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Abstract. We present ground-based measurements ofL Introduction

aerosol mass, optical properties and vertical extinction pro-

files acquired in M'Bour, Senegal (16.98/; 14.39 N) from  \tineral dust emitted from arid and semi-arid regions of
January 2006 to September 2008. This place of the worldpe Earth is a major component of the global tropospheric
is all year long affected by the export of mineral dust as it 36r050| load, their emissions being estimated to represent
moves westward to the north Atlantic ocean. The maximumgp, oyt 40% of the global annual mass of aerosols emitted on
in the dust activity is observed in summer (June-July), cor-garih. All year long, massive airborne plumes of desert dust
responding to a maximum in the aerosol optical thicknessg,om the Sahara and surrounding regions are exported to the
(above 0.5) and single scattering albedo (above 0.95). It alsqiorth Atlantic ocean D’Almeida, 1986. African mineral
corresponds to a maximum in the top altitude of the trans-q,st is the dominant component in the aerosol light scat-
ported aerosol_ layer (up to 6 km) and aerosol optical thiCk'tering in the North Atlantic trade wind<.i et al. 1996

ness scale height (up to 3.5km) due to the presence of thg,j therefore exert a large forcing on the radiative budget.
Saharan Air Layer located between 2 and 6km. The laterne instantaneous direct radiative forcing can be as large as
summer shows an additional low level aerosol layer that in-_129\w n12 off the west African coastHaywood et al.
creases in thickness in autumn. Severe dust storms are a'%‘bo:«). Since African mineral dust is composed of large
systematically observed in spring (March) but with a lower g, ner-micron particles, it also affects the radiative balance
vertical development and a stronger impact (factor 2 to 3) ony, the thermal spectrum. During the Saharan Dust Exper-
the ground-level mass compared to summer. Sporadic evenig,ent (Tanié et al, 2003, the effect on irradiance due to

of biomass burning aerosols are observed in winter (Januaryhe qust outbreak was a decrease in upwelling terrestrial ra-
and particularly in January 2006 when the biomass burningiation at the top of the atmosphere of 6.5W4and an
aerosol are advected between 1.5 and 3.5km high. On avefpcrease in downwelling terrestrial radiation at the surface
age, the seasonal signal in the aerosol optical properties angk 11 5\ nt2 (Highwood et al, 2003. Despite their large
vertical distribution is very similar from year to year over our gjze dust particles are transported over large distances across
3 year monitoring. the Atlantic oceanRetit et al, 2005. Depending on sea-
son the African dust reaches the northeastern coast of South
America or the Caribbean SeBrpspero and Neg4989.
Saharan dust is transported over the ocean all year long but
more abundantly during the summer months as a result of
large-scale dust outbreaks. The latitudinal movement of the

Correspondence tol.-F. Leon large-scale circulation, including the migration of the inter-
BY (jean-francois.leon@aero.obs-mip.fr)  tropical convergence zone, is responsible for the seasonal
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shift of the dust transport. The maximum dust transport shiftsseason (SOPO0, January—February 2006), with a focus on
northward from~5° N during winter to~20° N during sum-  aerosol chemical, physical, and optical properties and the as-
mer Jankowiak and Tay 1992 Moulin etal, 1997. These  sociated radiative effectsiaywood et al.2008 Chou et al.
dust outbreaks are mostly confined to a deep mixed layer2008 Derimian et al.2008 Mallet et al, 2008 Pelon et al.
commonly referred to as the Saharan Air Layeaiyampudi 2008 Rajot et al, 2008 Heese and Wiegng2008. One of
et al, 1999 Prospero and Carlsph972. However, ground the primary aims of this SOP-0 was to document both min-
observations performed at Cape Verde Islan@hidpello  eral dust (mostly natural) and anthropogenic biomass burn-
et al, 1995 indicate that a low-level dust transport occurs ing aerosol, and their interactions over the North West Africa
in the trade wind layer during the winter period. This winter- region. The analysis presented here relies on Lidar, Sun-
time transport has also been observed from Lidar sounding iphotometer, and TEOM measurements performed in M’'Bour
Cape Verde in January 2008gsche et al2009. In autumn  over a longer duration (2006—2008) in order to investigate
(September)léon et al.(2003 have observed a two-layer aerosol patterns over several seasons. The objective is to doc-
vertical structure dust transport during the Saharan Dust Exument the seasonal variability of aerosol radiative properties,
periment. A first layer of~1 km thick was located within mass and vertical distribution over 3 years. We first intro-
the sub-Saharan transition layer and the aloft layer was beduce the instrumentation set-up at M’'Bour and the method-
tween 2 and 5km within the Saharan Air Layer. Analysis ology used. We then present the radiative properties of the
of lidar and satellite data_gon et al. 2003 and aircraftin  columnar aerosols and then their vertical distribution in term
situ samplingsFormenti et al.2003 indicate that the size of  of extinction coefficient and altitude of the layers.
the particle within the two dust layers was significantly dif-
ferent and that this difference might be explained be the dif-
ferent origin of each layer. The most western tip of Africa, 2 Instrumentation and methodology
the Dakar peninsula, is ideally located for a monitoring of
the export of aerosols to the Atlantic Ocean, as it is on theln the frame of the AMMA experiment, all the instruments
way of major dust outbreaks. Moreover it is also affected byhave been installed at the geophysical station of the Insti-
the advection of biomass burning aerosols coming from Subtut de Recherche pour leé&eloppement (IRD center) in
Sahelien tropical forests during wintertime. The biomassM’Bour, 80 km south of Dakar@erimian et al. 2008. The
burning in Northern Africa follows a well-known seasonal site is located close to the sea shore and is affected by the sea
cycle that is also controlled by the latitudinal oscillation of breeze and the advection of maritime aerosols in the bound-
the inter-tropical convergence zone. Maximum emission ofary layer.
biomass burning aerosols in the sub-Sahelien region of North The instruments are set up on the roof of a 12 m high build-
Africa occurs during December—Februaiyaywood et al. ing. The aerosol mass concentration was recorded on top of
2008. It results that the western tip of Africa is influenced the building using a Tapered Element Oscillation Microbal-
by different type of aerosols as a function of the time of theance (TEOM) and Pk head at a 5-min time step. Tem-
year: biomass burning aerosols during winter and dust duringperature, wind intensity and direction, and relative humid-
spring-summer. The contribution of urban/industrial aerosolsity were also monitored on site. The site is equipped with
is also significant in this area because of the proximity ofan automatic Sun photometer manufactured by CIMEL (see
large urban centers in western Africa. However the emis-Holben et al. 1998 for all the instrument characteristics).
sions from megacities in Africa are not still well estimated. The Sun photometer was operating from December 1996
This paper focuses on the monitoring of aerosol opticalto March 1998, from June 2000 to August 2001 and from
properties and vertical structure using Sun photometer andecember 2001 to May 2002. Since May 2003, the Sun
lidar observations at the site of M'Bour, Senegal (1626 photometer is working continuously and so we consider the
14.39 N), located at the westernmost tip of Africa. The years from 2003 to 2008 in the climatology. The total num-
ground-based measurements used in our analysis have bebar of daily AOT observations for the period 2006—2008 is
acquired in the context of the AMMA (African Monsoon 990 (around 330 days per year) while it is 535 for the al-
Multidisciplinary Analysis) international campaign, deploy- mucantar retrievals. In our analysis we have used level 1.5
ing instruments over several sites of North West AfriBe{  data and the version 2 of the direct Sun algorithm and the
delsperger et 312006 Haywood et al.2008. Four AMMA sky brightness inversiorDubovik et al, 200§. The aerosol
super stations have been selected for a comprehensive invesptical thickness (AOT) is retrieved at 440, 500, 675, 870
tigation of aerosol properties, along with radiation measure-and 1020 nm from the measurement of the Sun irradiance di-
ments (Banizoumbou — Niger, Djougou — Benin, Tamanras-ect attenuationHolben et al. 2001). To be consistent with
set — Algeria, and M'Bour — Senegal). The M'Bour site is the lidar data, the AOT is interpolated at 532 nm according
located in an area where the contribution of biomass burningo the Angstém law and using 440 and 675nm measure-
aerosol is expected to be significant, in addition to mineralments. The size distribution, refractive index, single scat-
dust influenceKlaywood et al.2008 Derimian et al.2008. tering albedo and phase function are retrieved from the sky
A special observing period has been established for the drprightness observation in the Almucantar according to the
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method ofDubovik and King (2000 and Dubovik et al.  where
(2002. For available Sun photometer inversions, the particle ae(R)
extinction-to-backscatter ratid,aer (hereinafter referred as  Laed R)=———-

(6)

the lidar ratio) is estimated using the Sun photometer-derived Paed R)

phase function at a scattering angle of 488 (x) and the  and

single scattering albedayg at 440 and 675 nm and linearly r

interpolated at 532 nm. T(r, Ro)=eXp{—2/R [Laedr")—Lmol(r')1Bmoi(r") drr}y - (7)
phot 4 f)

Laer = ooP () (1) The upper rang&, is taken between 6.5 and 7.0 km where

_ _ the aerosol contribution is negligible compared to the molec-
,The lidar system has been set up in December 2005 &fjar one. At this altitude, we do not detect any significant

M'Bour. The system is a 532 nm micro-pulse backscatter-change in the backscattered lidar power that can be attributed

ing lidar manufactured by CIMELRelon et al.2008. Itis {4 high altitude aerosols. Observations from the CALIPSO

an eye-safe system emitting.8 pulse of light with a fre-  g3cenome lidar shows that on average the dust altitude is

quency of 4.7 kHz. The duration of the pulse is 100 ns lead-4 m over the Atlantic ocearLiu et al, 20083. Over source

ing to a vertical resolution of 15m. The lidar is operating for regions, the observed maximum altitude over is 6.6 km and

a period of 10mn every 20mn and we store 1 mn-averageghe top altitude drops as the dust moves eastward over the
profiles. In the next, we consider hourly means. The in- ptjantic ocean Kiu et al, 2008H.

strument has been working continuously from 22 January to As opposite to the particle lidar ratig.er, the molecular li-
24 November 2006 and from 2 February 2007 to 12 SepteMy,r ratig is constant mo=87/3 st. The lidar ratio cannot be

ber 2008. Some problems in the detection system have be€friyed from our lidar measurements and we have to assume
identified in late April and May, August and October 2006 4, offective and vertically constant value to solve B}, (

and the corrupted data have been removed from the dataset. \ne nave used the aerosol optical thickness measured by
The data processing includes the correction of the sky bacCkgne syn photometer as a constrain to fix the effective lidar ra-
ground noise, the correction of the spurious signal due 10 thgj, (Chazette2002. The lidar-derived aerosol optical thick-
detection of the scattered light in the receiver, called after-,o¢5 is indeed a monotonic function of the lidar ratio used
pulse effect, and the_ correption of the overlap functl_BeI()n in the inversion Pelon et al. 2002 Chazette 2009. The

et al, 2009. The lidar signal can be used starting from aerqso) optical depth is estimated from the lidar derived ex-
Rmin=225m because of the afterpulse. The sky backgroundinction profile using Eq.§). The extinction profile is de-
noise is estimated by taking the average of the S|gnql in th&ived following an iterative procedure based on a simple di-
far field above 22km where there is no more contribution cotomy where the lidar ratio can vary between 10 to 100 sr.
from the laser. The raw lidar profiles are range corrected andrp,o procedure ends whege for a given effective lidar ratio

an overlap correction function is applied. This function is es-ig ¢jose (10%) to the aerosol optical depth given by the
timated from a serie of horizontal shots when the atmosphere ,, photometer. The profile is not inverted when the di-

is stable. The lidar equation for the range corrected and €Nzhotomy procedure does not converge within a few (8 maxi-

ergy normalized attenuated backscattering coefficléR),  mum) steps. It can be due to large optical thickness (typically

whereR is the range, is written above 2) when the lidar beam can not go through the dust
R layer as it was the case on 9, 10 and 11 March 2006 during

S(R):Cﬁ(R)exp{—Z/o a(r) dr} @  a large dust evens{ingo et al, 2006. The main sources of

_uncertainties in the retrieval come from the unknown lidar ra-
tio profile, the uncertainty in the reference sigiaRy), the
grror in the overlap function and the missing first 255 m. The
effective lidar ratio used in the iterative procedure is found
to be on average 20% lower than the Sun photometer derived
a(R)=aaed R)+amol(R) (3)  one. The effective lidar ratio is affected by the choice of
B(R)=PBael R)+Bmol(R) (4)  the reference signaChazette2002. The reference signal
) , , . uncertainty depends on signal to noise ratio at the given alti-

Paer is retrieved from the attenuated lidar backscatteringy,ge (which depends on the transmission below that altitude)

coefficient followingFernald(1984 method (also known as  gnq on the possible occurance of residual aerosols or clouds.

B(R) anda(R) are the range dependant volume backscat
tering and extinction coefficient, respectively. We con-
sider separately the contribution of the molecules (subscrip
“mol”) from the contribution of aerosol (subscript “aer”).

Klett, 1981, method). In the bottom layer, the uncertainty in the overlap function
is the primary source of error. The overlap function is esti-
Bael R)+Bmol(R) mated using the procedure explainedrsion et al(2008.

o [R B We performed horizontal observations for clear (low optical
_ S(R)exp{—2 [ [Laedr)—Lmoll Bmol(r) dr} (5)  depth) conditions and the overlap function is derived using

R
%—2&0 Laedr) S(r) T(r,Ro) dr the slope methodKunz and de Leeup1993. The overlap
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Standart Deviation of elevated aerosols as it is illustrated in Flg.This figure
10 100 illustrates the increase in the lidar signal and the slight de-

! : " sianal crease in the 1h lidar signal standart deviation (at 4.98 km)
o % oty "dev at the top of the dust layer. The maximum in the 1h standart

deviation profile is located at the MBL top at 1.14 km. In the

f Top Layer case study presented in Fi.the total AOT is 0.33 and the
- 51 s MBL AOT corresponds to 27% of the total AOT.
E I Moreover, a simple characterization of the profile can be
E 47 ] given by taking the AOT scale heightizer (se€ Eq9). The
2 [ scale height aerosol optical thickness vertical profile corresponds to the
Z 3L g vertical integration of the extinction profile, starting from the

i reference altitude (as defined in Eybut for any given al-
20 ] titude from Rg to Rmin). So it decreases with increasing al-
E MBL titude. Haer is the altitude at which 1/e (roughly 63%) of

1T the total AOT is below this pointTurner et al. 2001). The
I P scale height of background aerosols is generally assumed to

ol | be 2 km, while it is 8 km for air moleculeSginfeld and Pan-
100 1000 dis, 1998. Even though the AOT profile does not not follow
signal a simple exponential decay with altitude, the scale height is
a good proxy for the vertical extent of the aerosols and a
Fig. 1. Mean range corrected attenuated lidar signal (red solidcharacteristic of the aerosol vertical mixing in the low tro-
line) and standart deviqtion (blue solid line) on 4 February 2006posphere. Considering the aforementioned sources of uncer-
at08:00UTC. The AQT is 0.33. tainty in the extinction coefficient retrieval, the uncertainty
in Haeris expected to be less than 20%. For the case study in

function is complete (100%) at 2 km. The correction remainsFig- 1, the scale height is 2.97 km.
large (20% of overlap) up to 600 m and the error is about 10% z
() ©
aer

above 600 m while it is up to 50% close to the ground. Thetaedz)=15EXP
extinction profile that depends on the aerosol vertical distri-The ground-level aerosol mass concentrafiortan be esti-

missing first 225 m introduces a positive bias in the retrieved

bution and is on average 10%. mated from the columnar AOT and the scale height by using
Ro woTH
Th = oaed R) dR (8) M:T"j‘er (10)
Rmin o aer

We have also considered two characteristic altitudes: ThéVhereo is the mass scattering efficiency of the bulk aerosol.

top altitude of the mixed boundary layer (MBL) and the top

altitude of the aloft layer (Top Layer, TL). The entrainment 3 geagonal pattern of the aerosol radiative properties
zone at the top of the MBL is characterized by a strong tur- 54 ground-level mass

bulent mixing that corresponds to short term fluctuations in

the lidar signal. The mean and standart deviation of the lidar3.1  Aerosol optical thickness

signal are computed every 1h. The MBL top corresponds

to the absolute maximum in the standart deviation profileAs an extensive parameter, the AOT directly depends on the
(Hooper and Elorantdl986. The uppermost aerosol layer total mass of the aerosol even though it also depends on the
is also characterized by a short-term variability in the lidar size and refractive index of the particles. On Fij.the
signal but much weaker than for the MBL. It was not clear monthly average AOT for the period 2003—-2008 displays a
from the 1h standard deviation that we can detect robustlyclear seasonal pattern with maxima in spring (March) and in
the top aloft aerosol layer. We thus detect the top layer al-summer (June). From May to September, the AOT is above
titude by applying a threshold on the lidar signal itself. The 0.5 with maxima in June (0.65) and July (0.62), correspond-
average and standart deviation of the signal at the aerosolng to a paroxysm in the dust outbreak activity. The AOT
free reference altitude between 6.5 and 7.0 km is computeds continuously decreasing on average from June to Decem-
We retain the first altitude belowRg where the signal exceeds ber. The minimum is reached in November and December
the average by more than 3 times the standard deviation iwith AOT below 0.4. Figure2 also presents the monthly
the reference altitude. This empirical threshold is found tomean difference for each year compared to the 2003-2008
be a good compromise to detect the uppermost significanperiod. The yearly average AOT in 2006 is 0.47, 0.49
change in the lidar backscattering signal due to the presencie 2007 and 0.44 in 2008, while it is 0.49 for the period

Atmos. Chem. Phys., 9, 9249261, 2009 www.atmos-chem-phys.net/9/9249/2009/
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line). Monthly difference between (red bars) 2006, (blue bars) 2007

and (green bars) 2008 and the 2003-2008 average. Fig. 4. Daily mean Sun photometer Ang8in exponent calculated

between 440 and 675 nm from 2006 to 2008. The blue solid line is
the monthly average.

seasonal cycle with maxima in June-July. AOT up to 2.5
are observed in March 2006, corresponding the large dust
event of 7-13 MarchSlingo et al, 2006 Tulet et al, 2008.
Similar large sporadic events are observed in spring 2007 and
2008. Large events with a AOT above 1 occurs all year long
with a maximum frequency in summer months, leading to a
noisy day-to-day pattern.

3.2 Angstrom exponent and coarse fraction

The Angstom exponent is derived from the direct AOT mea-
surements at 440 and 675nm. This parameter is primarily
related to the size of the particles. The Angstrexponent
] of coarse dust particles is close to 0.0 while it is close to
w 2.0 for submicron particles. The mixing between both type
06/Jan 06/Jul 07/ Jan 07/Jul 08/Jan 08/Jul 09/Jan of particle tends to change the Ang"B'(l exponent between
Fig. 3. Daily mean Sun photometer aerosol optical thickness es those two extremeamonou et al.1999. A variation in the
o L “transport regime and physical processes occuring the trans-
timated at 532 nm from 2006 to 2008. The blue solid line is the port (like sedimentation of coarser particles or particle aging;
monthly average. . - - - .
Muller et al, 2007H might also explain a change in the size
distribution and then in the Ang#étm exponent. Figuré
Oshows the variation of the Angsim exponent between 2006

. I 0,
2003-2008. January 2007, April 2008 (excess of 40%) an and 2008. The monthly average values are below 0.7 (ex-

September 2007 are well above the average AOT while Janéept for January 2006 and September 2008), indicating that

uary 2008, July 2007 and September 2006 are below the Aeoarse particles are the dominant contributor to the AOT. The

erage. The difference between the three years remains IOVé’ame feature can be also observed in the volume coarse frac-
during the spring dust pick in March. In June, the year 2006

shows an excess in AOT while 2007 and 2008 are below thetlon (Fig. 5) trend. Most of the time, the coarse fraction is

0 . . . )
average. 2008 = blon he sversge (roue) or Jan- G 0 5% 8%, DL wiler e bt 82 e
uary, February, May, September and October. Y Y y y 9 P

h i o duri . q below 90% in association with a increase in the Anjysir
The daily variation in AOT during 2006—2008 is presente parameter above 1.0.

in Fig. 3 on a logarithmic scale. The AOT is variable from
day to day with several peaks over 1, but we can see a

Aerosol Optical Thickness 532 nm
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The varla_\tlon in the Angsd_xm exponent and in the coarse from winter to autumn each year. January 2007 exhibits a
mode fraction between spring and summer could reveals 3 uch higher SSA (0.9) than January 2006 and 2008. This
change in the aerosol _size distribution that can be also athas to be linked with the anomaly in AOT (Fig) that in-
t”bl.Jted to the change in the source area and the ranspotficates an increase in the dust activity, leading to a higher
regimes. SSA. The SSA during the summer 2008 is well below the
other years. This is also linked with a deficit in AOT for this
period. The delay from March to April in the spring dust

The seasonal trend in the single scattering albedo (SSA) i€vents in 2008 can also be observed in the SSA.

very smooth although there is a significant day-to-day vari- ) )

ability (Fig. 6). It is to be reminded that SSA is derived from 3-4 Lidar ratio

the Almucantar measurements and then the number of ob-

servations is significantly lower than for the direct AOT and The aerosol lidar ratio can vary widely depending on the

Angstidm parameter measurements. The SSA depends of€rosol size distribution, refractive index and shape. Ob-

the wavelength, the size and the complex refractive index of€rved lidar ratio determined by Raman lidar are in the range

particles. Johnson et a2008 have found that “pure” dust between 23 to 65 sr for typical atmospheric aerosidlaller

in the area of Niamey has a SSA of 0.99 while the averageet @l 20073 and can go up to 100 sr. The lidar ratio es-

value for aged biomass burning aerosols is 0.85. They detimated from the Sun photometer observations shows also a

rived 0.81 for “pure” biomass burning. Over M’Bour, the Clear seasonal pattern (Fig). Few points are below 30 sr

range in SSA varies between 0.85 and 0.95 in the monthlythat might correspond to clean maritime aerosdfiler

average while on a daily basis it reaches as low as 0.75 anft al. 2007a Omar et al. 2009. From raman lidar sound-

as high as 0.98. The range of SSA observed in M'Bour is co-ngs in Niamey, NigeHeese and Wiegn¢2008 have found

herent with the airborne observations provided@sborne 79 Sr for elevated biomass burning aerosols and 55sr for

et al. (2008, indicating that M’Bour is under the influence dust. From multiwavelength aerosol Raman lidar observa-

of a mixture of biomass-burning and dust aerosols. Duringtions in Cape Verdelesche et ak2009 derived a lidar ratio

the SAMUM 2006 experiment{eintzenberg2009 in Mo- of 77 sr above 1.5km height in a layer of mixed dust and

rocco, Schladitz et al(2009 have also reported a dust SSA biomass burning. This range is well within the observations

between 0.820.02 and 0.96:0.02 for conditions of low and i M'Bour corresponding to an influence of biomass burning

hight dust load, respectively. aerosols in winter and dominance of dust during summer.
The SSA remains surprisingly low during March when the ~ Cattrall et al.(2009 have presented a detailed analysis of

spring dust events occurs. Minima are observed during winthe use of Sun photometer measurements for the estimation

ter time (December) and maxima are observed during sumef the lidar ratio over the globe. They report valued§ ?t

mer and autumn. There is a constant increase in the SSAf 60+8 sr for biomass burning aerosols andd4®sr for

3.3 Single scattering albedo

Atmos. Chem. Phys., 9, 9249261, 2009 www.atmos-chem-phys.net/9/9249/2009/
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Fig. 7. Daily mean Sun photometer lidar ratio estimated at 532 nmFig. 8. Daily mean ground-level Ph concentration from 2006 to
from 2006 to 2008. The blue solid line is the monthly average. ~ 2008. The blue solid line is the monthly average.

mineral dust. The given value for biomass burning aerosol$October 2008, = December 2006 and November—
is lower than what we found but the stations selecte@aty December 2008 are missing. Only 3 days are available
trall et al. (2009 are located close to the biomass burning in November 2006. We first present an analysis by con-
sources while the M’Bour is typically a remote station for sidering the following season: Winter (December, January,
biomass burning aerosols. In 2006 and 2007, a quasi-linedrebruary), Spring (March, April, May), Summer (June, July,
decrease from January to September can be observed stafugust) and Autumn (September, October, November).

ing from 76 sr to 32 sr (2006) and 45 sr (2007). As opposite,

2008 looks atypical. The minimum is observed in July while 4.1.1  Winter

it is in September for 2006 and 2007 and the maximum ap-

pears in February, not in January or December. It has to bdhe data for December 2006, 2008 and January 2007

reminded that thaLQQ?t is a columnar integrated parameter are lacking. The extinction profiles acquired in January—
and that the true lidar ratio is range dependant. February 2006 show large differences compared to 2007 and

2008. A maximum in the extinction at about 1km is ob-
3.5 Ground-level mass served in January and February 2008 and December and

February 2007, while it is at 2km in January 2006. A large
PM1o mass was continuously recorded on site from 2006aloft aerosol layer between 1.5 and 4.0 km is observed in Jan-
to 2008. Figure8 presents the daily and monthly mean uary 2006 that is not observed in 2008. However the monthly
PMzo concentration observed at M'Bour. The minima are average AOT is about the same, a slight difference can be ob-
in September 2006 and August 2007 and 2008. As oppositéerved in the SSA. In January 2006, the SSA is 0.83 while in
to the AOT seasonal pattern (Figsand3) the summer max- January 2008 itis 0.87. This difference might be attributed to
imum is not observed in the ground-level Rdvtoncentra-  the presence of the aloft transport of biomass burning aerosol
tion. In 2006 and 2008, March is the month with the higher in the winter period Klaywood et al. 2008. In February,
concentration (more than 20@/m3) while it is January in 2006 shows a large difference in the lower part of the extinc-
2007. As it has been also reported Bwsperdlggj), the tion profile (bE|OW 3 km) compared to 2007 and 2008. Febru-

ground-level aerosol mass is about 3 times lower in summe@ry 2006 is characterized by a large anomaly in the AOT that
than in winter. can be attributed to a weaker low-level aerosol transport com-

pared to the other years.

4 Vertical distribution 4.1.2 Spring

4.1 Seasonal variability of the extinction profiles The month of March is very similar for the 3 years and
shows low level transport with extinction coefficient close

Figure 9 presents the monthly average extinction profilesto 0.2 knT 1 below 1.5 km. In April, the top of the dust layer

for 2006, 2007 and 2008. The data for January 2007,s located between 4 and 5 km for the three years along with
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Fig. 9. Monthly average vertical profiles of aerosol extinction at 532 nm for (red solid line) 2006, (blue solid line) 2007 and (green solid line)
2008.

less extinction in the lower layer than in March, except for 4.1.4 Autumn

2008. However there is a large variability in the extinction

profile from year to year. In 2006 and 2008, the main dif- Autumn is clearly marked by a low level thick layer between
ference in the extinction is located below 2 km that can bel and 2km. It is more obvious for 2007 and 2008 than for

related to a slight change in the amount of dust advected i2006. Léon et al (2003 have also reported observations of
the lower layer. In April 2007, the extinction coefficient is a thick aerosol layer located between 1 and 2km from lidar

significantly lower than the other years considering altitudesmeasurements between Capo Verde Islands and Dakar tip in

below 4 km. September 2001. This layer was composed with particles
having an effective radius of 0.@#m suggesting a contribu-
4.1.3 Summer tion of small particles. The profil in 2008 shows 2 maxima

below 2 km. The Angstim parameter is also higher than for
In June, the main difference is observed in 2006, with anthe two other years indicating a significant contribution of
enhance dust extinction above 2km compared to the othegmall absorbing particles either from large scale or local ori-
years. There is clearly an influence of the mineral dustgin, as the contribution of local pollution coming from the
events, corresponding to a decrease in the Abgstoeffi-  urban area of Dakar or close-by industries is not well know
cient (Fig.4) and a decrease in the lidar ratio (Ffg. In July so far. The transport of dust in altitude if also more abundant
and August 2007-2008 show more extinction in the lowerin 2007.
layer while 2006 shows well the dust transport in the Saha-
ran air layer between 2 and 5 km.
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Table 1. Average aerosol parameters corresponding to the profiles presentedid féigthe aerosol optical thickness (AOT), ground-level

mass concentrationl{), lidar ratio (ngft), single scattering albedo (SSA), Volume coarse fraction (Vc), scale heifgaf)( top layer
altitude (Hiop), and number of days (N). The standard deviation is given in brackets.

AOT M (ug/md)  LPN%(sr) SSA Ve (%) Haer(km) Hiop (km) N
SSA<0.85 AOT<0.5 0.33(0.08) 100 (29) 79(12) 0.82(0.03) 75(9) 2.6(0.6) 4.8(0.4) 15

AOT>05 0.62(0.16) 144 (103) 77(9) 0.83(0.03) 78(15) 2.7(0.6) 4.8(L.0) 7
0.85<SSA<0.95 AOT<0.5 0.39 (0.08) 104 (65) 63(10)  0.91(0.02) 89(6) 2.8(0.8) 4.7(1.0) 166
AOT=0.5 0.72(0.24) 154 (194) 63 (8) 0.92(0.02) 92(2) 29(0.7) 50(11) 146
SSA-0.95 AOT<0.5 0.38 (0.08) 54(31) 51(11) 097(0.01) 89(5) 3.0(L1) 51(0.9) 17
AOT>0.5 0.78 (0.21) 52(27) 51(6) 0.96 (0.01) 93(1) 3.4(0.7) 57(0.4) 13

4.2 Layer altitudes

+H
As shown on Fig9, the high resolution aerosol extinction 60 o » et

vertical distribution is complex. Several minima and max- b
ima can be observed corresponding to the signature of the 5 e R
atmospheric dynamic and aerosol source activity. It is then ' S ee

a rather difficult task to characterize the extinction distribu-
tion by any given number. During daytime, the lower part of
the troposphere can be separated into two parts: the mixedg oo
boundary layer (MBL) and the free troposphere. We have 2 A
monitored the top altitude of MBL and the dust layer (re- § 30| \ AR P |
ferred as top layer, TL) within the free troposphere. Fig- % oo . N I
ure10shows the monthly mean altitude for the TL, and daily 4 R
maximum top altitude of the MBL. There is a very clear sea- 2.0 "o i
sonal signal in the TL with maxima in summer and minima in m g ‘u . my

winter oscillating between 2.8 and 5.8 km. The maximum is LI L AV ¥ i TL
reached in June for the years with an altitude above 5.0 km 1.0 w w w w Y
in coincidence with the paroxysm in the dust activity. The 06/Jan  06lJul  07Man  07Mul  08/Jan  08/Jul  09/Jan

MBL altitude ranges between 1.2 and 1.7km. There is not 6\:ig. 10. Monthly mean top altitude of the (red) upper most layer

clear seasonal signal in the MBL altitude. However maxima . : .
. . ) and (blue) daily maximum of the mixed boundary layer. The green
are observed in August or September in agreement with th%olide line is the monthly mean scale height.

seasonal pattern of the surface temperature (not shown).

The scale height provides an additional information on the
vertical mixing of aerosols. In general, the seasonal variathe average optical parameters for each category along with
tion in the scale height is very similar to the one for the top mean scale height and top altitude of the aerosol layer.
altitude. Itis about 3.0 km in summer and 1.8-2.0km inwin-  Figure 11a gives the average profiles for the pure dust
ter. When the scale height decreases but the top of the layarases. When the AOT is above 0.5, we can observe the Sa-
remains the same, it indicates that an additional low levelharan Air Layer corresponding to a dust layer between 2 and
aerosol transport occurs as it is the case in July 2007. Thi$ km and with a maximum extinction coefficient of 0.2 ki
is in conjunction with the lower thick layer (Fi@) that ap-  The average lidar ratio is 336 sr and the volume coarse frac-
pears in July 2007. Over the 3 years, the scale height tendson is 93 %. It corresponds also to a low (58/m°) PMzg

(km)

to slightly decrease. at the ground-level highlighting that most of the dust is trans-
ported in the aloft layer. Such vertical structure of the dust
4.3 \Vertical profiles by aerosol types transport has also been observedBasrthier et al.(2009

from the LITE spaceborne lidar over the Tropical Atlantic
Atmospheric aerosols can be classified according to their inOcean off the western African coast.
trinsic optical properties. We have considered profiles for Figure 11b presents the biomass burning aerosol profiles
which the columnar SSA is below 0.85 (biomass burning (SSA below 0.85). There is not a drastic change in the shape
aerosols) or above 0.95 (mineral dust) and made the distincef the vertical profile when the AOT is above or below 0.5.
tion when the AOT is below or above 0.5. Taldl@resents The volume coarse fraction is below 80% and the lidar ratio

www.atmos-chem-phys.net/9/9249/2009/ Atmos. Chem. Phys., 9, 92632009
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Fig. 11. Average profile corresponding fa) SSA>0.95,(b) 0.85<SSA<0.95 andc) SSA<0.85. The blue and the red line corresponds to

profiles having a columnar AOT below or above 0.5, respectively.

is 77+9 sr when the AOT is above 0.5. The biomass burning
aerosols are located in a 3km thick layer which extends to

about 4 km. The average Rilat the ground is much higher

than in the pure dust case in agreement with the lower alti- 800

tude transport (indicated in Tableby the scale height and
the top layer altitude). In Cape Verdéesche et al(2009

have shown that this thick layer is mixed of dust and biomass —~ ¢y | i

1000

y =0.81 (0.03) x

burning aerosols with a relative contribution to the total ex- 3
tinction of 1/3 and 2/3 respectively. s °
In most cases, the SSA is between 0.85 and 0.95 and theE o |- ° i
average profiles (FidL1c) corresponds to a mix of high and ¢ R
low aerosol layers. When the AOT is above 0.5, the extinc- °o L % e R’ =076
tion coefficient in the bottom layer (below 2 km) is high in 200 oo 0° o |
conjunction with high PMp at the ground-level. This is char- 82 o
acteristic of the spring dust transport occurring in March, cor- %g% °
responding also to a high volume coarse fraction (92%, see 0 ° | | |
Tablel). 0 200 400 600 800 1000

4.4 Comparison with aerosol mass

During summer and winter, the ground-level R\ not cor-

Scattering Coefficient (1/km)

Fig. 12. Comparison between lidar derived scattering coefficient

related to the AOT even when the scale height is accounte@nd ground-level Pi using data acquired in March 2006, 2007

for (see Eq10). The highest correlation was found in March,

when the dust is transport close to the ground. Fidiite

and 2008.

shows the comparison between the daily mean ground-level

aerosol mass anoyt,,,/ Haerin March 2006, 2007 and 2008.

5 Discussion and conclusions

Data point with coincident almucantar measurements have

been selected. The coefficient correlati®f is 0.76. The
linear fit yields a mass scattering efficient of 48103 nt/g.
This value is in a good agreement with the4t14 n/g for
total dust given byHand and Malm(2007) in their general
review of mass scattering efficiency.

Atmos. Chem. Phys., 9, 9249261 2009

For the first time, we have obtained a monitoring of the dust
transport and optical properties over 3 years at the western-
most tip of the African continent. This place of the world
is all year long affected by the export of mineral dust as
it moves westward to the north Atlantic ocean. The min-
eral dust export is mainly driven by the longitudinal oscil-
lation of the inner-tropical discontinuitySchepanski et al.
2009. The main feature is a northward shift of the dust
plume and an increase in the altitude of the layers during
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summer months compared to wintertime. In the summer

months, M'Bour is under the influence of major Saharan dustEdited by: P. Formenti
sources. The contribution of dust being then dominant, it im-
plies a single scattering albedo above 0.95 and an AOT abov
0.5. During this period, we have observed the Saharan ai
layer that corresponds to a thick dust layer between 2 an
6 km and corresponding to about 70% of the total AOT. A
decrease in the AOT scale height is observed in the late surr
mer corresponding to the presence of an additional botton.
![?gfsr (()L;Eé(())s.e()tI(arlr:()zlgoa:;g;enednllzr;;;vnl:tlgJzieerirg?fgggo.b;erva The publication of this article is financed by CNRS-INSU.
winter, the site is less affected by dust which is transported

southward toward the Gulf of Guinea by the northeasterly
winds Kalu, 1979. The monitoring site is also under the
influence of tropical biomass burning aerosol emissions as i
is reveals by the seasonal pattern of the aerosol optical prop;
erties. The altitude of the biomass burning aerosol layer can Thieuleux. F.. Moulin, C.. and Pain, T.. Desert dust aerosol

reach up to 4 km in January Qr February and is characterized columnar properties over ocean and continental Africa fom Lidar
by a columnar single scattering albedo below 0.85. Most of i, 5pace Technology Experiment, J. Geophys. Res, 111, D21202,
the time, this latter parameter is between 0.85 and 0.95 in- (0i:10.1029/2005JD006999, 2006.

dicating a mixing of absorbing and scattering aerosols thatattrall, C., Reagan, J., Thome, K., and Dubovik, O.: Variabil-
occurs in the lower layer below 2 km. The R§/mass mea- ity of aerosol and spectral lidar and backscatter and extinc-
sured at the ground level catches well the spring dust events tion ratios of key aerosol types dervied from selected Aerosol
in March but is not affected by the summer dust transport that Robotic Network locations, J. Geophys. Res., 110, D10S11,

occurs in altitude. In March, it was possible to estimate that d0i:10.1029/2004JD005124, 2005. .
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sis of field experimentsKalu, 1979 Prospero and Carlson Pimenta, J., and Santos Suares, E.: An additional low layer trans-
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aerosol monitoring in West Africa. Our 3 year analysis con-  Atlantic, Geophys. Res. Lett., 22, 3191-3194, 1995.
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inter-annual variation in the dust optical properties or alti- Derimi . . : i
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