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Abstract. We present observations of tropospheric aerosolburning aerosol layers likely mixed as they advected further
and water vapor transport over West Africa and the assosouth over the tropical Atlantic Ocean, as indicated an inter-
ciated meteorological conditions during the AMMA SOP- mediate values of (10~17%), LAE (0.16~0.18) andBER

0 dry season experiment, which was conducted in Wes{(0.0021+-0.0022 st1).

Africa in January—February 2006. This study combines
data from ultra-light aircraft (ULA)-based lidar, airborne in-

situ aerosol and gas measurements, standard meteorologi- )
cal measurements, satellite-based aerosol measurements, %r— Introduction
mass trajectories, and radiosonde measurements. At Niam
(13.8’ N, 2.2 E) the prevailing surface wind (i.e. Harmat-

Qlyhe sub-Sahelian regions of West Africa are major a source

tan) was from the northeast bringing dry dusty air from the of cp_mbustlon-related biomass burn_mg smoke aerosols. In
Sahara desert. High concentrations of mineral dust aeroscﬁdd't'on' .the nearby sahara desert s a very large source of
were typically observed from the surface to 1.5 or 2km as_natural wmd-blowp n'n'neral.dust aerosol. B|omas,s b“r.”'f‘g

sociated with the Saharan airmasses. At higher altitude erosols exertas_|gn|f|cantmflue_:nce on the I_Ea_rths radiation
the prevailing wind veered to the south or southeast bring- udget by scattering and absorbing solar radiation (Haywood

ing relatively warm and humid airmasses from the biomassand Boucher, 2000; Eck et al., 2003; Keil et al., 2003; Magi

burning regions to the Sahek(0° N). These elevated lay- et al., 2003; Myhre ?t e}li' 200.3)' Similarly, wind-blown
ers had high concentrations of biomass burning aerosol angust aerosols e.xert S|.gn_|f|cant influences on both the solar
were typically observed between altitudes of 2—5 km. Me-and the terrestrial radiation budgets (Haywood et al., 2003;

teorological analyses show these airmasses were advecté?';ighWOO_d etal, 2(.)03; Kim et al., 2004; Won et_al., 2004).
%everal field experiments have been conducted in the past to

upwards over the biomass burning regions through ascerb q d the infl fth ¢ |
in Inter-Tropical Discontinuity (ITD) zone. Aerosol verti- etterun grstan t € Influénce o t ese two types Of aerosols
on the regional climate of Africa. Mineral dust aerosols

cal profiles obtained from the space-based lidar CALIOP on-—"" . . k s :
board CALIPSO during January 2007 also showed the presgamnted frgm the Afrlcan continent were studied in detail off
ence of dust particles (particle depolarizatién30%, lidar _the AtlagﬂigoEast of (,jAfnca dd_urllng thSe Sahakr)an gggé Egper-
Angstidm exponentl(AE) <0, aerosol backscatter to extinc- iment ( ) conducted in late September ( anr
tion ratio BER): 0.026~0.028 sr1) at low levels 1.5 km) et al., 2003). Similarly, biomass burning aerosols emitted
and biomass burning smoke aerosict 0%, LAE: 0.6~1.1 from South Africa were studied within the framework of

BER 0.015~0.018 sT'1) between 2 and 5 km. CALIOP data thon§°“th§r” Agigar? Reﬁioza' SCiesnce '”“li)a“"zeo(()%AdFAR'
indicated that these distinct continental dust and biomasg ) conducted during the August-September ry sea-
son (Swap et al., 2003).

The pattern of aerosol emissions, particularly biomass

Correspondence tdS.-W. Kim burning smoke, over West Africa is closely related to the sea-
BY

(kimsw@air.snu.ac.kr) sonal north-to-south shift of the Inter-Tropical Convergence
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Zone (ITCZ) (e.g. Cachier and Ducret, 1991; Sauvage et al.tfransport of aerosol in further detail and make useful cross-
2005; Haywood et al., 2008). Generally, dust storms oc-comparisons between ground-based and airborne measure-
cur throughout the year with their peak in springtime (Mar- ments from AMMA SOP-0/DABEX (2006) and space-based
ticorena and Bergametti, 1996), whereas the anthropogenilidar measurements performed in January 2007. Section 2
emissions of biomass burning aerosols from the sub-Saheliaprovides simple descriptions of the instrumentation and data
regions of North Africa peak during the dry season (i.e. fromsets used in this study. Section 3 provides an overview
December to February; Sauvage et al., 2005; Haywood et algf the meteorological transport pattern during the dry sea-
2008). Mixing of the biomass burning aerosol with dust wasson. Section 4 presents observations of the multi-layered
also observed during the 2006 dry season, leading to variedtructure of aerosol layers and their associated transport pat-
optical properties (Johnson et al., 2008). terns. Section 5 presents measurements from the space-
In this study, we analyze data from aircraft-based andbased lidar Cloud-Aerosol Lidar with Orthogonal Polariza-
ground-based lidars and airborne in-situ aerosol and gation (CALIOP) onboard Cloud-Aerosol Lidar and Infrared
measurements performed over Niamey (13M82.17 E), Pathfinder Satellite Observations (CALIPSO) during Jan-
Niger, during the first intensive field phase of the African uary 2007.
Monsoon Multidisciplinary Analysis (AMMAhttp://amma.
mediasfrance.ory/ This phase of AMMA, so-called SOP-
0 (Special Observation Period-0), in conjunction with Dus
And Biomass Experiment (DABEXhttp://badc.nerc.ac.uk/
data/dabey/ took place in the West African Sahel during
the dry season in January—February 2006 (Haywood et al.,
2008). The vertical distribution of dust and biomass bum'2.1.1 Instruments onboard an ultra-light aircraft
ing aerosol and their associated optical, physical and radia- (ULA)
tive properties has been studied within the frameworks of
AMMA SOP-0/DABEX using both airborne lidar and in-situ The Lidar Aérosol Ultra-Violet Aeroporé (LAUVA) lidar
observations. For example, Chazette et al. (2007) demonsystem onboard an ultra-light aircraft (ULA) was developed
strated a new methodology for the retrieving of aerosol ex-py the Commissariah I'Energie Atomique (CEA) and the
tinction coefficient profiles using lidar based on an ultra- Centre National de la Recherche Scientifique (CNRS) and
light aircraft (ULA). They give with one examples of the operated with a Nd:Yag laser at a wavelength of 355 nm with
aerosol vertical distribution for both the dust and biomassi.5m vertical resolution. Detailed descriptions of this in-
burning aerosols. Osborne et al. (2008) and Johnson &dtrument and its data retrieval procedures are provided in
al. (2008) investigated the physical and optical properties ofChazette et al. (2007). In summary, we performed horizon-
dust and biomass burning aerosols and their radiative effectg| forward shooting during the ULA ascent and the descent,
by using aircraft-based in-situ measurements (nephelomewhich directly gives access to the aerosol extinction coeffi-
ter, particle soot absorption photometer and optical particlecient () if the atmosphere can be supposed to be horizon-
sizers) measurements from 14 flights of the BAe-146 air-tally homogeneous from the lidar emitter to a target distance.

craft between 13 January to 3 February 2006. Raut andrhe value ofr, was retrieved by using the well-known slope
Chazette (2008) presented radiative budget calculations ohethod (see Eq. 1):

multi-layered aerosols over Niamey in the UV-Visible range
over the period ?6 Januaryl February 2906. The syn- Ue(zf)ziw_am(m (1)
optic meteorological pattern observed during AMMA SOP- 2 ds
0/DABEX was summarized by Haywood et al. (2008). This Where,o,(z r) denotes the, at flight altitude £ ), P (s, z )
showed how horizontal and vertical motions in the atmo-is the range-corrected signal at the horizontal distas)ded-
sphere explain the vertical and geographic distributions oftweensg ands; along the lidar line of sight at;, ando;, (z ),
dust and biomass burning aerosol. This meteorological patthe molecular extinction coefficient ag. Here, the distance
tern was assumed to be typical of the dry season in Westg ands; is 0.4 and 1 km, respectively. The horizontal ho-
Africa. However, there was somewhat limited evidence tomogeneity is verified by considering the linear character of
support the generality of this meteorological pattern, giventhe logarithm of the range-corrected signal against the dis-
the limited time period of the AMMA SOP-0/DABEX ob- tance betweeng ands;. The lidar ratio (i.e. backscatter
servations and lack of coordinated comparisons between th# extinction ratio) profile retrieved from the coupling be-
lidar and aircraft in-situ instruments. tween airborne lidar horizontal and nadir-shooting measure-
The goal of our study is to investigate the synoptic- ments during AMMA SOP-0 was used in the inversion of
scale meteorological conditions and aerosol vertical distri-lidar extinction profile. Details are given in the Sects. 3 and
butions experienced over West Africa during the dry sea-5.2 of Chazette et al. (2007). The lidar return signals from
son and verify the general synopsis presented by Haywoodhe emitter/receiver up to 0.4 km were not inverted due to
et al. (2008). We examine the vertical distributions andthe overlap correction problem. During nighttime, the ULA

t2 2. Measurements and analysis

2.1 Aircraft-based measurements performed in
January—February 2006
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wing was removed to allow upward shooting for continuous parallel polarized backscatter signals) at the wavelength of
monitoring at ground level. Ground-based zenith and air-532 nm were analyzed in this study. Both the mean verti-
borne nadir lidar data were inverted by using a well-known cal profiles of aerosol extinction and backscatter coefficients
method based on Bernoulli’'s differential form of the propa- (o532 and Bs3, respectively) at 532 nm are taken from the
gation equation. This approach was successfully employeaperational level-2 products. The averages are calculated
for lidar airborne (Chazette et al., 2007) or ground-basedfor 40 km segments along the satellite ground track. The in-
(Chazette, 2003) measurements. version for different sub-average lidar profiles uses the Klett
A Personal DataRam (PdRam), which is a small portablemethod (Klett, 1981, 1985) and a look-up table including the
nephelometer-type instrument documented in Dulac eflayer-averaged aerosol backscatter-to-extinction rateRj.
al. (2001), measured aerosol side-scattering in the angulafhis approach is described in Young et al. (2008). It is then
range of 45-95at the wavelength of 880 nm (bandwidth of possible to derive the correspondiBg&R profile at 532 nm
40 nm) where the molecular scattering is negligible. The in-by the ratio 532 + o532).
strument was calibrated in terms of Mie scattering by using Between—0.5 and 8.2km (between 8.2 and 20.2km in
a gaseous reference scatterer. The PdRam was further cglarenthesis) above mean sea level (a.m.s.l.), they have 30 m
ibrated in terms of aerosol extinction at 870 nm against a(60 m) vertical and 333 m (1 km) horizontal resolutions. The
ground-based sunphotometer (Chazette et al., 2007). range-corrected and back-ground noise-subtracted lidar re-
turn signals (i.eﬁ'532 andﬂ’1064 profiles) were obtained from
2.1.2 In situ aerosol and gas measurements on the the NASA Langley Research Center Atmospheric Science
FAAM BAe-146 aircraft Data Center (ASDChttp://feosweb.larc.nasa.gdpwia on-
line web orders. In this study, the Iida@mgsttt")m expo-

The aerosol scattering() and absorptiond,) coefficients ot LAE) is calculated as Iéﬁ/1064/ﬁ,532> - In (532/1064.

were obtained by using a three-wavelength integrating neph- . ; :
elometer (TSI 3563; 450, 550, and 700nm) and a Radi_CALIOP observations have been available since June 2006.

ance Research Particle Soot Absorption Photometer (PSAIWe investigated data from the dry season in 2007 and se-

567 nm) on board the FAAM BAe-146 research aircraft. Thelé.C ted the. closest two O.I‘bItS (Japuary 7 and 18.’ 2007) to the
. N ! - Niamey site. We examined orbital tracks ranging from the
aerosol size distributions were measured by using a Passiv

Cavity Aerosol Spectrometer Probe 100-X (PCASP). Thegesert areas around 28 to the tropical Atlantic Ocean at

PCASP radius range (0.68.5, m) is not sufficient to char- the equator. Further information on the CALIOP instrumen-

acterize the complete size distribution of dust or biomasslt::?:air;dgl(tj//pmdmts can be foundhatp://www-calipso.

burning aerosols. However, the shape of the measured distri-
bution can reveal which type of particles is dominant (John- , i
son et al., 2008; Osborne et al., 2008). Details on the?-2-2 Passive space-bome instruments

calibration of these instruments are provided in Johnson et

al. (2008) and Osborne et al. (2008). The meteorologicaiThe Multi Angle Imaging Spectrometer (MISR) instrument
parameters of temperaturg) relative humidity (RH), wind onboard the Terra satellite provides estimates of aerosol op-
speed (WD) and direction (WS) were also measured, in additical depth using four channels at wavelengths of 446, 558,
tion to carbon monoxide (CO) and ozonesj@oncentration. 672, and 867 nm and cameras at nine different viewing an-
Details of FAAM flight operations during AMMA SOP-O are dles. MISR has a spatial resolution of 250m and pro-

given in Haywood et al. (2008). vides aerosol retrievals without any limitations due to sur-
face reflectance (Kahn et al., 2005). MISR covers the en-

2.2 Space_borne active and passive sensor tire area of North Africa Only every elght dayS due to its
measurements narrow swath width (about 210 km), but has the unique ad-
vantage of being able produce AOD over the bright sur-
2.2.1 Space-borne lidar faces of the Saharan desert. The AOD retrieved from the

MISR measurements over North Africa correlates well with
Launched in April 2006 after the AMMA SOP-0 cam- TOMS/OMI UV aerosol index (Christopher et al., 2008), and
paign, the Cloud-Aerosol Lidar with Orthogonal Polariza- compares well with AODs from AERONET cimel sun/sky
tion (CALIOP), onboard Cloud-Aerosol Lidar and Infrared radiometers (e.g. Kahn et al., 2005; Christopher et al., 2008).
Pathfinder Satellite Observations (CALIPSO) satellite pro-In this study, the MISR Monthly Global Level-3 Product
vides information on the vertical distribution of aerosols and (MISR MIL3MAE) AOD data over January and Febru-
clouds as well as on their optical and physical properties overy 2006 are used to explain the spatio-temporal distributions
the globe with unprecedented spatial resolution (Winker etof aerosols over West Africa, including the Saharan desert
al., 2007). The total attenuated backscattering intensity agrea, during the AMMA SOP-0 dry season experiment.
532 and 1064 nmﬂ’&2 and ,6’1064) and particle depolariza- The Ozone Monitoring Instrument (OMI) is a new instru-
tion ratio @, defined as the ratio between perpendicular andment installed onboard the Aura satellite; this instrument
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has a spatial resolution of 13 k24 km and has produced 3 Aerosol optical depth and synoptic meteorological

data since August 2004. The Aerosol Index (Al) is derived  conditions

from the difference between the wavelength dependence of

reflected radiation in the presence of aerosols and under purkhe transport and vertical distribution of dust and biomass

molecular atmospheric conditions, and it indicates the presburning aerosols over West Africa during the dry monsoon

ence of ultraviolet (UV)-absorbing aerosols such as dust angeason are closely linked to persistent circulation patterns

smoke aerosols. such as the north-easterly Harmattan, the African Easterly
The fire identification product derived from the Advanced Jet, and the south-westerly trade winds. We begin with a

ATSR (Along-Track Scanning Radiometer) was used to lo-schematic overview of these relationships and the meteoro-

cate regions of biomass burnings across North Africa. ATSRIogical flow over West Africa during the AMMA dry season

fire products are available since November 1995 (Arino etcampaign.

al., 2005). We obtained data from the ATSR sensor on- Figure 1 illustrates the monthly mean AOD at 558 nm over

board ENVISAT for January—February of 2006 and 2007 West Africa determined from the MISR measurements and

from http://dup.esrin.esa.int/ionia/wfa/index.asp NCEP/NCAR reanalysis monthly mean wind vectors (s
at 925 hPa, and NCEP/NCAR reanalysis monthly mean pre-
2.3 Meteorological parameters cipitation (mmday?') and fire spots (red dots) from the

) ) } o ATSR sensor over west Africa for January (left) and Febru-

Vertical profiles of temperaturd’(), relative humidity (RH), ary 2006 (right).
wind speed (WD) and direction (WS) were provided by op-  Tyyo important synoptic features are the Intertropical Con-
eratlonal upper air rgdlosondes launched at the Niamey INyergence Zone (ITCZ, pink dashed line in Fig. 1) and the
ternational airport, Niger (13.48%, 2.17 E), by ASECNA  nter-tropical Discontinuity area (ITD, white solid line in
(Agence pour la &curie de la Navigation Arienne en pig 1) The ITCZ is the zone of confluence between
Afr.lque eta Madagascar) four times a day (00:00, 06:00, the north-easterly wind on its northward side and southerly
12:00, and 18:00 UTC). _ winds on its southern side. These winds flow from high pres-

Monthly mean NCEP/NCAR reanalysis data (Kalnay et g re systems on either side of the equator; the Saharan anti-
al., 1996; Kistler et al., 2001) from January and Febru-cycione centered around 18-10° E and the south Atlantic
ary 2006 was also used to study the variation in 3-D W'”dsubtropical anticyclone centered around® S810 W (not
fields from near the surface to mid troposphere. The reanal-shown)_ The ITCZ and its associated wind patterns and sur-
ysis data had a horizontal resolution of 2&.5° and 17 face pressure features migrate southwards during the dry sea-
pressure levels from 1000 hPa to.10 hPa. We considered datg), (see Fig. 2 of Sauvage et al., 2005, for detailed overview).
at 925, 850, 700 and 600 hPa which roughly corresponded tg, Fig. 1b, the northern boundary of the ITCZ is shown,
altitude range of the different aerosol layers identified by the;5 getermined from the northern edge of the band of high
aircraft and lidar data. . monthly mean precipitation rate. The heavy precipitation as-

Trajectory analysis was used to determine airmass tranSsociated with the ITCZ results from the convergence of moist
port routes. Back trajectories were calculated using theyjy jn the lower troposphere, which is forced upwards leading
NOAA hybrid single particle lagrangian integrated trajectory o deep convection. It is worth noting that the geographical
(HYSPLIT) model (Draxler and Rolph, 2003) with 6-hourly |,cation of the atmospheric convergence varies with altitude.
archived meteorploglcal data prqwgled from the US National g, example, the airmasses at 850 hPa converge at slightly
Centers for Environmental Prediction (NCEP) Global Data|gyer |atitudes than those at 925 hPa (Cachier and Ducret,
Assimilation System (GDAS). The altitude of the trajectory 1991). The ITD marks the near-surface convergence zone
starting point was selected prlmarlly from the Ildar/|n—S|t_u (below 2000 m altitude; Sauvage et al. 2007) between the
observation of aerosol layer height. The water vapor mix-narmattan wind coming from the Sahara and the monsoon
ing ratio (WVMR) along the airmass trajectory was retrieved o,y coming from the Gulf of Guinea (Parker et al., 2005;
by using the HYSPLIT model, which calculates meteorolog- Sauvage et al., 2005; Cuesta et al., 2008; Haywood et al.
ical parameters (i.e. temperature, relative humidity, pressurejnog- Knippertz et al., 2009). The location of the ITD in

along its trajectories. The WVMR given by the HYSPLIT g 1 was determined from the convergence of the wind at
model was in good agreement with those of balloon-bornegos pa.

data observed at an adjacent radiosonde site for each time High AODs are observed to the north and south of the ITD

step of the trajectory (Yoon et al., 2006). in Fig. 1a. These high AODs are presumably related to a
combination of wind-blown mineral dust aerosols from the
Saharan desert area (e.g. Osborne et al., 2008) and biomass
burning aerosol (e.g. Johnson et al., 2008) originating from
the fires to the north of the ITCZ, as indicated by ATSR-
derived fire spots in Fig. 1b. The ATSR-derived fire locations
in January—February 2006 showed almost identical spatial
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Fig. 1. (a)Monthly mean AOD at 558 nm determined from satellite MISR measurements and monthly mean NCEP/NCAR reanalysis wind
vectors (mS 1) at 925 hPa.(b) NCEP/NCAR reanalysis monthly mean precipitation (mm/day) and fire spots (red dots) from the ATSR
sensor. Data are from January (left column) and February 2006(right column). The wind vector’s reference scale is given at the bottom right
of each figure. The locations of Inter-tropical Discontinuity (ITD, white solid line) and the northern boundary of Inter-tropical Convergence
Zone (ITCZ, pink dashed line) are superimposed. The white crosshair indicates the location of Niame§ KL24&° E), Niger.

distributions to those of MODIS as well as of 10-yr ATSR easterly jet (AEJ). This AEJ (grey shaded area in 700 and

observations (not shown). The biomass burning fires are dué00 hPa levels of Fig. 2) is a thermal wind responding to tem-

to a combination of natural and agricultural burns (Cachierperature gradients between the warm Sahara desert area and

and Ducret, 1991; Haywood et al., 2008). the cool Gulf of Guinea in southern-west Africa and is usu-
Figure 2 shows monthly mean fields of vertical veloc- ally located around 700650 hPa (Sauvage et al., 2005). At

ity (omega; Pascald) and wind vectors (m3s') from the latitudes north of 15N the prevailing winds are westerly. If

NCEP/NCAR reanalysis for four pressure levels (600, 700,the uplifted biomass burning aerosols reach to the altitude

850 and 925 hPa) over West Africa for January (left column)of the AEJ then it will generally transport them westwards

and February 2006 (right column). Strong subsidence ocdeading to a large outflow of biomass burning aerosol over

curs over most of the Sahara (i.e. positive omega value) bethe Atlantic ocean at around 18l (as observed in Capes et

tween 600 and 925 hPa, whereas ascent (i.e. negative omeg, 2008).

value) occurs over the Sahel at latitudes ranging fréii 5

to 1 N and between pressure levels of 850 and 925 hPa.

This region of strong lower tropospheric ascent corresponds}  Vertical profiles of aerosol and thermodynamic

with the ITD and overlaps considerably with the region of  variables

fire spots shown in Fig. 1b. This coincidence provides favor-

able conditions for the uplift of biomass burning emissions4.1 Ground-based lidar measurements at Niamey

into the lower free troposphere. This supports the conceptual

scheme shown by Figs. 6 and 14 of Sauvage et al. (2007 multi-layered aerosol structure was frequently observed

whereby the meridional and vertical circulation pattern dur-with the LAUVA system at Niamey airport during the

ing the dry season carries combustion products into the loweAMMA SOP-0 campaign. Figure 3a shows the tempo-

parts of troposphere by strong rising motion in the ITD. ral evolution of aerosol extinction coefficiens,.) and of
The 600hPa and 700 hPa wind patterns show a stronghe lidar-derived AOD at a wavelength of 355nm during

easterly flow south of 10N corresponding to the African nighttime operations at Niamey, Niger, on 31 January to

www.atmos-chem-phys.net/9/8017/2009/ Atmos. Chem. Phys., 9, 80382009
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Fig. 2. Monthly mean vertical velocity (omega; Pascaly and horizontal wind vector (nts) for four pressure levels (600, 700, 850 and

925 hPa) from NCEP/NCAR reanalysis for January (left column) and February 2006 (right column). The locations of ITD (white solid line

at 925 and 850 hPa) and African Easterly Jet (AEJ, grey shaded area at 700 and 600 hPa) are superimposed. Note that the wind vector’
reference scale shown at the bottom right of the figure is different for each altitude.
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Fig. 3. (a) Aerosol extinction coefficient (lower panel) and aerosol optical depth (upper panel) at 355 nm from the ULA-based lidar at
Niamey, Niger, during the nighttime of 31 January to 1 February 2006. Circular symbols mark the starting altitudes and times of modeled
trajectories shown in panel ifb) Four-day backward (closed symbols) and forward (open symbols) trajectories of airmasses starting from
heights of 1.2km (red), 2.3km (green), and 3.1 km (blue) at Niamey at 22:00 UTC on 31 January 2006 (upper panel) and 05:00 UTC on
1 February 2006 (lower panel). ATSR-derived fire locations are superimposed as grefcpReative humidity (green line), water vapor

mixing ratio (red line), and the potential temperaturellue line) at Niamey airport observed by the balloon-borne radiosonde.

1 February 2006. Two scattering aerosol layers are showrlevated aerosol layer originated from the biomass burning
at approximately 2.5-4 km and altitudes below 2 km. Theseregions to the southeast, as indicated by the ATSR-derived
are separated by a clean intermediate layer between aboutfie locations. This implies that the upper aerosol layer in
and 2.5 km. Fig. 3a is likely to be dominated by the biomass burning
Figure 3b shows four-day backward (closed symbols) andaerosols. The lowermost aerosol layer identified in Fig. 3a,
forward (opened symbols) trajectories of airmasses arrivingairmass was transported from the desert area in Mali, as
at Niamey at altitudes of 1.2, 2.3, and 3.1 km at 22:00 UTCshown by the red trajectory with closed symbols in Fig. 3b.
on 31 January 2006 and at 05:00 UTC on 1 February 2006This airmass traveled from west to east at the latitude of
The three starting altitudes of the trajectories are selectedpproximately 15N, and then turned southwards passing
from the lidar profiles and represent the center of each airover the Niamey site (crosshair). Given the origin of the
mass mentioned above (see Fig. 3a). The backward airairmass the lower aerosol layer is likely to be dominated
mass trajectory computations (closed symbols) show that th&y mineral dust, although some input of biomass burning
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aerosol seems likely as the back-trajectory passes close #.2 Airborne lidar and in-situ measurements
some fire spots. However, such a trajectory analysis can-
not account for the mixing of aerosols from preceding daysWe present two cases (26 January and 1 February 2006) of
(e.g. Knippertz et al., 2009). As shown by the forward tra- the vertical structure of aerosols that combine data from the
jectory (red line with opened symbols), this low-level dust LAUVA and PdRam onboard the ULA and in-situ aerosol
layer was transported in a south/south-west direction from(i.e. particle counters/sizers, 3-wavelengths nephelometer,
Niamey towards the Atlantic Ocean. The trajectory corre-PSAP), gas (i.e. carbon monoxide and ozone analyzer) in-
sponding to the clean air seems to follow a similar path tostruments, and standard meteorological sensors (tempera-
that of the biomass burning airmass and it is unclear why thigure, pressures, and relative humidity) onboard the BAe-
air did not become mixed with the biomass burning aerosol.146. Figure 4a shows the LAUVA-derived (355 nm) and
A thin layer of remarkably clean air was also identified (but PdRam-measured aerosol scattering coefficignt§80 nm)
thinner) by Chazette et al. (2007) south of Niamey down tovertical profiles during the ascending and descending flights
Benin on 29-30 January 2006, sandwiched between the dugULA flight #6: 07:09~09:03 UTC) over Nlamey airport on
and biomass burning aerosol layers. Such a situation wag6 January 2006. Th&ngstom exponentA; 450/700 nm)
also reported over Southern Africa during the dry biomassprofile was calculated from the nephelometer onboard BAe-
burning season (Hobbs, 2002, 2003) within the framework of146 (flight B163 P2: 08:1808:34UTC). The elevated
the Southern African Regional Science Initiative (SAFARI- biomass burning aerosol layer and dusty near-surface layer
2000) campaign. These clean air slots, frequently found durwere clearly discernable above and below approximately
ing SAFARI-2000, descended from the free troposphere dud..5~1.6km, as indicated by the difference in the wave-
to widespread subsidence associated with the continental atength dependence of (i.e. A>1.2 for the elevated biomass
ticyclone over Southern Africa, and influence vertical dis- burning aerosol layer and~0.5 for the dust-laden near-
placements of aerosols (Hobbs, 2002, 2003). The static stesurface layer). The aerosol size distributions, measured
bility of a clean air slots inhibit the intrusion of turbulent by the Passive Cavity Aerosol Spectrometer Probe 100-X
eddies (carrying aerosols or pollutants) from above or below(PCASP) onboard BAe-146 (B163 P2: 08:08:34 UTC)
(Hobbs, 2003). However, for this case over West Africa, it is were averaged over 1000-m thick layers and are shown in
difficult to clearly identify the origin of the clear air through Fig. 4d. Compared to the aerosol size distribution measured
meteorological analyses. Prevailing winds and backward traat 4~5km, relatively large particles (radis®.2m) were
jectories indicate that the clean air layer in Fig. 3a originatedmuch more abundant near the surface (i.e. grotiidkm
from the same biomass burning source area as the aerosahd 1~2 km), whereas small particles (radi@.2,.m) were
layer above. Although the vertical resolution of the HYS- more abundant in the elevated layers (i.e-3xm and
PLIT trajectory model may have been not sufficient for trac- 3~4 km). The profiles of ozone (§) and carbon monoxide
ing the transport of such a thin airmass, both biomass burningCO) concentrations are given in Fig. 4b. The pronounced
and clean airmasses progressively rise before arriving at thincreases in their concentration above 1.6 km provides fur-
Niamey (see the bottom panel of Fig. 7b). ther evidence that the elevated aerosol layer is associated
Figure 3c shows a plot of the relative humidity (RH), water with biomass burning emissions (e.g. Johnson et al., 2008).
vapor mixing ratio (WVMR), and potential temperatu® ( The three water vapor mixing ratio (WVMR) profiles, mea-
observed at Niamey airport by the balloon-borne radiosondesured by the BAe-146, ULA, and radiosonde meteorological
measurements. The lowermost troposphere, containing theensors in the morning of 26 January 2006, show excellent
mineral dust aerosol layer and the intermediate clear layeragreement (Fig. 4c). These show higher levels of WWMR
is relatively dry (RH<25%), whereas the elevated layer of within the elevated biomass burning layer. The low WVMR
biomass burning aerosols is relatively more humid /88—  values near the surface are associated with a dry dusty air-
60%). Absolute values of humidity (i.e. WWMR) are also mass. Interestingly, both £0and CO concentrations and
higher within the biomass burning aerosol layer than in theWVMR showed almost identical vertical structures with that
air above and below it. Furthermore, there are steep gradiof the LAUVA-derivedo, (Fig. 4a) above 1.5km. Accord-
ents ind at the upper parts of the dust and biomass burningng to Sauvage et al. (2005) and Capes et al. (2008), biomass
aerosol layers+1.2 and 4.7 km, respectively). As discussed burning is responsible for high monthly mean concentrations
by Kim et al. (2004), the greater water vapor in the biomassof lower-tropospheric @and CO during the dry season over
burning aerosol layer contributes to a higher radiative heat\West and Central equatorial Africa, respectively.
ing, increasing the potential temperature and static stability Figure 5 shows another example of a complex layered
of the layer. This may help to maintain the structure of the aerosol structure obtained from the flights of the ULA (flight
layer for a longer period of time. #17: 07:3:09:11UTC) and BAe-146 (flight B166 P1:
11:05~11:21 UTC) on 1 February 2006. Again there is a
dry dust layer at low levels and a more humid layer with
biomass burning aerosol above. Relatively low values of
A (0-0.5) below 1.0km clearly indicate the presence of a
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Fig. 4. Vertical profiles over Niamey airport on 26 January 20@f aerosol extinction coefficient at 355 nm and 880 nm from the ULA-based
lidar and PdRam, respectively (ULA flight #6: 07:099:03 UTC), anddngstiom exponent (450/700 nm) measured by the nephelometer
onboard BAe-146 (B163 P2: 08:4@8:34 UTC).(b) Ozone and carbon monoxide concentrations from the BAe{t}@ater vapor mixing
ratio and potential temperature from the BAe-146 and radiosonde launched at Niamey airport (10:0@)JA€j)osol size distributions
from the PCASP instrument, averaged over 1000-m thick layers during the BAe-146 flight (B163 P2:Q@83QUTC).
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Fig. 5. Same as Fig. 4, except for the flights of the ULA (#17: 0%&89:11 UTC) and BAe-146 (B166 P1: 11:851:21 UTC) on 1 Febru-
ary 2006.

mineral dust-rich layer. The relatively high valuesao(l—Z) concentration of large particles in the layer from the surface
and increased concentrations of &hd CO pinpoint the two — 1km (indicating dust), and an increase in fine particles in
biomass burning layers at 1.0-1.6 km and 1.6—4.4 km. Notehe upper layers (indicating biomass burning aerosol). The
that the change il is not as abrupt as the case mentioned LAUVA-derived o., O3 and CO concentrations, and WVMR
above because of several thick and thin elevated aerosol layshow very similar features in their vertical structures across
ers above the surface dust layer. These conclusions are sufite two biomass burning layers showing a high level of cor-
ported by the PCASP data in Fig. 5d. This shows highrespondence between these quantities.
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Figure 6a shows six vertical profiles of bath at 550nm  low-level branch of the Hadley cell (namely the Harmattan
andA at 450 and 700 nm (left panel), CO andg €ncen-  in the northern hemisphere). These two low-level cells cause
trations (middle panel), and WVMR (right panel) obtained gradients in surface temperature and humidity, the warmer
from the BAe-146 over Niamey from 23 January to 30 Jan-dry surface being located pole-ward of the ITD and the cooler
uary 2006. In addition, the WVMR profile (orange line) was wet surface equator-ward of the ITD. Those gradients induce
obtained by averaging the radiosonde measurements at Na thermal meridional and vertical circulation cell (Sauvage et
amey airport before, during, and after the BAe-146 flights.al., 2007), which help in the ascent of moist air. If the up-
Figure 6b shows the averaged vertical profiles and the aslifted biomass burning aerosols reach to the altitude of the
sociated standard deviations from all the profiles given inAEJ (located around 766650 hPa), it will generally trans-
Fig. 6a, plus the profiles from flights B163 P2 (Fig. 4) and port them westwards leading to a large outflow of biomass
B166 P1 (Fig. 5). These profiles consistently indicate theburning aerosol over the Atlantic Ocean. The buoyancy as-
presence of dry mineral dust aerosols at low levels and elsociated with individual fires may have had relatively small
evated layers of humid biomass burning aerosols. d&he effect onthe vertical transport of the biomass burning aerosol
exhibits higher values in the dust-rich layegsl(5 km) with  compared to this large-scale circulation. This supposition
low values ofA (<0.3). Secondary peaks of and large  would be in agreement with conclusions from other works
values ofA in the upper aerosol layer(1.5 km) indicate the  (e.g. Labonne et al., 2007; Haywood et al., 2008).
presence of biomass burning aerosol layers. This pattern is A similar entrainment process of water vapor into the ele-
well supported by a broad increase in the &d CO con-  vated biomass burning aerosol layer is also reported in Fig. 8,
centrations in the upper aerosol layer. These results suggesthich provides further examples from flights B164 P2 on
that there is no significant mixing of the biomass burning 28 January 2006 (Fig. 8a) and B165 P1 on 30 January 2006
aerosol into the local surface layer near Niamey, although(Fig. 8b; see also Fig. 6a). The three-day backward trajec-
some partial mixing could occur at the boundary between theories began from 12:00 UTC on 28 January 2006 at an al-
two layers. The slight increase in CO concentrations generiitude of 2700 m and from 05:00 UTC on 30 January at an
ally observed near the surface comparatively to a minimumaltitude of 3000m. These two altitudes were selected to
between 1 and 1.5km in altitude (Figs. 5b, 6a—b) may berepresent the center of the elevated biomass burning aerosol
attributed to local emissions from house heating and cookiayer based on the airborne nephelometer measurements of
ing by using charcoal and wood in Niamey area. Similarly, o, (Fig. 6a). The trajectories (upper left panel) for both cases
both aircraft-based and radiosonde-derived WVMRSs are sysean be traced back to the biomass burning areas. Further,
tematically enhanced within the elevated biomass burninghe WVMR values calculated using the model are in good
aerosol layer as compared to the dust-rich near-surface layeagreement with those of the balloon-borne observations (see
The origin of water vapor within an elevated biomass burninglower left panel in each case). As found in Fig. 7, the en-
aerosol layer is discussed in the next section. hancement of WVMR within the elevated biomass burning

aerosol layer is initiated over the biomass burning areas (see
4.3 Entrainment process of water vapor into elevated two right panels in Fig. 8a and b).
biomass burning aerosol layers

In this section we examine the reason for the higher levels 06  Space-borne CALIOP observations in the 2007 dry
WVMR relative to the biomass burning aerosol layer located  season

above the dust layer. Figure 7a shows an example of the verti-

cal profiles of the radiosonde-derived WVMR (red line) and In this section we extend our study to include space-based ac-
WVMR calculated using the HYSPLIT model (crosshair). tive (CALIOP) and passive (OMI) measurements from Jan-
Figure 7a reveals that the WVMR derived by the HYSPLIT uary 2007. This takes advantage of CALIPSO that was
trajectory model fits well with the WMVR observed by ra- launched in April 2006 after the AMMA SOP-0 campaign
diosonde as shown over East Asia (e.g. Yoon et al., 2006)(Winker et al., 2007). Here, we discuss how the verti-
The airmass history for this case, starting at 05:00 UTC oncal structure and associated optical properties of dust and
1 February 2006 at Niamey, is given in Fig. 3b. As shown biomass burning aerosols evolve during large-scale transport
in Fig. 7b, the WVMR within the elevated airmass (indicated over the region. This section discusses two cases CALIOP
by blue lines) increased during the period of time 72-36 hmeasurements over West Africa during January 2007.
before reaching Niamey. This occurred while the airmass

was at lower altitudes (2—3 km) over the biomass burning re5.1 Case 1: 7 January 2007

gions to the southeast (see Fig. 3b). The relatively moist air-

mass is advected upwards through an ascending motion a3he first case is the night-time observation of CALIOP on
sociated with the convection in the ITD area (Fig. 2). As we 7 January 2007. Figure 9a shows the Aura OMI-derived
discussed in Sect. 3, the ITD exists between the pole-wardiaily mean absorbing Aerosol Index at 340 nm 44 on
low-level branch of the thermal cell and the equator-ward6 January 2007 and the ground track of CALIPSO on
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before, during, and after the BAe flights.

www.atmos-chem-phys.net/9/8017/2009/ Atmos. Chem. Phys., 9, 80382009



8028 S.-W. Kim et al.: Vertical structure of aerosol and water vapor during AMMA

(@) 7000

6000

5000

Water Vapor Mixing Ratio .~
(g/kg) c

4000 L
N I

4000 (T T T T
3000

Altitude (m, AMSL)

3000
2000
2000

1000

Altitude (m, AMSL)

1000

0

0 1 2 3 4 5 6 7 8 -72 -60 -48 -36 -24 -12 0 12 24 36 48 60 72

Water Vapor Mixing Ratio (g/kg) Backward <~ Time (Hour) — Forward
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1 February 2006 at Niamey, Niger. The solid lines at the bottom inside (b) represent the ground elevation along the trajectories.

7 January 2007 (01:45 UTC). The CALIPSO track intersects* A”-* D”, were mostly below 0.2 km!, whereas values in
the centre of a highly absorbing aerosol plume withs8l  the surface-layer reached about-06 knrl. Thes and
values of 3—-4.5 over a large area extending from about 2-LAE profiles for points A" D" clearly indicate mineral
18 N. Figure 9b shows the altitude-orbit cross-section of dust aerosols at low levels and biomass burning aerosol in the
the total attenuated backscattering intensity at 532/8/@21 elevated layers. Spherical particles do not generate a depo-
along the CALIPSO track. The space-based lidar CALIOPIarized signal, whereas non-spherical (solid) particles such as
reveals the multiple-layered structure of the aerosol plumedust or cirrus clouds show particle depolarization. The dust-
and distinct differences in the vertical distribution betweenrich layer has a lowLAE (<0 in this case) due to large-size
the southern and northern portions of the plume. The abil-dust particles, whereas the elevated biomass burning aerosol
ity to discriminate such vertical structures (under cloud-freelayers have relatively high values bAE due to combustion-
conditions) is the distinct advantage of active sensors, i.e. litelated small-sized particles. Layer-averaged values, of
dar over passive satellite remote sensing (e.g. Winker et all AE and aerosol backscatter-to-extinction raBER sr1)
2007; Kim et al., 2008). Although the space-based lidarfor each aerosol layer are summarized in Table 1, along with
returned signal should be attenuated as it propagates dowihe top and bottom heights of each layer identified in Fig. 10.
ward, the vertical structure of atmospheric aerosols can stillThe value of§ for the near-surface dust layer ranges from
be retrieved with reasonable accuracy (e.g. Kim et al., 200826.8% to 31.0%, but that for elevated biomass burning layers
see Fig. 10). range from 8.0% to 11.2%. The value &for the aerosol-
Figure 10 shows selected vertical profiles @32 and free mid troposphere r_egioa»(a km) is approximately 2.0%.

/ . . These values of for mineral dust layers at low levels corre-
B1osx depolarization ratiod) at the wavelength of 532 nm, . L i
, o . ) ) spond well to previously reported values for wind-blown Sa
lidar An“gs:tr?m"exponent'l(Al'E) and os3; for six locations -5 qust: for example, Freudenthaler et al. (2008) showed
(pomts A F “rrlarked_ln F'g 9b). The andoss, Pro-  qust particle depolarization ratios of between 0.27 and 0.35
files from point “A™ to point “D"” (over land), show a multi- 4 535 m and a mean of 0.31 for pure dust during the Sa-
layer aerospl structure with a thick aerosol layer .a_t low lev- haran Mineral Dust Experiment (SAMUM) period. The val-
els (approximately below 1.5km) and a superposition of o€ e of5 for Sahara dust in several locations of the Mediter-
or more scattering agrosol layers petween 2 and 5km. Th?anean region were up to 50%, and even higher depolariza-
comparison betweei andoss; profiles shows good agree- tion ratios have often been retrieved at sites closer to the dust
ment both in the layer top and bottom structures of eIevatedSource (Gobbi et al., 2003, 2004; Tafuro et al., 2006). The

biomass burning aerosol and dust-rich surface layers. ValCALIOP—derivedLAE for the dust-laden layer is less than
ues ofos3z in the elevated aerosol layer, between points
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Fig. 8. Three-day airmass trajectory started at Niamey, Nigef@gt2:00 UTC on 28 January 2006 (flight B164 P2) gbjl05:00 UTC

on 30 January 2006 (flight B164 P1). ATSR fire locations are indicated by grey dots (upper left panels). Radiosonde-derived water vapor
mixing ratio and water vapor mixing ratio (crosshair) calculated by the trajectory model are shown in lower left panels. Trajectory model
calculations of the heights of the airmass and water vapor mixing ratio along the trajectories are shown in right panels with gray shaded area
representing the ground elevation along the trajectory.

zero, but theLAE for the elevated aerosol layer is greater Angstiom exponent indirectly from sky radiance and solar
than approximately 0.35. Freudenthaler et al. (2008) showtransmittance measurements and report values of 0.1 for dust
a mean&ngstr‘dm exponent of 0.18 for dust, and a range of and 1.8 of biomass burning aerosol. The layer-averaged
values between 0.04 and 0.34. Cattrall et al. (2005) estimat8ERvalues for points A" D" clearly indicate differences
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Fig. 9. Case 1:(a) Aura OMI-derived daily mean UV aerosol index over West Africa on 6 January 2007 and nighttime descending ground
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The altitude-orbit cross-section of the total attenuated backscattering intensity along the CALIPSO track (from equatdy gived in

(a). A to F indicate locations where detailed profiles are shown in Fig. 10. Red dots in (b) indicate starting points of trajectories shown in
Fig. 11.

Table 1. Aerosol layer heights and optical properties from CALIOP for January 2007 case studies.

Location Layer  Layer Height 5 (%) LAE? BER
[Lat., Long] Label (km) (sr1)
Top Bottom

Case 1 (7 January 2007)

A Li 1.59 Ground 2885.7 —0.0M40.62 0.0280.030
[18.00N, 1.52 F Ly 409 274 10.8£7.2 1.11+1.29 0.016£0.003
B Lf 139 Ground 314113 -0.24t0.88 0.026:-0.011
[16.00N, 1.07 E Lg 529 244 10.1+4.6 0.68+0.83 0.018+0.013
C Lg 130 Ground 26811.4 —-0.49£0.45 0.026:0.006
[13.00N, 0.40F L3 463 3.13 11.2+:6.9 0.59+1.07 0.015%:0.008
D LlD 1.09 Ground 30.213.7 -0.64:0.33 0.0220.005
[10.00N, 0.26 WY Lg 3.36 1.99 11.8£6.5 0.374+0.60 0.02H-0.005
L3 457 3.64 8.0+£7.1 0.61+0.56 0.016+0.007
E Lf 3.79 0.97 14.3£8.7 0.18+0.64 0.022+0.010
[5.00N, 1.33W
F Lf 3.01 127 17.0+8.0 0.16:0.56 0.0214-0.090
[2.00N, 1.97W

Case 2 (18 January 2007)

I Ll} 1.39 Ground 24F#11.1 -0.02£0.39 0.02%0.015
[13.00N, 5.06 E Ly 469 3.04 2.4+3.7 1.99+1.52 0.018:0.005
I LI?: 1.39 Ground 26411.9 0.36:0.80 0.024:-0.010
[10.00N, 4.41F Ly 484  3.19 5.0£5.7 1.11+1.18 0.015:0.008

Il LIJ!I 3.94 0.79 10.0+:6.9 0.18+0.7 0.02G£0.005
[5.00N, 3.33F

1 Layers with yellow shading correspond to elevated aerosol layer.

2 The lidarAngstiom exponentl(AE) is calculated as I<%‘> +In (%).
532
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Fig. 10. Selected vertical profiles of the total 532-nm and 1064-nm attenuated backscatter (left), depolarization ratio (middle left), lidar
Angstr'(')m exponentl(AE, middle right) and aerosol extinction coefficient (right) for six different locations along the CALIPSO track indi-
cated in Fig. 9. The dots are the average of CALIOP-derived 20 instantaneous profiles, which corresponds to a sampling duration of 1 s and
an horizontal coverage of approximately 6.6 km, and the lines are profiles smoothed at intervals of 150 m in the vertical.

in the nature of the aerosols between elevated and surfaceF” in Fig. 9, respectively). The layer-averaged value of
layers. From point A” to “ D" mean values oBERare in o532is close to 0.2 kmt, which is intermediate between the
the range 0.0150.018 sr! in the elevated biomass burning elevated aerosol layer and dust-rich surface layer at points
aerosol layer, and 0.02@.028 sr! in the dust-rich surface “A”~“D”. The layer-averaged values éffor the profiles
layer. These values are consistent with previous measureat points ‘E” and “F” are 14.3% and 17.0%, respectively.
ments reported in the literature. Cattrall et al. (2005) re-These values are not only intermediate between values for the
portedBERvalues of 0.016 and 0.0233rat 550 nm for the  low level mineral dust layer and the biomass burning aerosol
biomass burning and desert dust aerosols, respectivebn L layers at points A” to “ D", but also are lower than those
et al. (2003) also repoBERvalues of 0.024 0.007 st at of dust particles (e.g. Freudenthaler et al., 2008). TAE
532 nm for the desert aerosols during the Saharan dust expevalues at points E” and “F” are lower than those in the el-
iment (SHADE). evated layers at pointsA” to “ D” as well as those reported

In regions near the coast or over the ocean @:90 N), 1.8 for biomass burning aerosol by DTEViOUS studies (eg Cat-
a single relatively thick aerosol layer is apparent above therall et al., 2005), indicating an increasing dominance of
clear marine atmospheric boundary layer. This layer reside§oarse particles. In addition, the layer-averaB&Rvalue of
between approximately 1-4km near the coast and 1-3 kn®.0021-0.0022 st found at points £” and “F” is interme-
over the ocean (Seﬁ/ and os3; profiles at points £” and diate between the values obtained for the mineral dust layer
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Fig. 11. Four-day backward (closed symbols) and forward (open symbols) trajectories starting from six different locations along the
CALIPSO track for the case given in Fig. 9. ATSR fire location is shown as grey dots.

and the biomass burning aerosol layer at poia%to “ D". trajectories from points A” and “B” are spiral clockwise
These results suggest that the aerosols in the elevated layeoser the desert areas to the northeast of Niamey whereas the
Lf and L‘f in the south may be a mixture of mineral dust forward trajectories from pointsC” and “D” travel west to-

and biomass burning aerosols. Althougfggz peaks at the ~wards the west coast of Africa.. Thg trajectories for points
center of layerg.Z andL¥, s shows relatively larger values “E” and “F” show that the turbid airmasses over the ma-
(e.g.>20%) and_AE relatively lower values at the lower part "n€ atmospheric boundary layer were transported from the
of the layer. Their values at the bottom of the aerosol layer?iomass burning aerosol regions and are transported in a west
are close to the values obtained for the low level dust layert© South-westerly direction out over the Tropical Atlantic.

over the continent and they gradua”y decrease with he|ght to- As shown in Sect. 5, enhanced levels of water vapor were
wards values found in elevated biomass burning layers ovegonsistently observed within the biomass burning aerosol
the continent. This would indicate that layerg andL{ |ayers relative to the air above and below. Figure 12 shows
have not mixed completely in the vertical. the radiosonde-derived WVMR angl values obtained at
To trace the origins of the aerosols in each layer we cal-Niamey airport at 18:00UTC on 6 January 2007 and at
culated the airmass trajectories, starting at the center of eac®0:00 UTC on 8 January 2007, respectively. Unfortunately,
aerosol layer, for the aerosol layers at the six selected lothe radiosonde data obtained on 7 January 2007 did not
cations “A” to “ F” (red dots in Fig. 9b). Over the con- have sufficient vertical information. The low WVMR below
tinent (from points ‘A” to “ D”), Fig. 11 shows that the 1.5km is attributed to the dry dust laden air, whereas, the
aerosols confined below approximately 1.5km (blue trajec-WVMR within the elevated biomass burning aerosol layer
tories) originated from the Sahara desert (i.e. they are mainlpetween 1.56 km is higher than in the air above and below
composed of mineral dust particles) and were advected ovethe biomass burning aerosol layer. A steep increase in the
the Atlantic ocean, whereas the elevated aerosol layers werealue of6 in the upper region of the dust and biomass burn-
mostly transported from the biomass burning areas, as ining aerosol layers was found. The enhanced radiative heating
dicated by the gray dots (marking fires). The forward rate due to the dust and biomass burning aerosols, as well
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Fig. 12. Radiosonde-derived water vapor mixing ratio (circles) and potential temperature (squares) at Niamey airport at 18:00 UTC on
6 January 2007 (open symbols) and at 00:00 UTC on 8 January 2007 (closed symbols).

as elevated levels of water vapor within the biomass burn- Figure 14 shows selected vertical profilesﬂégz, 8, LAE
ing aerosol layer, contribute to the increase in static stabilityand o532 for three locations (points “F“llI” shown in
across the dust layer (e.g. Carlson and Benjamin, 1979; Kinfig. 13b). We found consistent agreement in the vertical

et al., 2004; Won et al., 2004). structure of aerosols from thﬁ’ and o532 profiles. The
values ofs, LAE, and o532 clearly discriminate between
5.2 Case 2: 18 January 2007 mineral dust aerosols at low level§~25%, LAE< 0.0,

0532°20.40~0.55 kn1) and elevated layers of biomass burn-
Figure 13 shows the Aura OMI-derived daily mean UV ing aerosols{<10%,LAE>1.0,053,~0.05knT 1 in L} and
aerosol index over West Africa on 18 January 2007 and the_g 18 knt ! in LQ) over the land (points “I” and “II"). The
altitude-orbit cross-section of the total attenuated backscatyg| es ofBER are similar to those of case 1 (see Table 1).
tering intensity along the CALIPSO track around 01:32 UTC Again, boths (~10.0%) andBER (~0.020srl) values of

on 18 January 2007 (case 2). The lidar backscatter showge elevated layer over the ocean off the coast of the African
a two-layered aerosol structure over the land and a singontinent (point “Ili”) are intermediate between the values
gle thick aerosol layer over the ocean; a similar pattern togptained for the mineral dust layer and the biomass burning
case 1. These layers were observed under cloud-free congerosol layers at points “I” and “II”. TheAE value of the

ditions when CALIPSO flew across the center of a highly e|evated layer at point “III” increases with height within the
absorbing aerosol plume.
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Fig. 13. Same as Fig. 9 but for case 2 involvi(g) Aura OMI data on 18 January 2007 and nighttime descending ground track (black line) of
CALIPSO at around 01:32 UTC on 18 January 2007 near Niamey airport (crosshair), Niger. The white vertical lines and red dots represent
three selected locations (“I"-"111"), and the starting altitudes for backward trajectory calculations (see Fig. 15).

layer. Layer-averaged values &andLAE for each aerosol We identified the presence of coarse mineral dust aerosol
layer are provided in Table 1 along with heights of the bottomand very dry air at low levels<2 km), originating from
and top of each layer. The results are very similar to those rethe Sahara desert. This air eventually mixes with biomass
ported in case 1 and strongly suggest that the aerosols in theurning aerosols within the Sahel and is advected over the
elevated IayeLE' are a mixture of mineral dust and biomass Tropical Atlantic Ocean. At higher levels (2-5km) we ob-
burning aerosols. served biomass burning aerosols that originated from the
Figure 15 shows the airmass trajectories starting at théviomass burning regions to the south1(® N). The pre-
center of each aerosol layer. The trajectories from loca-vailing winds at low-levels was from the northeast but the
tions “I” and “II", over the continent, indicate that the dust- winds veered with height turning to a southerly or southeast-
rich aerosols confined below approximately 1.5 km originateerly in lower part of the middle troposphere (850—-600 hPa).
from the Saharan desert. These are later advected over th&e found higher concentrations of water vapor within the
Atlantic Ocean to the west of the CALIPSO track. The ele- elevated biomass burning aerosol layers relative to the air
vated aerosol layers are mostly transported from the biomasabove or below. This relatively warm and moist airmass is
burning areas, as indicated by the gray dots (marking fires)advected upward over the biomass burning region through a
and are advected northwest toward the Sahara then backynoptic ascending motion over Inter-Tropical Discontinuity
south and west towards the tropical Atlantic. The trajectories(ITD) zone. These findings are consistent with the observa-
for point “lll”, off the coast, show that the airmass was trans- tions previously reported from AMMA SOP-0/DABEX and
ported from the biomass burning aerosol regions and continprovide supporting evidence for the synoptic-scale aerosol
ues to travel in a westerly or southwesterly direction over thetransport pattern illustrated by Haywood et al., (2008).
tropical Atlantic. As in case 1, we find higher levels of wa-  Aerosol vertical distributions measured from the space-
ter vapor within the biomass burning aerosol layer relative tohased lidar CALIOP, onboard CALIPSO, showed that this
the air above and below (see red line with closed symbols imattern occurred on the following year (January 2007),
Fig. 12) based on the radiosonde measurement from Niameyonfirming that this circulation is a repeating feature of
at 00:00 UTC on 18 January 2007. the African monsoon dry season. CALIOP identified the
presence of depolarizingg30%), large-sized(AE <0)
6 Summary and conclusions dust_ particles at _Iow levels<1.5km) and eleva_ted_ Iayers_
of biomass burning smoke aerosols (depolarization ratio:

We have investigated tropospheric aerosol transport over10%) between 2 and Skm. The layer-averagdR val-

l . .
West Africa and the associated meteorological conditions!€S Were 0.0150.018 s for the elevated biomass burning
during the AMMA dry season experiment, which occurred in aerosol layers and 0.028.028 sr~ for the dust-rich sur-

West Africa in January—February 2006. This study combineg@ce Iayers_. These dust and biomass_ burni_ng aerosol Iz_iyers
data from ULA-based and ground-based lidars, airborne in-S€€M t0 mix to form a single layer of mixed highly-scattering

situ aerosol and gas measurements, standard meteorolofgrc’so' over the Tropical Atlantic Ocean, as indicated by in-

cal measurements, satellite-based aerosol measurements, dfimediate values of particle depolarization ratiot10%),
mass trajectories, and radiosonde measurements. lidar Angstiom exponent (0.1160.18), and layer-averaged
BER value (0.0022-0.0022sr+). As observed elsewhere

(e.g. Leon et al., 2001), this highly-scattering continental
airmass is advected over the marine atmospheric boundary
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Fig. 15. Three-day backward (closed symbols) and forward (open symbols) trajectories starting from three locations along the CALIPSO
track at 02:00 UTC on 18 January 2007.
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layer. These observations imply there may be complex interCarlson, T. N. and Benjamin, S. G.: Radiative heating rates for Sa-
actions (e.g. internal/external chemical mixing and associ- haran dust, J. Atmos. Sci., 37, 193-213, 1979.

ated optical property change) between the dust and biomagsattrall, C., Reagan, J., Thome, K., and Dubovik, O.: Variabil-
aerosols. Such changes have implications on the radiative 'ty of aerosol and spectral lidar and backscatter and extinc-
budget of the atmosphere and the climate system over the Sa- tion rqtlos of key aerogol types derived from selected Aerosol
helian region and Atlantic Ocean. They also show a strong Ropotic Network locations, J. Geophys. Res., 110, D10S11,
contrast in aerosol vertical distributions and the degree of doi:10.1029/2004JD005124, 2005, .

. . I . Chazette, P.: The monsoon aerosol extinction properties at Goa dur-
vertical mixing within airmasses over the continent and the ing INDOEX as measured with lidar, J. Geophy. Res., 108, 4187,
ocean. doi:10.1029/2002JD002074, 2003.
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