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Abstract. In this work, we have studied the seasonal and Biomass burning aerosol is also observed during spring

inter-annual variability of the aerosol vertical distribution when air masses originating from North and East Africa pass

over Sahelian Africa for the years 2006, 2007 and 2008,0over sparse biomass burning sources, and during summer
characterizing the different kind of aerosols present in thewhen biomass burning aerosol is transported from the south-
atmosphere in terms of their optical properties observed byern part of the continent by the monsoon flow.

ground'based and satellite inStrUmentS, and their sources During summer monthS, the entire Sahelian region is un-

searched for by using trajectory analysis. This study com-der the influence of Saharan dust aerosols: the air masses
bines data acquired by three ground-based micro lidar sysm |ow levels arrive from West Africa crossing the Sahara
tems located in Banizoumbou (Niger), Cinzana (Mali) and gesert or from the Southern Hemisphere crossing the Guinea
M'Bour (Senegal) in the framework of the African Mon- Gyif while in the upper layers air masses still originate from
soon Multidisciplinary Analysis (AMMA), by the AEROsol  North, North-East. The maximum of the desert dust activ-
RObotic NETwork (AERONET) sun-photometers and by the jty s observed in this period which is characterized by large
space-based Cloud-Aerosol Lidar with Orthogonal Polar-o0p (above 0.2) and backscattering values. It also corre-
ization (CALIOP) onboard the CALIPSO satellite (Cloud- sponds to a maximum in the extension of the aerosol vertical
Aerosol Lidar and Infrared Pathfinder Observations). distribution (up to 6 km of altitude). In correspondence, a
During winter, the lower levels air masses arriving in the progressive cleaning up of the lowermost layers of the atmo-

Sahelian region come mainly from North, North-West and sphere is occurring, especially evident in the Banizoumbou
from the Atlantic area, while in the upper troposphere air and Cinzana sites.

flow generally originates from West Africa, crossing a re-  gmmer s in fact characterized by extensive and fast con-
gion characterized by the presence of large biomass bumingective phenomena.

sources. The sites of Cinzana, Banizoumbou and M'Bour, . , . .

along a transect of aerosol transport from East to West, are in Lidar profiles show at times large dust events loading the

fact under the influence of tropical biomass burning aerosof”‘tmoSphere with aerosol from the_ ground up to 6 km of alti-
emission during the dry season, as revealed by the se ude. These events are characterized by large total attenuated

sonal pattern of the aerosol optical properties, and by back: ackscattering values, and alternate with very clear profiles,
trajectory studies ’ sometimes separated by only a few hours, indicative of fast

. . . removal processes occurring, likely due to intense convective
Aerosol produced by biomass burning are observed mainly nd rain activity

during the dry season and are confined in the upper layers dt ) o o
the atmosphere. This is particularly evident for 2006, which  The inter-annual variability in the three year monitoring

was characterized by a large presence of biomass burningeriod is not very significant. An analysis of the aerosol
aerosols in all the three sites. fransport pathways, aiming at detecting the main source re-

gions, revealed that air originated from the Saharan desert is
present all year long and it is observed in the lower levels of

Correspondence td. Cairo . the atmosphere at the beginning and at the end of the year. In
BY (francesco.cairo@artov.isac.cnr.it) the central part of the year it extends upward and the lower
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levels are less affected by air masses from Saharan desemgional climate. A classification of the physical and optical
when the monsoon flow carries air from the Guinea Gulf andproperties of mineral dust aerosols emitted from the African
the Southern Hemisphere inland. continent has been performed in the frame of the Saharan
Dust Experiment (SHADE) that took place in late Septem-
ber 2000 (Tar# et al., 2003).
1 Introduction Similarly, biomass burning aerosols emitted from South
Africa were studied during Southern African Regional Sci-
Africa is the world’s largest source of biomass burning ence Initiative (SAFARI) field campaign conducted during
aerosol (BBA) and desert dust (DD), which constitute thethe August—September 2000 dry season (Schmid et al., 2003;
majority of aerosol present in the Sahelian region (Prosperagi et al., 2003; Haywood et al., 2003; Swap et al., 2003).
et al.,, 2002). Satellite imagery shows frequent and vast Recently in the frame of the African Monsoon Multidis-
plumes of dust and smoke emerging from Africa and span-<iplinary Analysis (AMMA) project extensive multi-annual
ning the entire tropical Atlantic and Mediterranean region. series of observations in Sahelian Africa were performed
Both dust and biomass burning aerosols influence the Earth’éCairo et al., 2010). AMMA is an international project with
radiative budget by scattering and absorbing solar radiationhe goal to improve the knowledge and the understanding
(Haywood and Boucher, 2000; Eck et al., 2003; Magi et al.,of the Western African Monsoon, its variability on daily
2003; Haywood et al., 2003). Moreover, dust particles areto inter-annual timescales and its influence on the physi-
sufficiently large to interact directly with terrestrial radiation cal, chemical and biological environment on a regional and
as well (Foster et al., 2007). The pattern of aerosol emisglobal scale. AMMA involved three observation periods:
sions, particularly biomass burning smoke, over West Africathe long term observation period (LOP) concerned with his-
follows a well determined seasonal cycle related to the seatorical observations and additional long term observations
sonal shift of the Inter-Tropical Convergence Zone (ITCZ) (2001-2010) to study the inter-annual to decadal variabil-
which moves northward and crosses’ N6by the end of ity, the enhanced observation period (EOP) planned to serve
June and retreats southward again in September. Maximuras a link between LOP and more focused observations, dur-
emissions of biomass burning aerosol from the regions ofing special observation periods (SOP). The EOP main ob-
Northern Africa occur during the dry season from Decemberjective was to document the annual cycle of the surface
to February with only few biomass burning episodes occur-and atmospheric conditions over a climatic transect and to
ring during August—-November (Haywood et al., 2008). Far study the surface memory effects at the seasonal scale, over
from the sources, dust or biomass burning aerosols are frethree years (2005-2007). The SOP periods took place in
quently observed in elevated layers (Prospero and Carlsothe West African Sahel in 2006 and focused on detailed
1972; Ansmann et al., 2003). Dust storms occur through-observation of specific processes and weather systems dur-
out the whole year, peaking in springtime (Marticorena anding the dry season (SOPO, January—February) and at var-
Bergametti, 1996) while westward transport over the Atlanticious key stages of the rainy season during three periods
Ocean, at peak during the summer as a result of large scal@ summer 2006: the monsoon onset (SOP1, 15 May-30
dust outbreaks, is mostly confined to a deep mixed layer (theune), the peak monsoon (SOP2, 1 July—14 August) and fi-
Saharan Air Layer) (eon et al., 2009; Prospero et Carlson nally the late monsoon (SOP3, 15 August—15 September)
1972). Much of these dust aerosols are transported wesi{Redelsperger et al., 2006).
ward under the influence of the trade winds while northward  The identification and characterization of aerosol sources
transport toward the Mediterranean is linked to the presencand the study of the evolution and the effects of atmospheric
of cyclones (Moulin et al., 1997; Alpert et al., 1990; Dayan aerosols were among the objectives of the AMMA effort.
et al.,, 1991). The zone of maximum dust transport shifts Ground-based measurements of aerosol mass, optical
from ~5° N during winter to~20° N during summer and it  properties and vertical distribution over M'Bour, Senegal
is associated with the latitudinal movement of the large-scalefrom 2006 to 2008 have been reported kgoh et al. (2009).
circulation, including that of the Intertropical Convergence The maximum in the dust activity was observed in summer
Zone (Moulin et al., 1997). Long term aerosol studies have(June-July) corresponding to a maximum in the aerosol op-
shown a seasonal pattern of the transport of African dusttical thickness and single scattering albedo, although severe
during winter, the desert aerosols are transported across thgust storms were also observed in spring (March). Sporadic
Atlantic towards the north-eastern coast of South Americaevents of biomass burning aerosols were observed in winter,
(Swap et al., 1992) while during summer dust is transportedparticularly in January 2006.
more northward above the trade winds atmospheric layer and Haywood et al. (2008), investigated tropospheric aerosol
extends as far as the Caribbean sea and the south-eastaransport over West Africa and the associated meteorologi-
United States (Prospero and Carlson, 1972). cal conditions during the dry season, combining data from
Several field campaigns have been conducted in Africa taultra-light aircraft borne-lidar, airborne in situ aerosol and
study atmospheric particles and their optical properties and t@as measurements, satellite based aerosol measurements, air
understand the influence of these two types of aerosol on thenass trajectories and radiosonde measurements.
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High concentrations of mineral dust aerosol were typi- rectly accessible parameter is the attenuated backscattering
cally observed from the surface up to 1.5 or 2 km associatedoefficientS(z) whose range corrected and energy normal-
with Saharan air masses. At higher altitudes concentration ofzed, equation is given by

biomass burning aerosol were typically observed between 2— .

5km of altitude (Johnson et al., 2008; Osborne et al., 2008;
Raut and Chazette, 2008). S(2)=Kp(z)exp _2/“(")‘1" @)
Heese and Wiegner (2008), reported lidar measurements 0

of the vertic;al distribution of o_ptical particle propgrties Per- wherey is the altitude/rangey andg are respectively the ex-
formed during January 2006 in Banizoumbou (Niger). Thenciion and backscattering coefficients, aids a constant.
profiles show a varying dust layer in the planetary boundary Tpe backscattering and extinction coefficientsand 8

layers during the whole period and frequently observed layet, 5e contributions from both molecules (m) and aerosol (a).
of biomass burning aerosol in the PBL and up to an altitude

of 5km.

The objective of this paper is twofold: (1) to study the *(2) =@a(®)+am (2) @
seasonal and inter-annual variability of aerosol optical prop-
erties and the aerosol vertical distribution in the Sahelian re8 (2) = Ba(z) + fm(2)

gion over three years and (2) to characterize the different kind o ) )
of aerosols observed by lidar in relation to the origin of the ' N€ backscatter rati® is defined as the ratio between the

air masses arriving in the Sahel area. total backscattered radiation and the molecular backscatter:

The study of the inter-seasonal aerosol vertical distribu- R=(ButBo)/B 3)
tion variability was conducted on the basis of the dataset col- ™" &/ ~m

lected in 2006 by three micro lidar systems (MULIDSs) (Cav- \hereg, is the molecular backscatter afidis the aerosol
alieri etal., in press) deployed in M'Bour (Senegal), Cinzanapackscatter coefficient 8+82) is proportional to the lidar

(Mali) and Banizoumbou (Niger). We analyzed the space-signa| while 8, is calculated from ancillary data, as radio
based lidar observations from CALIOP for the years 2006,56unding density profiles or atmospheric models.

2007 and 2008 to characterize the inter-annual variability of Typical values for backscatter ratios for tropical atmo-

the aerosol vertical profiles. _ _ spheres are around 4 in the lower layers up to 2km and
In order to characterize the different kind of aerosols ground 1.5 up to 6 km (Kim et al., 2009); conversely in polar

present in the atmosphere, we have also used aerosol opfiegion the backscatter values are reduced approximately to

cal thickness andngstiom coefficient data obtained by sun- 1 5 in the lower layers and to 1.2 higher up (Stachelewska et

photometers located at three AEROsol RObotic NETworky|  2010).

(AERONET, Holben et al., 1998) stations. For the period  The aerosol and molecular lidar ratios are defined as

of three years back-trajectories have been analyzed to iden- 8

tify the origin of the air masses sampled by ground basedr,(;) = @a(z) and Lm(z)= o (4)

and satellite lidars. The biomass burning sources location a(z) 3

and Varlab”lty have been identified with fire pI’OdUCtS from The Lm is given by ||ght Scattering theory_ Tma varies

the ATSR World Fire Atlas (Arino etal., 2001). ~ widely depending on the aerosol size distribution, refractive
The paper is organized as follows: in Sect. 2 the opticalindex and shape. Typical values of the aerosol lidar ratio are

parameters observed by different instruments are defined angelow 30 sr for maritime aerosols, from 30 to 50 sr for min-

discussed. Section 3 provides .the analysis of gerogol seasgr’(;}la| dust and around 60-70 sr for biomass burning aerosols.

patterns from MULID observations performed in Niger, Mali Both aerosol backscatter and extinction coefficient are vari-

and Senegal sites in 2006. Section 4 presents the study of thghles in Eq. (1) and usually a lidar ratio is assumed to invert
aerosol inter-annual and intra-annual variability using mea-he lidar equation.

surements from the satellite lidar CALIOP over 2006, 2007 A|though one often uses a fixed value for the aerosol lidar

and 2008 (Winker et al., 2007). Section 5 depicts a genratio, based on the kind of aerosol one expects, one might

eral aerosol CIimatOlOgy linked to it to the general circula- also vary this parameter in order to get a better agreement

tion patterns in the Sahel. Section 6 draws the conclusions ofyith other optical parameters obtained by co-located mea-

our study. surements of other optical instruments. The inversion applied
here uses a variable lidar ratio that is selected for each lidar

) ] profile, in order to best fit with co-located Aerosol Optical

2 Optical properties Depth measurements taken by an AERONET sunphotome-

ter. A detailed description of the method and the applica-

The_elast|c lidar is a robust system to retrieve the Vert'c"?‘ltion to selected observations in Banizoumbou is reported in
profile of aerosol optical properties (Gobbi et al., 2000; Di Cavalieri et al. (2011)

Sarra et al., 2001; Di Donfrancesco et al., 2006;). The di-
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The volume depolarization ratiD is defined as the ratio wavelength. Based on these properties the color index has
between the parallejs(/) and perpendiculard®) polariza-  been used here as a tool to discriminate biomass burning

tion components: aerosol from dust, the latter being generally larger in size
pa (=1 um)._ The color index is typically belc_)w 0.5_ for large

D="_ (5) dust particles (Ansmann et al., 2003) and in particular takes
B!/ even smaller values for Saharan dust, while greater values in-

Apart from a known contribution from the air molecules, dicate the presence of smaller particlesim) (Balis et al.,
D has a variable contribution from the suspended aerosol2004; Rajot et al., 2008).
and clouds, depending on the number, shape and size In order to quantify the overall aerosol abundance in the
of the particles. air column from the lidar profile and to compare it with in-

D provides an indication of the particle shape and, to ategrated observations, the aerosol optical depth (AOD) has
lesser extent, of their size, because only non-spherical partibeen used. This is defined as the integrated the aerosol ex-
cles can produce a change in the polarization plane of thdinction coefficient over a vertical column of unit cross sec-
backscattered light (Reagan et al., 1989). Thus it allowstion:
to distinguish between spherical, small non spherical (i.e. e8]
biomass burning aerosol) and large non-spherical particleé\OD=/ Qaer(z)dz
(i.e. mineral dust) (Mishchenko et al., 1997). Values close to
zero are expected for spherical particles, and higher valuegnd can be calculated both from lidar measurements, by in-
are produced by non spherical particles. tegrating the extinction over the profile, and from sunphoto-

In our analysis, we have usétand D to discriminate be- ~ metric observations (Devara et al., 1996). The AOD directly
tween biomass and dust aerosol (Balis et al., 2004; Heeséepends on the total aerosol mass, although it also depends
and Wiegner 2008). Dust is characterized by a higher lidaron the size and refractive index of the particles. Similarly to
ratio with values from 30 to 50 sr and a volume depolariza-the case of the spectral dependence of the backscatter coeffi-
tion greater than 10% (see for instance Mattis et al., 2002¢ient, the wavelength, the AOD, and the atmospheric turbid-
De Tomasi et al., 2003; Tafuro et al., 2003; Cattrall et al., ity (haziness) are related through thegstiom’ s turbidity
2005; Immler and Schrems 2006; Mona et al., 2006) whileformula:

BBA by a lidar ratio value~60-70 sr and a volume depolar- AOD — B A ®)
ization often lower than 10% (Ferrare et al., 2001; Fiebig et -
al., 2002, Wandinger et al., 2002, Balis et al., 2003, CattrallwhereB is theAngstrbm turb|d|ty Coefﬁcient)\' is the wave-
etal., 2005). length in microns, and A is thAngst®m exponent.A and

The microphysical properties of aerosols are strongly cor-g are wavelength independent, and can be used to describe
related with the wavelength dependence of the extinction anghe size distribution of aerosol particles and the general hazi-
backscatter coefficient. For the latter, such dependence is eXess of the atmosphere. TRagstom exponent, defined in

@)

pressed in terms of the color ind€Xz)expressed as: Eq. (8) can be obtained from
— |n( (2) /B2 (z)) | _ In(A0D1/A0Dy) o
= 6 _— -
C(z) nGa/ia) (6) IN(x2/A1)

Larger values of A imply a relatively high ratio of small to

large ¢>0.5um). When larger particles dominate the dis-
tribution, A gets smaller. Small aerosol particles such as
biomass burning aerosols interact more strongly with the
&horter wavelengths of the solar spectrum while mineral
dust particles interact with the full solar spectrum approxi-

whereg}! andgA? denote the aerosol backscatter coefficient
at wavelengths.1 andas.

In this work A1 is equal to 532nm and, to 1064 nm
so that positiveC(z) indicates that aerosol backscatter de-
creases with increasing wavelength. The color index is use

to retrieve qualitative information about the size of scattering ) .
mately equally. Consequently, for biomass burning aerosol

parUchs since larg€:(z) |nd|cates_, the abundance of parti- A has values between 1 and 1.5 while for mineral dust it
cles with radii smaller than the lidar wavelengths, whereas.

smaller C(z) indicates the predominance of large particles Is typically close to zero (Johnson et al,, 2008; Pelon et
(Liu and Mishchenko, 2001). al., 2008). The mixing between these types of particles

On the other hand, the color index can be used to iden—tend to change théngstom coefficient in the range 0-1.5

. : . éHamonou etal., 1999).
tify dust aerosols since their wavelength dependency on th L . .
. . The criteria used to classify the main types of aerosols are

absorption properties caus€$z) to become strongly nega- . ;
i - ) ; displayed in Table 1.
tive while it remains around O for a non-absorbing aerosol
(Immler and Schrems, 2003).

C(z) close to 0, as encountered in low level clouds, in-
dicates the presence of particles much larger than the lidar

Atmos. Chem. Phys., 10, 120062023 2010 www.atmos-chem-phys.net/10/12005/2010/
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Table 1. Classification of desert dust and biomass burning aerosolTable 2. Parameters of the MULID lidar.
depending on Volume Depolarization Ratib); Color Index ()

and,&ngstr'c')m coefficient A4) values. Parameter Value
Wavelengths 1064 nm and 532 nm
Type of Aerosol D (%) C A Laser Type Nd: YAG
Desert Dust >10% <05 ~0 Pulse duration 10ns
Biomass Burning <10% 0.5-3.0 1.0-1.5 Laser repetition rate 0.3Hz
Laser output energy 10mJ at 1064 nm
5mJat532nm
) Telescope diameter 20cm
3 Instrumentation Telescope type Newtonian /1.5
Telescope field of view 0.666 mrad
3.1 Mulid lidars Beam divergence 0.5mrad, full angle
4 x expanded
Three microlidars (MULID) have been deployed along a lon- Effective Filter bandwidth  2nm
gitudinal transect in the Sahelian region, where transport Raw data resolution 30 m photo-counting
from the dust source regions toward West occurs, in M'Bour 3.75m analog mode
(Senegal, 14.2N-16.57 W), Cinzana (Mali, 13.16N— Processed data resolution ~ 30m
5.56° W) and Banizoumbou (Niger, 13°N—2.6’ E) . Full overlap

Mali and Senegal systems 600 m

The MULID systems are newly developed portable low Niger system 20m

power consumption lidars adapted for a field use in a semi-
automatic mode in remote sites powered only by solar panels.
The main optical and electronic MULID characteristics
are listed in Table 2. up and the data inversion algorithm are given in Cavalieri et
In Cinzana the lidar was located outside, close to a smalkl. (2011) and, hence, here only a brief account on these will
building (scientific offices) of the Agronomical Research sta- be given.

tion of Cinzana, at about 2m above the ground. In M'Bour | et §'(z) be the range corrected and background sub-
station the lidar was positioned on the roof of a building atracted signal. The total attenuated backscattering ftio
10 m from the ground. Cinzana is a rural station, surroundecjefined ask’(z) = KzS'(2)Bm Was obtained by iteratively
by open fields; the measurement station is hosted by the Stgyprrecting R’ for cloud, aerosol and molecular attenuation
tion de Recherche Agronomique de Cinzana depending oqintil convergence to a stable val®was reached. The co-
the Institut d’'Economie Rurale of Mali. In M'Bour, the li-  efficient Kz has been chosen to impo&&z) = 1 in a region
dar was installed at the Station de Geophysique of the Instinf the atmosphere supposedly free of aerosols.

tut de Recherche pour le Developpement, inside a protected The MULIDs have been installed at the end of January

natural area, facing the Atlantic Ocean, south of the city of : ; -
: . . . . 2006 and have provided daily observations for 2006 except
M’Bour (180 000—200 000 inhabitants). Along with the lidar for periods not covered by measurements due to problems

systems, the sites hosted a sunphotometer of Aeronet. Tl’\ﬁith the laser heads, whose flashlamps experienced a fast

.M 'Bogr site being one of th.e. t'hree Super-sites i.m pleme.ntEddegradation and had to be replaced. Backscatter and depo-
in Africa for the AMMA activities, was also equipped with larization profiles with 30 m vertical resolution at two mea-

particle counters, nephelometers and aethalometers for th‘s'}urement sessions at fixed hours in the mornina and in the
SOPO and with fluxmeters throughout the EOP. g

h L . bou h dth ) I evening, each session lasting 1 h, were performed. During
The station in Banizoumbou hosted the MULID in a sma SOPs, additional measurement sessions were performed of-

hut. The station is located in the countryside at a distanCgg, i coincidence with other campaign activities, such as
of 60km east from the capital of Niger, Niamey, and was aircraft overpasses, to provide full daily coverage.

a second super site for the AMMA project, hosting instru- . _ . L .
P brol 9 AOD was retrieved by integrating the extinction profile

ments for a complete characterization of the aerosol proper: .
ties. This site has been operational since the early ninetieg,rom the bottom to the top of the MULIDs sounding.

when the first measurements of soil erosion were performed

on a cultivated field and a fallow (Rajot, 2001; Balis et al., 3.2 CALIOP lidar

2004). A sunphotometer station AERONET is implemented

nearby Banizoumbou since 1995. The CALIPSO satellite hosts various instruments (more in-
For the complete list and description of instruments placedformation athttp://eosweb.larc.nasa.gov/PRODOCS/calipso/

in the Banizoumbou and M’Bour super sites the readertablecalipso.htm)] among others, the Cloud-Aerosol Li-

may refer tohttp://amma.mediasfrance.org/implementation/ dar with Orthogonal Polarization (CALIOP). This elastic

instruments/Detailed descriptions of the instrumental set- backscattering lidar provides information on the vertical

www.atmos-chem-phys.net/10/12005/2010/ Atmos. Chem. Phys., 10, 1PA0%3-2010
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distribution of aerosols and clouds as well as on their opticalDakar sites for the year 2006, 2007 and 2008 from about
and physical properties over the globe (Winker et al., 2007).07:00 a.m to 05:00 p.m.

Observations of total and perpendicular attenuated In this study, we used AOD data from level 2.0 and we
backscattering intensity at 532nm and total attenuatednterpolated the AOD data at 440 and 675nm to obtain the
backscattering intensity at 1064 are available futp:// ~ equivalent AOD at 532nm, wavelength of lidar measure-
eosweb.larc.nasa.gov/HBDOCS/langlegh tool.html and ~ ments, by using the AOD spectral dependentegstiom,
analyzed in this study. The vertical resolution is 30 m and1964) provided by
60 m and the horizontal resolution 333 m and 1km for al- AODs3p 532\ —A
titudes between — 0.5km and 8.2km and between 8.2 and———— = < )
20.2km, respectively. The backscatter coefficient profiles AOD,.
were derived from the calibrated, range corrected, laser enThe,&ngstrbm exponent A is calculated from Eq. (9), by us-

ergy normalized, background noise subtracted lidar returnng AOD values at wavelengths of 440 and 675 nm.
signal (Winker et al., 2007; Kim et al., 2009). The aerosol

depolarization ratio (Cairo et al., 1999) is calculated as the ) )
ratio between perpendicular and parallel polarized backscatd Air mass transport analysis

ter signal at 532 nm. The color ratio is calculated with Eq. (6) Aj back-trai ios h b d to identi .
With A1 =532 nm andk, = 1064 nm. ir mass back-trajectories have been used to identify main

. . . circulation patterns and their seasonal variability in the re-
For our study, for comparison with the data provided by P y

. ion under investigation. Trajectories calculated 7 days
the ground based st_atlor_ls, we h_ave_grouped the CAI‘IOFgackward at different altitudes above three measurement
measurements acquired in the latitudinal bantiN-15" N

. . ) . it trieved using thtp:/ t.gsfc. .gov/
into three sub-sets at different longitude (DB-5E, (ii) sfies were retrieved using P-/acronet.gsic.nasa.gov.

o R i cgi-bin/lbamgomasnteractiveinteractive web site. This sup-
5" W-10" W, (iif) 15° W-20° W. These regions covered the dgort website for the AERONET program and for the Back

/\ (10)

Sahelian transect, each one containing in its centre one of th ajectories, AERONET, MODIS, GOCART, MPLNET

three ground based s_tat|on_s where t_he MUL_IDS were hoste Aerosol Synergism (BANGOMAS) project used trajectories
For each satellite orbit, a single vertical profile has been cre-

. . calculations based on a kinematic trajectories analysis utiliz-
ated by averaging the nearest 20 CALIOP profiles to the Se?ng assimilated gridded analysis data of the Global Modeling

lected locations. These profiles were smoothed in the Vertica,k\ssimilation Office (GMAO) at the NASA for the period of 1
atintervals of 300 m from the surface to 8.2km. January 2000-30 August 2007) and the National Centers for

The analysed dataset extends from 13 June 2006 to the enthyironmental Prediction (NCEP) analyses from 31 August
of 2008. Satellite passages occurred at around 1.30 GMT anédgo7 onward.

13.00 GMT for Banizoumbou, 02.00 GMT and 1:3’-30 GMT | order to identify biomass burning sources, the fire prod-
for Cinzana, 02.00 GMT and 14.30 GMT for M'Bour re- ¢t ATSR World Fire Atlas is used to identify possible emis-

gions. sion due to fires.
ATSR fire products are available from November 1995 to
3.3 AERONET sunphotometers present on a global scale and with a monthly frequency.

We obtained data from the Advanced ATSR sensor on-
The field campaign activities have been supported by a netboard ENVISAT for the years 2006, 2007 and 2008.
work of passive radiometers which has been operative rou- In order to identify dust and monsoon circulation patterns,
tinely in West Africa since 1995, within the activities of air parcel positions are also matched with two regions repre-
AERONET. This network of annually sky calibrated ra- sentative of desert dust sources and monsoon flow.
diometers measures the direct solar radiance at eight wave- The region representative of desert dust source (called
lengths and sky radiance at four of those wavelengths, pro:Desert” in Sect. 5) is considered the area of the Sahara
viding sufficient information to determine the aerosol size desert between $830° N of latitude and 10W-40C E of
distribution and refractive index (Dubovik et al., 2000; longitude while the region representative of monsoon flow
Dubovik et al., 2002). This long-term, continuous and read-is the area of the Guinea Gulf betweerf ¥0-0° W of lat-
ily accessible database of aerosol optical, microphysical andtude and 10W-20° E of longitude (called further in this
radiative properties for aerosol research and characterizatiomanuscript Atlantic Ocean).
is available athttp://aeronet.gsfc.nasa.gov/

There, globally distributed observations of spectral aerosok  Seasonal variability

optical depth AOD at 440, 675, 870 and 1020nm and
Angstr'c')m coefficientd data are available at three quality lev- Different transport regimes, aerosol sources and meteorolog-
els: level 1.0 (unscreened), level 1.5 (cloud-screened) andétal condition lead us to expect distinct burdens for specific
level 2.0 (cloud-screened and quality -assured). For moskinds of aerosols throughout the year. Specifically, the in-
days data are available at the Banizoumbou, Cinzana antense biomass burning would increase the BBA through the
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dry season, while, the DDA are expected to be at maximunpartial overlap region for the Mali and Senegal lidars was
in the summer season, where a cleansing of the lower panteconstructed by extending to the ground level the extinc-
of the atmosphere should also be expected due to the inteng®n detected at the lowest altitude where full overlap was
precipitation linked to the monsoon activity. reached (600m). This may induce an error that was esti-
A statistically significant number of 144 cloud screened mated to be of the order of 15% on the whole AOD. The
profiles (Cavalieri et al., 2010) of aerosol extinction the co- error was derived by comparing the AOD retrieved under our
efficient was collected by a MULID system from February to assumptions with one computed under the assumption of an
August 2006 at the Banizoumbou site in Niger and 48 pro-Aerosol Scale Height of 3km, as reported ingfin et al.,
files obtained from January to July 2006 for the Cinzana site2009) for the observations taken in M'Bour (Senegal). We
in Mali allows to infer aerosol seasonal evolution during this did not use a lidar profile reconstruction based on the Aerosol
period. A much smaller number of only 19 profiles measuredScale Height approach (i.e. by extending the full overlap data
at the M'Bour site in Senegal limits analysis to the dry seasondownward with an exponential scaling), because in the Niger
of 2006 at this location. dataset we seldom observed an exponential scaling of the
We define dry season the period January—February (Juliamerosol content in the lowest altitude range.
day 1-58), spring season the period March—May (Julian day In Banizoumbou, during the late dry season in February
60-133), summer season the period 15 May-15 Septembehe aerosol content is generally low, with AOD between 0.1
(Julian day 135-258), autumn season the period Octoberand 0.2. Biomass burning aerosols are detected in the low-
November (Julian day 274-334) and finally winter seasonermost layers (0.5-1.5km), tapering off with increasing al-
the period December-February (Julian day 335-60). titude even if non negligible extinction values are observed
A synopsis of the MULID measurements is presented inup to 4 km. The aerosol burden increases at the beginning of
Fig. 1. The first panel (a) shows colour coded extinction pro-the summer season ( 15 May—15 September) and extends up-
files as a function of time (expressed in Julian Day) and al-ward to 4-5 km altitude, mainly associated with moderate to
titude for Banizoumbou (left panel), Cinzana (central panel)intense dust burdens with AOD around 0.1-0.5, although oc-
and M’'Bour (right panel) during 2006. We display profiles casional biomass burning aerosol can be discerned, extend-
only up 6 km as above that level we consider the aerosol coning between 3 and 4 km. It is noteworthy that in general the
tribution to the AOD to be negligible. aerosol tends to be present higher up in altitude and this is es-
The second row (b) reports the aerosol mask which hagecially evident in May and June, when the lowermost layers
been applied to highlight different kind of aerosols using are cleaner than in February. Remarkable are a few strong
the aerosol extinction coefficient and volume depolariza- dust events lasting a few days around day 160 and 170 (mid
tion D values criterion characterizing different biomass and June 2006), with significant dust burdens at low level in the
dust aerosol based on their different optical properties. Mosatmosphere, causing a net increase in AOD values, reaching
of the observations can be associated with a moderate dusglues as high as 2.
load, with D>10% and« laying in the range between 0.1 From the database coverage it is difficult to infer when the
and 0.2knt!, and those are not highlighted in the panels transition between winter and summer regimes occurs.
for sake of clarity and are drawn in the picture as back- Atthe Cinzana site (Fig. 1) the intra-annual variability fol-
ground values (black color). We have considered as intenséws a similar pattern, although there, the aerosol content is
dust events those with aerosols extinction coefficient valuegenerally larger than in Banizoumbou causing a significant
o >0.2knT! and volume depolarizatio®>10% (marked difference in extinction (row a) in the middle troposphere at-
in red in Fig. 1b). We have considered as biomass burningnosphere and in the integrated AOD (row d) values, that can
aerosol observations those withvalues between 0.05 and be probably attributed to a more frequent occurrence of dust
0.2knT ! andD<10% marked in green in Fig. 1b. Finally, events (row b) at this site with respect to Banizoumbou.

observations characterized iy-0.2 knm ! andD <10% val- Over Cinzana, in January, mainly biomass burning aerosol
ues have been considered as events of mixing between dubave been observed between 1 and 5km of altitude, corre-
and biomass aerosols marked in blue in Fig. 1b. sponding with an AOD of about 0.5.

Panels in row (c) show the altitude range where the AOD BBA are observed more episodically in the summer season
increases from 10% to 90 % of its total value. Each red trian-in the same range altitude while a mixture of the two kind of
gle marks the altitude where AOD reaches its median valueaerosols is often observed.

(50% of total) representative for the average altitude of the Large dust events, characterized by high extinction val-
aerosol layers. ues @ >0.2knm 1) and large depolarizatio& 10%), have

Finally, the panels in row (d) report the integrated AOD. been observed during the summer season, although not ex-

The AOD was computed by integrating the extinction pro- tending as far down in altitude as in Niger, but rather remain-
file from 6 km to ground level. As detailed in Cavalieri et ing confined between 1-5km, still producing a tenfold in-
al. (2011), the Niger mulid allowed a complete coverage ofcrease in AOD.
this altitude range due to different overlapping optical chan-
nels for close and far lidar ranges, while the extinction in the
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Fig. 1. MULID observations of aerosol extinction coefficient (Kmprofiles(a), type of aerosolb), aerosol occurrence vertical distribution

(c), and aerosol optical depfd) at three sites Banizoumbou in Niger (left column, 144 observations), Cinzana in Mali (middle column, 48
observations) and M’Bour in Senegal (right column, 19 observations) during 2006. Ifbyémiense dust events (DD) are assigned in red,
biomass burning aerosol (BBA) in green, mix of DD and BBA aerosols in blue and background aerosol in black(dytopwbottom and
barycentre (red cross) of vertical distribution of maximum aerosol load are given.

The difference in the presence of aerosol in the low- The aerosol observed in M’Bour station in January and
ermost layers (i.e. below 1km) can be attributed to theFebruary show the presence of biomass burning, between
fact that Banizoumbou is influenced by local dust sourcesl.5 and 4 km. Occasionally, higher values of depolarization
(Rajot et al., 2008). in the uppermost layers show the sporadic presence of dust

A moderate background of dust aerosol with extinction aerosol.
values around 0.1 and depolarization greater then 10% is of-
ten present throughout the year in both sites.
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Fig. 2. Aeronet 7 day back -trajectories (blue dots) arriving at the Banizoumbou site between 0-2 km (left), 2—4 km (middle), 4—6 km (right)

along with a biomass burning emission map (black cross) for the period January-February 2006 (upper row) and June—September 200€
(lower row).

In order to check the correctness of the classification of thefluenced by local sources that are not observed by ATSR and
aerosols based on lidar observations, the observed air masstuis is poorly representative for the average 2006 dry season
have been linked to their origin, by using back-trajectories. condition. This point will be further discussed when present-

7 days back-trajectories are aggregated in clusters groupng the CALIOP analysis.
ing arrival heights in three layers (0-2km, 2—-4km, and 4— During the summer season trajectories between 0 and 2 km
6 km) and are displayed (blue points) in Fig. 2, together withof altitude (lower left panel) show two main pathways: mon-
ATSR fires for 2006, indicated by black crosses. soon circulation transport air from the Guinea Gulf, concur-

During the dry season, air masses at low altitudes in Banif€ntly with a flow from Northern Africa related to the heat-
zoumbou (Fig. 2) are mainly coming from the Sahara deser{OV‘{ mducgd circulation. Bo?h pathwa)_/s are linked to obser-
and from the Atlantic region (upper left panel), while at vgtlons discussed here which show_llttle or no presence of
higher levels (2—6 km) the air parcels are confined in the Sa_l:_)lomass aerosol. H_ence, the analy5|s of 2006 lidar obser\_/a—
helian region matching most local biomass burning sourcedions does not provide any evidence of the cross equatorial
(upper right panel). This is somehow in partial contrast with fransport of BBA due to the extensive biomass burning oc-
the interpretation of the optical measurements. Lidar profilesSurring in the southern part of Africa at that time of the year
show presence of biomass burning aerosols over the Banf€Ported by Real et al. (2010) and Barret et al. (2008) in the
zoumbou site during the dry season in the lowermost leveldnid-troposphere.

(below 2 km) but not in the upper layer as might be expected Back-trajectories analyses for 2006 revealed that air
from the back-trajectories analysis. masses at the two upper levels originated mainly in the

Northern and North-Eastern Africa. The majority of obser-
dance with the results presented by Kim et al. (2009). Iv“n_vations can be interpreted as DD, sometimes in very intense

eral dust aerosol are observed from the surface to 1.5 or 2 krfi€NtS: being well in accordance with the mentioned air mass

of altitude in Banizoumbou during January and are associ-tra_:_]Sport pathwaly. is al h hat BBA which h b
ated with airmass originating in the Sahara region, while rajectory analysis also shows that which have been

at altitudes between 2—5 km winds from south or Sc)uth_easpccaaonally observed at our measurements sites, could orig-

brought biomass burning aerosol loaded air masses from thipate from sparse fires n No.“he'.m Alrica. .
source regions to the Sahel Back-trajectories arriving in Cinzana station show strong
' similarity with the back-trajectories obtained for the Bani-

Itis possible th_at our reduced time coverage durl_ng t.hezoumbou site (Fig. 2) and, hence, are not presented here.
dry season — profiles at the end of February — is mainly in-

However, our back-trajectory analysis is in good accor-
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During the dry season the air masses at low levels (up tan February then steadily increasing from mid February to
2 km of altitude) originate in the North of the Sahara desertMarch. In that period, the aerosol burden between the ground
and at the Atlantic Ocean (upper left panel) while between 2and 2 km is highest in 2007. The aerosol burden increases in
and 6 km of altitude, the transport is mainly zonal, crossingvertical extension and intensity expanding up to 4-5km of
biomass burning sources (upper central panel) in fair agreealtitude in April and the aerosol backscattering reaches the
ment with observations that shows the presence of BBA inlargest values between mid May and July when the monsoon
layers between 2 and 5 km of altitude. activity induces a progressive clearing up of the atmosphere

During the wet season the trajectories of air masses belovat the lowermost levels. At the end of the summer season the
2 km of altitude show a monsoon circulation from the Guineabackscattering begins to taper off reducing its vertical exten-
Gulf and a zonal flow nearby the measurement site which carsion and intensity until December, when it reaches the low
be connected with observations showing that BBA are rarelywinter values.
present. A clear seasonal pattern is evident in the AOD in row (b)

In the upper layers (2—6 km) air masses come mainly fromin Fig. 3, showing an increase in AOD values from January to
the Northern and North-Eastern Africa and the observationsSeptember with maxima higher than 1 (up to 2.5-3 in 2007
can be interpreted as DD. and up to 2 in 2006 and 2008) in intense events in spring
(March-April) and in summer (June-July). Then it reduces
to values lower than 1 in the last part of the year above all in
2006 even if sporadic events with AOD greater than 1 up to

The inter-annual pattern of aerosol variability during the 2 &r€ observed in 2006 and 2008 .
years 2006, 2007 and 2008 was studied by inspecting the The inter-annual variation is limited. In the period
AOD andAngstibm coefficient time series provided by the January-February and June-July, the year 2007 shows larger
AERONET sunphotometer stations in Dakar (approximatelyAOD values with respect to the values in the other years.
80km north of M’'Bour), Senegal, Cinzana and Banizoum- | "€ Angstiom coefficient shown in row (c) of Fig. 3 at-
bou, as well as through investigation of the total attenuated!"S its higher values than those in the other years. (in
backscattering provided by the CALIOP lidar. For the sakeJanuary-February, between 0.5 and 1 in 2006 and around 0.5
of clarity, and for direct comparison with the ground basedn 2007 and 2008), during July and August (sporadically up

data, we denoted these regions as M'Bour, Cinzana and, Barf® 1-5 in 2006 and 2008 and more often in 2007), and in
izoumbou for the westmost, central and eastmost region rePecember (greater than 1). It is often correlated with low
spectively. When comparing ground based with the satelAOD values, thus indicating the presence of smaller parti-
lite observations, one should bear in mind that the latter aré!€S, Which, according to the classification depicted in Ta-

in fact average values in the 1-15 N latitudinal band, ~ Pl€ 1, can be attributed to the presence of BBA.
grouped into longitudinal regions over, M8/~20° W, 5° W— In the rest of the year, A stays below 0.5 in correspondence
10° W and 0 E-5 E. ’ ’ with larger AOD values, indicating that dust particles, asso-

The profiles have been averaged over the 20 CALIOP re_(:iated with the Saharan air masses, are then the dominant

trievals nearest to the selected locations, which correspond‘éontribu_to_r to the AOD. o

to an horizontal coverage of approximately 6.6 km. The limited interannual variability allows to evaluate the
Three years of time series of attenuated aerosol backscaFV?rage sgasogalhevollljtlon ((j)f agr(zjsol_ b‘;s]?d OnCTEI(()er)pO-

tering profiles (row a) obtained by AERONET sunphotome- arization D and the color index erived from

ters for Banizoumbou region are given in Fig. 3. Figures pmeasurements.

and 7 show similar results for the Cinzana and the MBourf In Fig.d4 the jqint Iprt;bat:ji!}i;y density functign _(PDc'j:),
region, respectively. or D and C retrievals for different seasons depicted in

A cloud mask has been applied to the CALIOP dataset tofour consecutive columns as January—February (JF), March—

remove possible contributions from low level clouds, which gp;”;Ma{l(MAMg’ JLIJDne—JuIt))/—ALg;s[,Dt—fSepttembter (JJAhS);
appear in the plots as white zones. ctober—November—December (OND) for two atmospheric

: Aayers, the lower one up to 2km (row a) and a high layer be-
by a large day to day variability, above all during summer "Veen 2 and 6km (row b) with the lower layer being repre-

season. This can be attributed to scavenging processes durir\?ﬁ{#ﬁ':ﬁr@é E:gp?gg;de?;y layer and the higher corresponding
Intense raining events. Each PDF is normalized for the number observations and
6.1 Banizoumbou region (11-15° N; 0°-5° E) is expressed in arbitrary units.

Observations with high D and land low C represent
A common seasonal pattern is discernible in BanizoumbouPD aerosol while low D and high C correspond with
in the total attenuated backscattering profiles (Fig. 3a) showBBA. Intermediate optical parameters indicate a mixture of
ing for 2007 and 2008 an aerosol burden starting at thifferent aerosols.
lowermost levels (below 2 km) in January, slightly reducing

6 Inter-annual variability
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and 2008 (right) at Banizoumbou site. The red line in (lwepresents represent a one-month running average of the AOD time series.
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For the dry season (JF in Fig. 4) a clear difference in parti-of the year (January—February) in 2007 and 2008, increasing
cle optical properties is evident between the low and the highin intensity and vertical extension up to 4-5 km at the begin-
layer. The most frequent observations in the elevated layening of the spring season, reaching maximum values in sum-
are for particles with typical optical values for BBA, while mer (June-July). The year 2008 is characterized by a higher
the lower layer has frequent observations of DD. Both DD aerosol content below 2 km at the end of January and at mid
and BBA show a compact distribution in the (C, D) space in- February, with respect to 2007. A larger aerosol presence is
dicating, on a qualitative basis, that the two layers appear t@lso discernible at the end of 2006 with respect to other sites.

be well separated. The bulk of the aerosol vertical distribution follows the

During MAM an increase of high D observations in the up- similar seasonal pattern observed over Banizoumbou. How-
per layer suggests an increasing presence of DD with lowegver for the Banizoumbou site, AOD values (Fig. 5b) are
values of PDF than in the lower layer. During the SUMMET higher in the first part of the year (from January to Septem-
season (JJAS), DD observations are dominating in both layher) compared to the end of the year with maximum values
ers, although a significant presence of BBA indicates clearlyjn spring and in summer.

the observation of mixed states that are more pronounced in | period January—February and around mid July, the

thlgsgasofn.” OND) DD ob . babl year 2007 is characterized by larger AOD values, between
uring fa ( ) ° serya'uons are more probable g 5 ang 1.5, with respect to the year 2006.
than BBA in the lower layer while the presence of BBA is

predominant in the upper one. The,&ngstrt')m coefficient A (Fig. 5c¢) is lower than 0.5 in

spring, except for a peak-0.5) in April; in summer (from
6.2 Cinzana region (12-15' N, 5 W=10° W) mid July until mid September) its values exceed 1.5, while in
the last part of the year, from the end of October to Decem-
The seasonal pattern of the aerosol vertical distribution obP€r. values around 1 have been found.
tained for the Cinzana region is similar to that observed in  Again these large values of A are often in correspondence
Banizoumbou. The CALIOP observations (Fig. 5a), show of low AOD values (or the other way around), suggesting the
presence of aerosol up to 3km of altitude at the beginningoresence of BBA (or DD).

Atmos. Chem. Phys., 10, 120062023 2010 www.atmos-chem-phys.net/10/12005/2010/



O. Cavalieri et al.: Variability of aerosol vertical distribution in the Sahel 12017

w0 CINZANA JF (0-2)KM CINZANA MAM (0-2) KM 10 - CINZANA JJAS (0-2) KM 40 r~CINZANA OND (0-2)KM
. T 40 T T T T T T
- % 35.6
g 30 - s 30f g g 30.8
z . = z 26.0
& I g o 5
E 20 E 20 3 E 21.2
N N = b 16.4
3 < g < 116
¢
2 10 5 10p 2 8 6.8
i ] ] [m]
o o o o 2.0
0 0
-2 1 0 1 2 - -
COLOR INDEX COLOR INDEX COLOR INDEX COLOR INDEX
CINZANA JF (2.8) KM CINZANA MAM (2-6) KM 4 -SINZANA JIAS (2:8) KM 40 o NERNA OND 28 KN
+
356
< 30 —_ — = 30F * 1
< F 30} & 30p g 308
z = = =
z = = z 26.0
2 20 2 2 2 )
5 E 2 E 20f E 20F E 21.2
%: N 5 = - 16.4
£ 1 3 g 10 g 10F e
e o 10} g o & 6.8
[a] g =] a

20

-1 0 1 2 -2 -1 0 1 2
COLOR INDEX COLOR INDEX COLOR INDEX

COLOR INDEX

Fig. 6. Joint PDF for Color Index and Depolarization retrieved from CALIOP observations for different seasons over the Cinzana site.

Column 1-4 show the data for the months January-February (JF), March-April-May (MAM), June-July-August-September (JJAS) and
October-November-December (OND), respectively. The upper row shows results for the boundary layer (0-2) km while the lower row
corresponds with the troposphere (2—6) km. Using the criteria specified in Table 4, in the upper left subplot yellow and red rectangles
identify, respectively, desert dust and biomass burning aerosols. The same rectangles also apply to the other panels.

Weak year-to year difference is mainly confined to the dry The behaviour of the A coefficient is also qualitatively
season and summer onset: at the beginning of the year, 20G8milar to the two inland sites with increased values during
is characterized by larger A values, even above 1 while inthe winter and sporadic maxima during the summer season
June—July of 2006 and 2007 A values even beyond 1.5 whildut the values of A during BBA episodes in summer are
in 2008 they remain below 1. The joint probability density smaller than in Banizoumbou and Cinzana. Again the main
function for CALIOP’s D and C over Cinzana region is de- features of the annual cycle show weak variability on the
picted in Fig. 6. The difference of particle population be- year-to-year scale. However the year 2006 is characterized
tween the layers is less evident with respect to Banizoumbouby larger A values during the dry season, suggesting more
The increase of high D observations in the upper layer of thefrequent observations of BBA.
atmosphere observed in MAM, indicative of an increasing Figure 8 shows the joint probability density function for

presence of DD, is however still evident at this location. CALIOP D and Color Index. The behavior of the PDF in
the upper and lower layers is different from what has been
6.3 M'Bour region (11°-15° N, 15> W—20° W) observed in Banizoumbou in the sense that the clearly dis-

cernible difference of particle population between the high
Figure 7a depicts clear annual aerosol evolution and low layers is still visible in winter (JF) and in fall (OND).
over M'Bour. Finally, a noticeable presence of absorbing aeraset Q)

The bulk of the of aerosol vertical distribution is located is observed in winter (JF) in the upper layers.

around 3 km of altitude throughout the year and its behaviour

shows a less pronounced (with respect to Banizoumbou ang  Back-trajectory analysis

Cinzana) seasonal variability of the vertical distribution with

maxima in March and at mid July, when the AOD reachesin order to evaluate the role of transport on the vertical

values up to 2.5 (in 2006). and temporal variability of the aerosol discussed above, the
The AOD values (Fig. 7b) are most of the time below 0.5 humber of back-trajectories encountering potential aerosol

during the dry season and between the end of October angources and ending in the three sites is estimated as a func-

December while AOD average values less than 1 are presefion of time and height.

during the summer season and and are generally lower than

in the other two sites throughout the year.
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Fig. 7. Total attenuated backscatter (ktsr—1) obtained at 532 nm from CALIPSO database (@walong with time series of aerosol
optical depth (rowb) andAngstidm coefficient (ronc) estimated at 532 nm from AERONET database for year 2006 (left), 2007 (middle)
and 2008 (right) at Dakar site. The red line in (rb)wepresents a one-month running average of the AOD time series.

Figure 9 depicts the average position of air masses 4 to 6 A remarkably similar pattern of air masses origin is
days before their arrival at Banizoumbou at 500 hPa, for thepresent throughout the three years study, and in common to
period January—February—March (JFM) 2006. the three sites.

Trajectories have been calculated on a daily basis at dif- Air from the Sahara desert is present throughout the year.
ferent pressure levels, as described in Sect. 2. In order tdt is observed in the lower layers at the beginning and end
identify potential dust emissions, the desert region is indi-of the year, and extending upward during the middle of the
cated with a blue box and to identify air masses transporteg/ear. At that time, the lower layers are less affected by in-
by the monsoon flow, the Guinea Gulf is enclosed in a yel-fluence from the Sahara when the monsoon flow carries in-
low box. A red solid contour encompasses the regions wherdéand air from the Guinea Gulf and the Southern Hemisphere.
forest fires observed by AATSR occurred. The biomass burning influence (red) is mainly confined in

The superposition of the back-trajectories and the BBAthe higher layers, observable at the beginning and at the end
sources indicates that in winter at the 500 hPa level air massesf the year, although sparse events might still be discerned
came preferentially from regions with BBA emission, rather throughout the year. Noteworthy, the desert influence is re-
than from the desert region due to a northward transport fronmarkably similar in the three sites for the second part of the
Equatorial Africa which was inhibited by the winter circula- year, while during spring, it decreases westward from Bani-
tion (Fig. 10a). zoumbou to M'Bour.

Such plots have also been produced for Cinzana and Noticeable is also an absence of the BBA similar for
M'Bour for all seasons and all years, and are available inthe three sites; for julian days 200-270 at Banizoumbou,
the Supplement associated with this article. 190-270 at Cinzana and 180-280 at M'Bour due to the estab-

Figure 10 summarizes the variability of back-trajectories, lishment, during the summer season, of a circulation mainly
showing the time-height evolution of air masses encounterfrom the Guinea Gulf in the lower layers and from the Sahara
ing the Desert region (blue) transported by the Monsoon flowdesert in the upper layers where the biomass burning sources
(orange) and encountering biomass burning (red) for threare strongly reduced.
sites (columns) and 2006—-2008 years (rows).
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Fig. 8. Joint PDF for Color Index and Depolarization retrieved from CALIOP observations for different seasons over the M’Bour site.
Column 1-4 show the data for the months January-February (JF), March-April-May (MAM), June-July-August-September (JJAS) and
October-November-December (OND), respectively. The upper row shows results for the boundary layer (0-2) km while the lower row
corresponds with the troposphere (2—6) km. Using the criteria specified in Table 4, in the upper left subplot yellow and red rectangles
identify, respectively, desert dust and biomass burning aerosols. The same rectangles also apply to the other panels.

Figure 10 does not show a large inter-annual variability of
the air masses circulation over the three sites ; the main dif-
ferences are observed over the Cinzana site in summer 2007
when the monsoon flow from the Guinea Gulf is almost ab-
sent in the lower layers of the atmosphere if compared to the
other years, and during the dry season 2008 over both Ban-
izoumbou and over the Cinzana site when the layers above
3 km of altitude are less affected by air masses influenced by
biomass burning.

The seasonal pattern of air mass influences and the main
difference in the air mass circulation are confirmed by AOD
and A time series analysis shown in Figs. 3, 5 and 7 for the
three sites over the three years.

8 Summary and conclusions
Fig. 9. Number of trajectories per day averaged in January—

February-March (JFM) 2006. Trajectories are binned in°a 2 4 this work, we have studied the seasonal and inter-annual
latitude-longitude grid. Red contours indicate the average position

to 6 days before arrival at 500 hPa over Banizoumbou. Red contourg"jIrIabIIIty of the agrosol vertical c,j's,‘tr'bu“on °,V9r three years

indicate areas where forest fires observed from AATSR occur. Fird the Sahel region, characterizing the different type of

pixel have been taken into account whenever their number is largeR€r0soIs present in the atmosphere in terms of their opti-

than 10 in the three months period Areas defined as “Desert” andal properties observed by ground-based and satellite instru-

“Ocean” are indicated by blue and yellow rectangles, respectively. ments, as well as in terms of their sources obtained using
back-trajectories.
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Fig. 10. Time-height evolution for air masses originating in the Desert region (blue) and the Ocean region (orange) as well as the air masses
encountering Forest fires observed by AATSR (red). Number of trajectories is averaged over 10 days. Units are arbitrary.

During winter, the lower level air masses arriving in  Sporadic biomass burning events are also observed in
the Sahelian region come mainly from North, North-West spring, since in this period air masses coming from North
and from the Atlantic area, while in the upper troposphereAfrica and and the Saharian desert pass over biomass burn-
air flows generally originate from West Africa, crossing ing sources placed sparsely in the tropical area.

a region characterized by the presence of large biomass During the summer months, the entire Sahelian area is un-
burning sources. The sites of Cinzana, Banizoumbou andler the influence of Saharan dust aerosols. The air masses in
M’Bour, along a transect of aerosol transport from East tolow levels arrive from West Africa crossing the Sahara desert
West, are in fact under the influence of tropical biomass burn-or from the Southern Hemisphere crossing the Guinea Gulf.
ing aerosol emission during the dry season, as revealed bin the upper layers air masses still originate from North,
the seasonal pattern of the aerosol optical properties and biorth- East. In this period the maximum of the desert dust
back-trajectory studies. There, BBA are mainly observed inactivity is observed, widespread along the entire Sahelian
January—February, confined in the upper layers of the atmotransect, which is characterized by large AOD and backscat-
sphere. This is particularly evident for year 2006, which tering values. It also corresponds to a maximum in the ex-
was characterized by a large presence of biomass burnintgnsion of the aerosol vertical distribution (up to 6 km of al-
aerosols in all the three sites. titude). In correspondence, a progressive cleaning up of the

Biomass burning influenced aerosols also observed durlowermost layers of the atmosphere is occurring, especially
ing the summer season (from July to September) transportedvident in Banizoumbou and Cinzana sites.
by the monsoon flow originating in Southern Africa, a re-
gion characterized by the presence of large biomass burning
sources.
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