA are
significantly lower than the range reported neaission sources in sub-Saharan Africa and over
the southeast Atlantic, where values span over-0.84 at 550 nm{Haywood et al., 2003b;
Pistone et al., 2019Recent observations carried out on Ascensiomdsta the south-west of the
DACCIWA region showed that smoke transported froental and South African fires can be
very light absorbing over the July-November burnsegason buSSAvalues were still higher
(0.80+0.02 at 530 nnZuidema et al., 20)&han those reported over SWA. A possible cause of
the lowerSSAIn SWA is that Ascension Island is much closetti® local sources and the aerosol

is therefore less aged.

Currently there are few field measurements of waghd biomass burning emissions. Our
knowledge of biomass burning aerosol primarily cenfrem laboratory experiments and near-
field measurements taken within a few hours of ldfise (Abel et al., 2003; Yokelson et al., 2009;

Adler et al., 2011; Haywood et al., 2003¥akkari et al., 2014; Zhong and Jang, 2014; Foeist

et al., 2015; Laing et al., 2016; Zuidema et aD18. Exception made of the study Byidema et

al. (2018)over the southeast Atlantic, it is generally fouhdt the aged biomass burning aerosol
particles are less absorbing than freshly emitegdsols due to a combination of condensation of
secondary organic species and an additional inergasize by coagulation. This is in contrasts to
our results showing th&SAof biomass burning aerosols were significantly dovhan directly

after emission and that the evolutionS8Aoccurred long time after emission.

There are three possible explanations for theadtsed-irst, one must consider sample bias. As
regional smoke ages, it can be enriched by smaka fther fires that can smolder for days
producing large quantities of non-absorbing paticthereby increasing the me2®A (Reid et al.,
2005; Laing et al., 2016However, during DACCIWA, biomass burning plumesrgvtransported

over the Atlantic Ocean and were probably lessu@rfted by multiple fire emissions. Second,
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there is evidence that fresh BC particles beconaecowith sulfate and organic species as the
plume ages in a manner that enhances their lightrpbon(Lack et al., 2012; Schwarz et al.,
2008). Finally, organic particles produced during the costlon phase can be lost during the
transport through photobleaching, volatilizatior/@n cloud-phase reactioi§€larke et al., 2007,
Lewis et al., 2008; Forrister et al., 2015yhich is consistent with the lo&SAandAAE values we
observed. Assessing whether these aging processpacti the chemical components and
henceforth optical properties of transported bimnasrning aerosol would need extensive

investigation of aerosol chemical composition théitbe carried out in a subsequent paper.

5. Conclusions

This paper provides an overview iofsitu airborne measurements of vertically resolved atros
optical properties carried out over SWA during B¥eCCIWA field campaign in June-July 2016.
The peculiar dynamics of the region lead to a chalyi complex situation, which enabled
sampling various air masses, including long-ramgasport of biomass burning from Central
Africa and dust from Sahelian and Saharan soutoeal anthropogenic plumes from the major
coastal cities, and mixtures of these differentygs. This work fills a research gap by providing,
firstly, key climate relevant aerosol properti€SSA, MEC, g, SAE, AAENd secondly,
observations of the impact of aging and mixing peses on aerosols optical properties.

The aerosol vertical structure was very variabld amostly influenced by the origin of air mass
trajectories. While aerosol extinction coefficiergenerally decreased with height, there were
distinct patterns of profiles during dust and bismdurning transport to SWA. When present,
enhanced values of extinction coefficient up to B#f™ were observed in the 2-5 km amsl range.
These elevated aerosol layers were dominated bgraiust or biomass burning aerosols, which is
consistent with what would be expected on the bafithe atmospheric circulations during the
monsoon seasofMcConnell et al., 2008; Knippertz et al., 201However, during one flight a
mixture of dust and biomass burning was found leyar at around 3 km amsl, implying that there
may be substantial variability in the idealized tpie. In the lower troposphere, the large
anthropogenic pollution plumes extended as fanaslfeds of kilometers from the cities emission
sources and were not limited to the boundary laygroccurred also at higher levels up to 2.5 km
amsl, which is explained by vertical transport aniking processes, partly triggered by the
orography of SWADeroubaix et al., 2019; Flamant et al., 2018&he analysis of the aerosol size
distributions, SAE and NOx suggests a strong mixing of dust with @mbgenic pollution
particles in dust layers transported below 2.5 knslawhereas biomass burning plumes that were
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transported more northward were not affected byriking. Both transport pathways and vertical
structures of biomass burning and dust plumes 8VEA appear to be the main factors affecting
the mixing of anthropogenic pollution with dust aridmass burning particles.

The aerosol light absorption in dust plumes wasnglily enhanced as the result of this mixing. We
find a decrease dBSA(550nmjrom 0.92 to 0.81 for dust affected by anthropogembllution
mixing compared to the situation in which the dalsines moved at higher altitudes across SWA.
Comparison of the particle size distributions o tHifferent dust plumes showed a large
contribution of externally mixed fine mode partle mixed layers, while there was no evidence
for internal mixing of coarse particles. Concurr@ptical calculations by deconvoluting size
distribution measurements in mixed layers and assyran external mixing state allowed to
reproduce the observe8SA. This implies that an external mixing would beremsonable
assumption to compute aerosol direct and semii{diaeltative effects in mixed dust layers.

Despite a strong increase of aerosol number corat@mt in air masses crossing urban
conglomerations, the magnitude of the spec8&A was comparable to the background.
Enhancements of light absorption properties weesn s8 some pollution plumes, but were not
statistically significant. A persistent spectragrsture of biomass burning aerosols in both
background and pollution plumes highlights that #®gosol optical properties in the boundary
layer were strongly affected by the ubiquitous kassiburning aerosols transported from Central
Africa (Menut et al., 2018; Haslett et al., 2019he large proportion of aerosols emitted from
cities that resided in the ultrafine mode partidlase limited impact on already elevated amounts
of accumulation mode particles having a maximalogit®on efficiency. As a result, in the

boundary layer, the contribution from local city isgions to aerosol optical properties were of
secondary importance at regional scale compared twis large absorbing aerosol mass. While
local anthropogenic emissions are expected to aseSWA is currently experiencing major

economic and population growth, there is increasiidence that climate change is increasing the
frequency and distribution of fire ever{tioly et al., 2015)In terms of future climate scenarios

and accompanying aerosol radiative forcing, whetherlarge biomass burning events that occur
during the monsoon season would limit the radiatingact of increasing anthropogenic

emissions, remains an open and important question.
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The SSAvalues of biomass burning aerosols transporteithénfree troposphere were very low
(0.71-0.77 at 550 nm) and have only rarely beemrobsl in the atmosphere. The variability in
SSAwas mainly controlled by the variability in aerbsomposition (assessed \Warather than by
variations in the aerosol size distribution. Copedingly, values oAAE ranged from 0.9 to 1.1,
suggesting that BC particles were the dominantrdesan the visible for these biomass burning
aerosols. In recent years the southern Atlantica®cespecially the area of the west coast of
Africa, became an increasing focus in the reseaochmunity, through the ORACLES/LASIC
(ObseRvations of Aerosols above ClLouds and theiEractionS/Layered Atlantic Smoke
Interactions with Clouds), AEROCLO-sA (AErosol RatiDn and CLOuds in Southern Africa —
AEROCLO-SA) and CLARIFY (Cloud and Aerosols Radmatilmpact and Forcing) projects
(Zuidema et al.; 2016; Zuidema et al.; 2018; Formen al.; 2019) Comparison with literature
showed a consistent picture of increasing absaorptiochancement of biomass burning aerosol
from emission to remote locations. Further, thegeaof SSAvalues over SWA was slightly lower
than that reported on Ascension Island to the seoist of the DACCIWA region, which
underscores that the evolution 88Aoccurred long time after emission. While the meditra
responsible for this phenomenon warrants furthedystour results support the growing body of
evidence that the optical parameters used in rafglobal climate modeling studies, especially
absorption by biomass burning aerosols, have tobéker constrained using these recent
observations to determine the direct and semi-tiediative effects of smoke particles over this
region (Mallet et al. 2019) In particular and regarding the very high abswaybproperties of
smoke, specific attention should be dedicated ¢cstmi-direct effect of biomass burning aerosols

at the regional scale and its relative contributmthe indirect radiative effect.

We believe the set of DACCIWA observations presgrtiere is representative of the regional
mean and variability in aerosol optical propertiest can be observed during the monsoon season
over SWA, as the main dynamical features werenia With climatology(Knippertz et al., 2017).
This is why results from the present study willveeas input and constraints for climate modeling
to better understand the impact of aerosol pastiole the radiative balance and cloud properties
over this region and also will substantially suggemote sensing retrievals.
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Data availability.
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782  Appendix 1. Summary of flight information. All flights were conducted during 20186.

Flight number Date

Take off time (UTC) Landing time (UTC) Events observed

F17
F1€
F1¢
F2C

F21

F2z
F24
F27
F2¢
F2¢

F3C

F31
F3z
F32
F3<

29 Jun
30 Jun
1 July
2 July

2 July

3 July
6 July
8 July
8 July
10 July

11 July

11 July
12 July
13 July
15 July

14:17
12:52
10:3¢
09:5:2

15:0¢

09:5¢
07:17
05:52
10:5¢
10:31

07:1¢

13:4¢
13:5¢
12:4C
09:3:2

17:1C
16:2¢
14:0¢
13:21

18:2¢

13:2¢
11:0:
09:2¢
14:2:
14:11

11:01

16:42
17:2C
16:11
13:0C

Export of pollution fron Lomé
Export of pollution from Lom
Export of pollution from Accr

Export of pollution from Lom
Dust outbreak

Export of pollution from Lom
Biomass buring outbrea

Mixed dus-biomass burning outbre
Export of pollution from Lom
Export of pollution from Abidja
Export of pollution from Accr

Dust outbrea

Export of pollution from Lom
Dust outbreak

Export of pollution from Abidja
Biomass burning outbre
Biomass burning outbre
Export of pollution frim Accre
Biomass burning outbre
Export of pollution from Lom
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784 Appendix 2. Data inversion procedure to calculate the aerosol itrophysical and optical

785 parameters.
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