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Abstract. The radiative heating rate due to mineral dust certainties may be large. During daytime, the warming as-
over West Africa is investigated using the radiative codesociated with the presence of dust was found to be between
STREAMER, as well as remote sensing and in situ obser-1.5Kday ! and 4Kday?, on average, depending on alti-
vations gathered during the African Monsoon Multidisci- tude and latitude. Strong warming (i.e. heating rates as high
plinary Analysis Special Observing Period (AMMA SOP). as 8 Kday 1) was also observed locally in some limited part
We focus on two days (13 and 14 June 2006) of an in-of the dust plumes. The uncertainty on the heating rate re-
tense and long lasting episode of dust being lifted in re-trievals in the optically thickest part of the dust plume was
mote sources in Chad and Sudan and transported across Wesdtimated to be between 0.5 and 1.4 KdhyDuring night-
Africa in the African easterly jet region, during which air- time much smaller values of heating/cooling are retrieved
borne operations were conducted at the regional scale, frorfless thant1 Kday1). Furthermore, cooling is observed as
the southern fringes of the Sahara to the Gulf of Guineathe result of the longwave forcing in the dust layer, while
Profiles of heating rates are computed from airborne LEAN-warming is observed below the dust layer, in the monsoon
DRE 2 (Lidar Embarqé pour I'etude de I'Atmospére: Nu-  layer.

ages Dynamique, Rayonnement et cycle de I'Eau) and space-
borne CALIOP (Cloud Aerosol Lidar and Infrared Pathfinder
Satellite Observations) lidar observations using two mineral

dust model constrained by airborne in situ data and groundd Introduction

based sunphotometer obtained during the campaign. Com-

plementary spaceborne observations (from the ModerateThe impact of dust on the climate system and the large un-
resolution Imaging Spectroradiometer-MODIS) and in-situ certainties associated with the role of dust in the Earth’s ra-
observations such as dropsondes are also used to take inéation budget are now widely recognized (e.lmtergov-
account the infrared contribution of the water vapour. Weernmental Panel on Climate Chang2007). North Africa
investigate the variability of the heating rate on the verticalis the world’s largest source of mineral dust. Satellite sen-
within a dust plume, as well as the contribution of both short-sors consistently indicate that dust aerosol plumes are the
wave and longwave radiation to the heating rate and the ramost widespread, persistent and dense particulate contribu-
diative heating rate profiles of dust during daytime and night-tion found on Earth (e.gRrospero et al2002).

time. The sensitivity of the so-derived heating rate is also In the framework of the Bo&lé Experiment (BodEXx;
analyzed for some key variables for which the associated unWashington et aJ.2006 Tegen et al. 2006, the SAharan
Mineral dUst ExperiMent (SAMUM;Heintzenberg 2009

and SAMUM 2; Weinzierl et al, 2008, and the African

Correspondence taC. Lematre Monsoon Multidisciplinary Analysis (AMMARedelsperger
BY (cyndie.lemaitre@latmos.ipsl.fr) et al, 2006), the impact of dust aerosols on the WAM (West
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African Monsoon) dynamics (most notably via the aerosolborne and space-borne platforms as well as the radiative code
semi-direct effectj.e. the impact of aerosol-induced radia- STREAMER ey and Scheiger 1998 in which we have
tive warming on dynamics and clouds life cycle) has receivedimplemented specific parameters representative of the area
increasing attentionSolmon et al(2008 have investigated studied. This period was selected for several reasons: firstly,
the climatic impact of shortwave and longwave radiative it occurred during a persistent large-scale transport episode
forcing of Saharan dust on the West African monsoon andof dust across West Africa (9—15 June 2006). Secondly, nu-
Sahel precipitation using a regional climate model. They ev-merous airborne data (both in situ and remote sensing obser-
idenced a reduction of monsoon intensity due to dust surfaceations) were collected during the AMMA Special Observ-
cooling, as well as an elevated heat pump effect in the highemg Period (SOFR_ebel et al, 2010 June—-September 2006).
troposphere induced by the dust diabatic warmiHginold  Thirdly, the airborne observations on 14 June were acquired
et al. (2008 have studied the mineral dust radiative effects at the time of and close to an A-Train overpass (includ-
and the feedbacks on the Saharan boundary layer meteoralhg observations from the Cloud Aerosol Lidar and Infrared
ogy by means of regional dust simulations for a one-weekPathfinder Satellite Observations — CALIPSO — among oth-
period in May 2006 using the regional dust model systemers, see Secg).
LM-MUSCAT. They suggested that mineral dust modifies This paper is divided into six sections. Observations and
the stratification of the atmosphere and induce baroclinity.related instruments are presented in SBcas well as flight
Saharan dust that crosses periodically the Atlantic betweemperation. We introduce in Se@&the radiative code and the
1000 and 5000 m is also thought to play a role on the genesisptical properties of dust used. Segtdeals with the anal-
and the evolution of tropical cyclones as suggested in recenysis of the case studies of 13 and 14 June 2006, including
studies Dunion and Velden 2004 Evan et al, 2006. meteorological conditions in which data were taken. Radia-
RecentlyFlamant et al(2009 have investigated the struc- tive impact is analyzed and results are discussed in Sect.
ture of a dust plume travelling across West Africa with the before concluding in Secs.
African Easterly Jet (AEJ) during a major springtime dust
event from the Boélé region and Sudan using airborne lidar
and dropsonde measurements, in June 2006. They hypotl2 Data sources
esized that the dust could impact on the radiation budget in
the AEJ region and the structure of the AEJ itself (most no-2.1 Ground-based observations
tably via the aerosol semi-direct effect). Transport of massive
amounts of dust in the AEJ from remote eastern sources suctWe also use observations of aerosol single scattering albedo
as the Bodlé depression in northern Chad or the sources in(SSA) and asymmetry factorg) at 441, 674, 869 and
west Sudan could impact on the atmospheric stratification inl018 nm derived from sun-photometer measurements ac-
the AEJ region and, in turn, modify the properties of the AEJ quired within the framework of the Aerosol Robotic Network
itself, thereby possibly modifying the West African weather (AERONET). The SSA is defined as the ratio of the scatter-
at the synoptic scale. ing coefficient to the aerosol extinction coefficient (AEC).
The objective of the paper is to provide reliable estimatesThe parameteg is defined as the intensity-weighted average
of the heating rate profiles at the regional scale (in both thecosine of the scattering angle (the angle between incident
short- and long-wave part of the spectrum) associated witHight and scattering direction). The value gfranges be-
the dust transported over the Sahel that can, in turn, be useitveen—1 for entirely backscattered light te1 for entirely
to assess the impact of dust on the dynamic of the AEJ andorward scattered light. The level 2.0 (cloud-screened) data
African easterly waves. As a first step towards improvedfrom stations distributed over the Sahelian region, namely
knowledge of the impact of the dust transported from the SaBanizoumbou (Niger; 13.54, 2.66 E), and the sub-Sahel,
haran sources in the AEJ on the WAM dynamics, we aim atnamely Djougou (Benin; 9.7\, 1.6° E) and llorin (Nige-
computing dust radiative heating rate over the Sahel and Swda; 8.32 N, 4.34 E) are used (see Fid). Given that the
danian (i.e. sub-Sahel) regions, using a combination of noveRODs are larger than 0.5 at 440 nm in the present case, the
remote sensing measurements and a radiative code. Based oncertainty on the SSA is on the order of 0.@povik et
a similar approactRaut and Chazet{®008 have shownthe al., 2000.
benefit of using high vertical resolution measurements from The irradiance measurements obtained from three ground-
lidar to assess precise aerosol-related radiative forcing, espéased stations deployed during AMMA, namely Wankama
cially in the case of multi-layered aerosol plume. (Niger, 13.65N, 2.64E), Agoufou (Mali, 15.34N,
The present study is conducted on 13 and 14 June 2006 o0h.48 E) and Nalohou (Benin, 9.7, 1.60 E) have been
a dust event observed over Benin and Niger which originatedused for direct comparison with the irradiances derived from
from the Botlé depression and from West Sud&iafnantet  the radiative model (see Se@.for details). Only com-
al., 2009. Dust-related heating rate profiles are computed forparisons with the station of Wankama are presented in this
a variety of atmospheric and surface conditions using highpaper. Downward and upward shortwave irradiances in
spatial resolution lidar measurements acquired from both airWankama were obtained from a Kipp and Zonen’s CM3
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@ ® - sider that the BER is constant with altitude (eMyglton et
N f/w Y ] fJ/AS & g ] al., 2000 and we use a value of 0.02$; which is a climato-
2 1 ] logical value for dust@mar et al.2009 interpolated lineary
2ol e 12K at 730 nm between values provided at 532 nm (0.024sr
. s ho and 1064 nm (0.0183t). The molecular backscatter coeffi-
cient profiles used in the inversion procedure were obtained
| T T ] from dropsonde-derived pressure and temperature measure-

-2 6 8 -2

P ments. In the lidar inversion, multiple scattering effects may
be considered by introducing a so-called multiple scattering

Fig. 1. SAFIRE F/F20 (red dashed line) and ATR-42 (solid blue [2€torn (0= < 1) to account for the reduction of the effec-

line) flight on 13 Junda) and and 14 Junéb) 2006. Overlain are tive aerosol extinction coefﬁmemv_\EC(z) _(e.g.,NlcoIas et

the CALIPSO tracks (green dash-dotted lines) at 01:37 UTC on 13l 1997). In the case of dust particles, this effect can be ne-

June and 14:00 UTC on 14 June 2006. |, D, B and W corresponddlected ¢ =~ 1) for airborne lidar measurementsokermann

to the location of the llorin, Djougou, Banizoumbou AERONET et al, 1999, since the volume of air sampled by the lidar

stations and Wankama AMMA station, respectively. beam is sufficiently small (note that the laser footprint on the
ground is~ 3.5 m wide). Because of the uncertainties on the
value of the BER, the sensitivity of dust-related heating rates

ISO-class, thermopile pyranometer (spectral response: 0.3will be conducted thereafter (see Set.

2.8 um) while longwave irradiances were obtained from a Downward and upward shortwave irradiances at the alti-

CG3 pyronometer using a PT100 TRD sonde (spectral retude of the aircraft were obtained from an Eppley PSP pyra-

2 4 2 4
Longitude (°E) Longitude (°E)

sponse: 5.0-50 pm). nometer (spectral response: 0.285-2.8 um) while downward
and upward longwave irradiances were obtained from an Ep-
2.2 Airborne data pley PIR pyrgeometer (spectral response: 4-45um). These

measurements will be for direct comparison with the surface

During the AMMA SOP (Special Observing Period) 1a albedo and the irradiances derived from the radiative model
(June 2006, sekebel et al, 2010, the Service des Avions (see sectio for details).
Francais Instrumeés pour la Recherche en Environnement  The dust aerosol optical and radiative properties, as well
(SAFIRE) operated two research aircrafts, namely the Falcoms their vertical distribution were documented in situ in the
20 (F/F20) and the ATR 42. On 13 June 2006, the two aircrafiower troposphere using the AVIRAD aerosol sampling sys-
flew for a coordinated north south land-atmosphere-ocean intem (Formenti et al. 2010. It consists in an isoaxial and
teraction mission over Benin, between Niamey (Niger) andisokinetic inlet whose 50% passing efficiency has been es-
Cotonou (Benin). In the afternoon of 14 June 2006, the twotimated at 9 um in diameteF¢rmenti et al.2010. At the
aircrafts flew between Cotonou and Niamey. cruise speed of the ATR-42 (100 mY9 the delivered flow

The aerosol vertical distribution together with the atmo- rate is 350 Lm. This allows connecting the inlet to mul-
spheric dynamics and thermodynamics properties were dodiple instruments in parallel. Seven straight sampling lines
umented at the regional scale using the airborne lidar LE-depart from the inlet to provide: (i) straight-levelled run av-
ANDRE 2 (Bruneau et a).2001, Flamant et a|.2007 and  eraged measurements of the particle absorption coefficient
dropsonde measurements along the meridian transects pest 370, 470, 520, 590, 660, 880 and 950nm (aethalome-
formed at 1.8E on 13 June and between 22Eand 2.5E ter model AE31, Magee Sci.), (ii) high-temporal resolution
on 14 June, spanning from 48 to 4°N (Fig. 1). The (1s) measurements of the particle scattering and backscat-
F/F20 was flying at 8000 m above mean sea level (m.s.l.)tering coefficients at 450, 550 and 700 nm (nephelometer
Operations were conducted between 1130 and 13:30 UTGmnodel 3596, TSI Inc.); (iii) number size distribution be-
and 13:00 and 15:00UTC, on 13 and 14 June, respectivelytween 0.3 and 20 um in diameter (optical particle counter
Twelve dropsondes were released on 13 June and one on odel 1.108, GRIMM), (iv) size-segregated aerosol compo-
June. Dropsonde data were processed with the Atmospherisition and mass concentration by impactor sampling (4-stage
Sounding Processing Environment software. Dekati impactors) and (v) bulk aerosol composition and mass

LEANDRE-derived AEC profiles (at 730 nm) were ob- concentration by on-line filter sampling on Nuclepore mem-
tained from the total attenuated backscatter coefficientoranes. The in situ scattering and absorption coefficients and
(TABC) profiles, via a standard lidar inversion technique the number size distribution were used to (i) evaluate the rele-
(Fernald et al. 1972 Fernald, 1984, with a vertical res-  vance of the aerosol model used in the STREAMER radiative
olution of 15m and a horizontal resolution of roughly 500 code (aerosol single scattering albedo and asymmetry factor),
m. This inversion technique relies on the proportionality and (ii) to validate the lidar extinction coefficient retrievals
of the aerosol backscatter coefficient (ABC) and the AEC,performed for both LEANDRE 2 and CALIOP. State-of-the-
i.e. ABC(z) =BER x AEC(z), BER being the aerosol artcorrection factors were applied to the scattering, backscat-
backscatter-to-extinction ratio andthe altitude. We con- tering and absorption coefficient measuremewtsderson

www.atmos-chem-phys.net/10/8131/2010/ Atmos. Chem. Phys., 10, 81302010
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1074F T EANGBE T S TS5 RS 3 700mm.s.l. For the comparison, the lidar-derived scatter-
F R i i ing coefficient is divided by a factor of 14 (the reason for this
is explained below). The LEANDRE-derived scattering co-
efficient (between 0 and 180 is computed as the product
of the AEC by the SSA, after screening most cloudy pro-
files. The SSA value used here is derived from the AVIRAD
observations along the legs of interest. By construction, the
AVIRAD scattering coefficient is obtained between 90 and
18C°. The ratio between the scattering coefficient between 0
and 180 and the scattering coefficient between 90 and°180
6 7 8 9 10 11 12 13 was computed using Mie theory for spherical particles based
Lotitude (°N) on AVIRAD observations and two dust aerosol models (de-
scribed at length in Sec®). This ratio was found to be equal
Fig. 2. Aerosol scattering coefficient at 730 nm derived from LE- tg 12 in one case and 16 in the other case, thereby yielding
ANDRE 2 (between 0 and 18pat 700m m.s.I. (red symbols) and 3 yalue of 14:2. Hence, the scattering coefficient derived
aerosol scattering coefﬁcngnt_denvd from AVIRAD (betwe(_ar_1 90and trm LEANDRE 2 is expected to be on the order of 14 times
18C°) at 700 nm (black solid line). LEANDRE 2 data are d|V|ded_by that derived from AVIRAD.
a factor of 14 with respect to the AVIRAD data (see text for details). . .
When modeling the aerosols as non spherical shapes rather
than spherical particles, small differences were found be-
tween the results from the Mie model with spherical particles

and Ogren 1998 Weingartner et al.2003. Size correction . ) . i
of GRIMM data depends on the effective aerosol refractivef’:lnd Mishchenko T-matrix codédishchenko et ).199 us

. o e . .“ing prolate and oblate particles uniformly distributed over all
index, and can result in important modifications in the posi- gp b y

) , 0
tion of the size bins, in particular when the aerosol is absorb-the possible aspect ratios centered around 1 (1% error on the

ing (Collins, 2000. However, when this is not determined SSAand the ext|n_ct|on coefficienfylishchenko etak199§
. A ) ; suggested that this phenomenon can occur when large num-
in a robust way, the correction itself can induce important er- ; : : :

. . . bers of randomly orientated particles in the sampling cham-
rors. Nonetheless, we have performed Mie calculations usin

e reffacive ndex estmated bl (1979 andGrams ot ! 12 2E1205C, eaing o smaller eor an o v
al. (1974 (also see SecB) at 780 nm (1.53—0.008i and 1.53— . P 9. YL . N

. : : in our measurements, especially of size distribution, and the
0.0012i, respectively) to calculate the correction factor to be

; : . . ~“lack of knowledge on dust morphology.

applied to the GRIMM nominal diameters. The correction As sh in Eia2. th tteri Hicient derived f
factor is important, up to a factor of 2 for particles larger than AVISEDOW%I? IgLiE AE[S)(I;R?Ee(rjI'ngdC(()jeb 'Cﬁn ir.'g/.(te rom
4.5um in diameter. As a consequence, the asymmetry p andfrom (divided by 14) exhibit simi-

: . a}ér fluctuations as a function of latitude, with a minimum be-
f 6% ly of th I h. : ' .
rameterg increases of 6 0 mdepgndent y ofthe wavelengt tween 10.1 and 10°N. Provided that a reduction by a factor
Only data collected during straight and leveled runs at con

. . ‘of 14 is applied to the lidar data to account for the different
stant altitudes above mean sea level were considered a

. ) _ servation geometry of the instruments, a very good agree-
north of 1GN). In _partlcular, the data us_ed in this paper ment is found in terms of the scattering coefficient obtained
were collected whilst the aircraft was flying at 700 m.s.l.

hat i | h i o h ' with LEANDRE 2 and AVIRAD. This is an indication of the
that is, very close to the ground. ver the two entire coherence between the two datasets.

straight and leveled runs considered in this paper the air flow
through the instrument was 1#8.4 Lmin~1 (13 June) and
10.740.1 Lmin~1 (14 June). This variability has been taken
into account when estimating the errors affecting the mea- 3 1 aAerosol distribution
surements.

On 13 and 14 June, the ATR42 flew patterns at a constanthe regional distribution of dust aerosols was described us-
altitude of 700m.s.I. (see Fid), i.e. in the monsoon layer ing three complementary satellite products. First, the Ozone
for the most part. It also performed two soundings, on bothMonitoring Instrument (OMI) daily Aerosol Index (Al) prod-
days and at both ends of the flight track (i.e. in the vicinity yct was used. Second, aerosol optical depth (AOD) fields
of Niamey and Cotonou), in which case it sampled the dustwere obtained from the Moderate-resolution Imaging Spec-
layer originating from the Bogle depression as well as West- troradiometer (MODIS) AQUA collection 005 over vege-
ern Sudan and subsequently transported with the AEJ acrosated surfaces, and the MODIS/AQUA Deep Blue Collec-
West Africa and over Benin. tion 005 over desert surfaces (MODO8 product). Third, the

Figure 2 shows a comparison between the LEANDRE- vertical distribution of the aerosols was documented using
derived scattering coefficient (at 730 nm) and the AVIRAD- the space-borne lidar CALIOR\jnker et al, 2007 onboard
derived scattering coefficient at 700nm at an altitude ofthe CALIPSO satellite. The three instruments are embarked

AVIRAD (700 nm)

Scattering coefficient (m™)

2.3 Space-borne observations

Atmos. Chem. Phys., 10, 8133150 2010 www.atmos-chem-phys.net/10/8131/2010/
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on platforms (namely AQUA, CALIPSO and AURA for used as input to the STREAMER radiative code in order to
MODIS, CALIOP and OMI, respectively) that are part of compute aerosol radiative heating rate above the shallow cu-
what is now commonly referred to as the A-Train, and view mulus clouds commonly observed at the top of the monsoon
the same scene within a few minutes. The A-train orbit over-layer over the southern half of Benin. The MODIS cloud
passes West Africa twice a day, once during the daytime (beproduct (MYDO6 L2 collected from the AQUA platform)
tween 12:30 and 14:30 LST — local standard time) and onceombines infrared and visible techniques to determine both
during the nighttime (between 00:30 and 02:30 LST), and hagphysical and radiative cloud properties in the daytime as well
a revisit time period of the same orbit of 16 dagtdphens as the nighttime. Daily global Level 2 data are used in this
etal, 2002. study, namely cloud phase (ice vs. water), effective droplet
The lidar CALIOP provides vertical profiles of atmo- radius, and cloud optical thickness. These variables are avail-
spheric reflectivity (at 532 nm and 1064 nm) allowing the re- able at 1-km resolution. Cloud top temperature, height, ef-
trieval of the vertical distribution and the optical and radiative fective emissivity and phase as well as cloud fraction are
properties of aerosols and thin clouds. It has been previouslyalso used and available at 5-km resolution. For the sake of
used to study desert aerosols in the framework of AMMA homogeneity, 1-km resolution data were averaged to form
program (e.g.Cuesta et a) 2008 Flamant et a].2009 Kim 5x 5 km? pixels.
etal, 2009. The CALIOP-derived reflectivity at 532 nm was
analyzed along 2 overpasses (on 13 June around 01:39 UT@,3.3  Earth surface characterization
14 June around 13:20 UTC, see Flgor the position of the L )
tracks). The radiative heating rate of aerosols depends on the reflec-

We have computed CALIOP-derived AEC profiles (at tNgé of t:e ’[L;]ndelréylgg surface as_sh(.)f\_/vn Eillerwlwth et aI_.
532 nm) using a standard inversion procedure as describe@ 9. As the albedo can vary significantly along a given

in Sect.2.2, and CALIOP TABC profiles (level 1B version trf':\ck (ranging from 0.2 near the Gulf of Guinea coa;t re-
2 products) with a vertical resolution of 60 m and a horizon- gion to almost 0.4 over parts of the Sahara), the evolution of

: the MODIS-derived albedo along the F/F20 and CALIPSO
tal resolution of roughly 12km. The molecular backscatter

coefficient profiles used in the inversion procedure were ob-traCkS was taken into account for the computation of the

tained from molecular density profiles extracted from the Na_aerosol radiative heating rate profiles. In addition to the AOD

tional Centers for Environmental predictions (NCEP) analy- and cloud properties related products, MODIS-derived sur-

ses along CALIPSO tracks. We use a constant BER profilefa(:e albedo retrievals were also used in this study as input to

: . R the STREAMER radiative code. The MODIS albedo prod-
h al I I f0.024 2

\é\gtalag(t)ljc)(ge ylsei: ér;gtﬁe\/ Tal;iro bg a?m ;}gki?ogrga?r;np?és a ucts (MCD43C3) used in this paper are the directional hemi-
rathér large volume of air (the footprint at the ground is 90 m spherical reflecFance (black-sky albedo) and bihemispherical
wide), we have to account for multiple scattering effects aS_reerctance (white-sky albgdo). .The MCD43C3 product' con-
sociated with dustr{<1). Following the Monte-Carlo sim- tains 16 days of dat_a provided in a level-3 data set projected
ulations of Young et al.(2008 and Berthier et al.(2006), toa 0.Q§xQ.05 grid. BOth. Terra and_Aqua data are used
we used g profile increasing exponentially from 0.65 at the to ol.Jtal.n this product, providing the highest probability for
layer top, 0.87 below 500 m above ground level (a.g..) andquahty input data. The average of the black-sky albedo and

t0 0.95 at the ground, as @uesta et a(2009 andMessager white-sky albedo is provided as an input to STREAMER.
etal.(2010 ' The standard deviation on the albedo corresponding to the

area of interest is about 0.025.

Figure 3 shows a comparison of the MODIS surface
albedo with the surface albedo determined from the airborne
The presence of clouds underneath an aerosol layer can sigyranometers onboard the F/F20 as the ratio of the upward
nificantly modify the heating rates due to aerosolahn- o the downward shortwave |rrad|§1nces on 14 June. A very
son (2003 has shown that presence of absorbing aerosof©0d agreement between the two is observed north 608.5
in stratocumulus-capped boundary layers led to large pOSi_South of 9.8 N, the differences are related to the presence of
tive semi-direct radiative forcing, opposite in sign to the con- cumulus type clouds at the top of the monsoon layer that can
ventional direct forcing. For cumulus conditions, the semi- P& observed in the airborne irradiances, while the MODIS
direct forcing was much smalledohnson et a(2004 work albgdo is derived from cloud-screened scenes. It is worth
on semi-direct effect of aerosol evidenced cooling at the top?0ting; that the albedo of cumulus clouds never exceeds 0.4,
of the atmosphere whenever absorbing aerosol resided abo@$ inferred from the airborne measurements.
the cloud layer. When aerosols were located at the same level
as the cloudJohnson et a2004) show that this resulted in
a strong heating.

Hence, cloud properties are necessary to estimate the ef-
fect of clouds. MODIS-derived cloud properties were also

2.3.2 Cloud properties

www.atmos-chem-phys.net/10/8131/2010/ Atmos. Chem. Phys., 10, 81302010
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1.0 ‘ ‘ Heating/cooling rates are computed for each layer, and are
— Albedo F20 1 C S X e )
08F — Abedo MODIS E based on finite difference estimates of the irradiance diver-
. ’ o o Albedo STREAMER ] gence at each pair of levels (E3):
©
AT AF
3 . Sl 3
<C At Cp A[J

whereT is temperature (K); is time (s),g is gravitational

" ‘ ‘ ‘ ‘ acceleration (ms?), C, is the specific heat of dry air (J#

6 8 10 12 14 kg™1), F is the net all-wave flux (W m?), and p is the pres-

Latitude (°N) sure (Pa). The gravitational acceleration is computed for
each level from an empirical relationship derived for a stan-

Fig. 3. Surface shortwave albedo from MODIS (red line) derived dard atmosphere. Computatlon§ are begun at the top of the

along the F/F20 flight track on 14 June 2006. Superimposed aré':ltmosphere. Layer heat!nglcoo!lng rates are CO”}’erteq to de-

the total effective albedo (accounting for the surface, aerosol andJf€es per day and are listed with the level that is their top.

clouds) obtained from shortwave downwelling and upwelling air- Therefore the surface level has a value of zero.

borne irradiances (blue line) and from STREAMER-simulated irra-  The aerosol optical properties (SSAand the AEC) can

diances (dark diamonds). be user defined. These parameters (especially the SSA) are
critical, and one should note that these parameters are very
sensitive to the mineral composition of dust and size distri-

3 The radiative code bution (Sokolik and Toon 1999 and need adjustment to re-

) ) . ) trieve representative forcing8#élkanski et al. 2007). We
Vertical profiles of aerosol radiative heating rate over have considered here two aerosol models in order to provide

West Africa are quantied u;ing the radiative transfer COdean estimate of the dispersion associated with the heating rate
STREAMER ey and Scheiger 1998 Key et al, 1998.  oyievals depending on the chosen aerosol model (see sec-

STREAMER is a flexible code developed to compile radi- tion 5.2). The models of SSA ang were selected for their
ances or irradiances for various atmospheric and surface CONsverall agreement with the data available on this case (air-
ditions. Calculations are made using a 2 stream scheme WitQ .\ 4210 ang sun-photometers) in the visible. They are
a discrete ordinate (DISORT) solver. Upward and downwardSpecified as a function of wavelength (4.

irradiances (i.e. shortwave, longwave and netirradiances, see The first dust model corresponds to the dust model pre-

Eq. 1), cloud radiative effect (cloud forcing), and heating scribed in STREAMER, but modified following the study
rates (HRs) can be computed over 24 shortwave bands (0.2§f Raut and Chazett(2008 in the visible part of the spec-
to 4 um) and 105 longwave bands (4 to 400 um). trum (between 0.2 and 0.7 um) to account for the ultra-violet-
The net irradiance can be written as: visible complex refractive index of dust particles observed in
F.= Fir +Fiﬁ —F. _F (1)  this part of Africa. This was determined from lidar mea-
4 iff,z diff,z emz . .
surements onboard an ultra light aircraft and the AERONET
is the direct downward irradiancé“ttﬁ _is the sunphotometer-derived size distributions gathered in Niamey
’ during AMMA (January—February 2006). In this model, the
SSA, the asymmetry parameter and the AEC between 0.7 and
radiance F,, . is the upward emitted irradiance and z is the 40 um are prescribed according to the aerosol complex re-
altitude. fractive index published byoltz (1973. This model is here
In the present study, the radiative forcing (i.e. heating oron referred to as the RaCH model. The second model cho-
cooling) is calculated from a pair of STREAMER simula- sen is the more general Alfaro | model detaileddhomette
tions, i.e. as the difference between a dust-laden and a dust-(1999 andAlfaro et al. (1998. Chomette (1999 derived
free simulation (see EQ®). The total radiative forcing in the the asymmetry parameter, SSA and AEC using a Mie model
shortwave (longwave) part of the spectrum is computed asor spherical particles based on the refractive indeXaifz
the integral of the forcing over the 24 (105) bands. (1973 in the infrared (0.7 to 40 um) and that @fams et al.
The radiative forcing is given by: (1974 in the visible (0.2 to 0.7 um). This model is referred
AF=Fy.—F @) to as the CHOM model in the following. Observations used
SR in model RaCH have been made during the winter season,
whereF, . andF, . are the net irradiance in the presence of and aerosol properties may then be different from the ones
dust and without dust, respectively. observed in summer, as their origin may not be the same.
The two selected models correspond to different composi-
tions which are expected to induce a difference larger than
the real one.

J
where Fdir,z

diffuse downward irradiancei«,"dﬁff’Z is the diffuse upward ir-
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@ ‘ ‘ ® ‘ below 0.8 um and are in good agreement with observations

' 1o between 0.8 and 1.1 um.

The asymmetry factor from the two models is found in
broad agreement between 1 and 2 um, while it is seen to
be underestimated in the RaCH model with respect to the
CHOM model for the remaining part of the spectrum con-

‘ . 1 sidered here (Figdc, d). Between 0.3 and 1pum, the sun-
o B o, e photometer derived asymmetry factor values are between the

' - ’ curves associated with the two models (Mg). Two se-
ries of asymmetry factor values were obtained from the AVI-
RAD data, based on the refractive index of the two models
at 780 um (see Se®). AVIRAD-derived observations are
found in good agreement with the asymmetry factor of both
‘ ‘ models. Little difference was observed between asymmetry
s e g factor values on 13 and 14 June, for a given model. They
‘ range between 0.72 and 0.82, in agreement with the values
of Saha et al(2008 andRaut and Chazeti@008.

Figure 4e shows the spectral evolution of the modeled
AEC (normalized at 550 nm), together with the AVIRAD
measurements available in the visible. The normalized AEC
in the RaCH model is underestimated (overestimated) with
o respect to the CHOM model for wavelengths larger (smaller)

than 550nm. AVIRAD data are in broad agreement with
Fig. 4. Aerosol optical properties from the RaCH model (black the modeled AEC. Finally, the real refractive indices used
solid line) and CHOM model (black dashed line) as a function of in RaCH and CHOM are very similar but imaginary parts are
wavelength: single scattering albe@), asymetric facto(c), ex- not, reflecting SSA differences (Fidf).
tinction coefficient normalized at 550 nfe) and refractive index Gaseous absorption by water vapour, carbon dioxide,
(f) used for STREAMER. The red and green symbols correspond

to the measurements made by the AVIRAD aerosol sampling de_ozone, and oxygen is computed followifigay et al(1989.

vice during the 13 and 14 June 2006 ATR-42 flights. AERONET The model runs with an emissivity of 0.90 fo_r desert surfaces
retrievals are in purple (llorin), light blue (Djougou) and dark blue (Ogawa et al.2004 and of 0.85 for the oceanic surfaces. The

(Banizoumbou)(b) as in (a) but zoomed between 0.2 and 2 (). spectral reflectance is taken accordingémre et al(19869
as in (c) but zoomed between 0.2 and 2 pm. for desert and fronBriegleb et al.(1986 for oceanic sur-

faces. Profiles of atmospheric temperature, water vapor, and
pressure need to be prescribed as inputs to the STREAMER
simulations.

The single scattering albedo from the CHOM is seen to  For the surface albedo a built-in spectral albedo model pre-
be greater (lower) with respect to the RaCH model at wave-scriped in STREAMER s used, but it is scaled by a user-
length greater (lower) than 0.7 um (F#g, b). From Figdb  specified visible albedo determined using MODIS data for
it is obvious that sun-photometer data are in better agreethe surface types present. The surface albedo models avail-
ment with the RaCH model (resp. the CHOM model) for gpje in SREAMER are based on either modeled or observed
wavelength shorter (resp. larger) than 0.7 pm, thereby inyata in the literature. Sand data are frdanre et al(1986).
dicating the weakly absorbing nature of the dust aerosolsspectral albedos for grass, dry grass and deciduous forest

sampled over the AERONET sites in Niger, Benin and Nige-were taken from the ASTER Spectral Library v1.0 CD (Cal-
ria. The columnar SSAs derived from AERONET are rang-jfornia Institute of Technology, 1988).

ing from 0.91 at 441 nm to 0.98 at 1018 nm. The AVIRAD

derived SSA values exhibit more dispersion than their sun-

photometer counterparts, especially on 14 June 2006. On 14 The 13-14 June 2006 case study

June, airborne SSA values are around 0.83, evidencing the

presence of weakly absorbing aerosols. On 14 June, SSA.1 Synoptic conditions during the dust event

values are greater and exhibit a larger dispersion than on 13

June. It is worth noting that AVIRAD-derived SSA values During the 9-12 June period, i.e. 2—4 days before the air-

are consistently showing better agreement with the modeborne observations over Benin, strong northeasterly Harmat-
exhibiting the largest SSA. In conclusion, it appears that thetan winds were seen in the European Centre for Medium-

aerosols in RaCH are likely too absorbing across the visiblerange Weather Forecast (ECMWF) analyses over the Niger-
spectrum. Likewise, the aerosols in CHOM are too absorbingChad-Sudan sector of the Sahara (not shown). These winds
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were the primary driver of dust emission in this sector, known ©
to hold some of the most productive dust sources in West .«
Africa, notably the Bodlé depression (in Chad) and the Su- |
danese sources in the May-July period. The ECMWF anal-
yses at 925 hPa show strong winds, in the form of a north- ~
easterly low-level jet, to the east of West Sudan at 00:00 UTC =
during the 9-13 June perioBlamant et a].2009. Similarly, °
strong north-easterly low level winds were also observed be-
tween the Tibesti and Ennedi mountains in Chad, and oveFig. 5. MODIS-derived AODat 670 nmover West Africa from 13
the Bockle depression at 00:00 UTC. It is now well estab- June(@)to 14 Jungb) 2006 with CALIPSO tracks (black line).
lished that dust emission from the Bodele (and also over Su-

dan in this case) are related to the downward transfer of mo- .
mentum from the nocturnal low-level jet to the surface due On 13 June, LEANDRE 2 measurements evidenced the

to turbulent mixing after solar heating commences each da)?resence of an extended and thick QUSI plume shanning
(Todd et al, 2008 rom north of Niamey (15N) to the Benin coastline (aN)

The transport patterns of dust from eastern SahararﬁF'g' 6b). The depth of the plume was of the order of 3 km,

sources towards the southwest in this case have been d&”-h"e the height of the top of the plume was observed to in-

scribed by Flamant et al. (2009). In particular, they haveCréase with latitude. In connection with the presence of the

highlighted the role of the inter-tropical discontinuity and the monsoon flow, smaller reflectmty. values were observed be-
Darfur Mountains in injecting the aerosols from Beland low the dust plume along the entire transect, because of the

Sudan, respectively, over the monsoon flow, and in the AEJ“UCh lower aerosol content to which the lidar is sensitive.
' ' ' South of 12 N, over the continent, cumulus clouds were ob-

region. .
g served below the dust plume which marked the top of the
4.2 Regional distribution of aerosol from 9 to 13 June monsoon layer. They are characterized by large AEC val-
2006 ues, in excess of 0.5k In some instances, these clouds

were observed to penetrate the dust plume (e.g. between 8

The temporal evolution of the dust load over the Bigde-  and 9 N). The dust plume over Benin and Niger is charac-
gion and over Sudan has been investigate@laynant et al.  terized by values in excess of 0.15 ki Values larger than
(2009 using daily MODIS Deep Blue AODs between 9 June 0.4 knT 1 are also seen in the vicinity of Niamey (from 12.5
and 15 June 2006. They show that over the®edegion, the  to 15 N), between 2.5 and 3.5kmm.s.|.
dust load exhibited a decrease from 2.6 to 0.65 between 9 and On 14 June, north of 6°3N, the LEANDRE 2-derived
13 June, while over Sudan the dust load increased between®EC along the transect exhibits lower values than on the
and 12 June (from 0.70 to 1.1), and decreased afterward. Aprevious day above the monsoon flow (Fég). The largest
noted byFlamant et al(2009), the aerosol load appears to be AEC values on this day are on the order of 0.15kmThe
advected westward between 9 and 14 June (not shown). latitudinal structure of the altitude of the plume top on 14

Figure 5a shows the regional distribution of AOD on 13 June was very similar to that observed on 13 June. How-
June. The dust transport from the Eastern dust sources acro§er, it was observed to extent further south. Also, north of
West Africa with the AEJ is seen in the form of an elon- 10° N, the AEC was observed to exhibit much less vertical
gated band of high AOD values-(L at 550 nm) extending Vvariability. Numerous cumulus clouds were also observed at
from Sudan to Senegal between roughRN6and 18 N. the top of the monsoon layer over the southern part of the
The dust load over Benin on 14 June (0.5-1.2) was observetfansect. As pointed out by Flamant et al. (2009), the reduc-
to be smaller than on 13 June (1.5-1.6) (). Thisis  tion of the dustload between 13 and 14 June is essentially re-
in agreement wittFlamant et al(2009 who have shown lated to the fluctuations of the dust emissions over the source
that in Djougou, AERONET-derived AOD values at 440 nm regions 2 to 4 days prior to the airborne measurements over
(675 nm) decreased from 1.12 (1.06) at midday on 13 June tdNiger and Benin. The comparison between the LEANDRE-

0.72 (0.66) at midday on 14 June. derived AODs (obtained after integration of the AEC in the
dust plume using a BER of 0.208) and the MODIS AODs
4.3 Vertical distribution of dust over Benin on 13 and at 670 nm along the F/F20 track the 14 June 2006, without
14 June clouds, is shown in Figse. MODIS AODs are consistent

_ . _ _ with lidar AODs in the plume. It is observed that the latitudi-
The two-dimension cross-sections of TABC (AEC) retrieved pg| trend in MODIS AODs is more marked to the South. The

from LEANDRE 2 along the F/F20 flight track on 13 June |ower lidar AODs are partly explained by the larger wave-
and 14 June are shown in Fiéa and ¢ (Fig6b and d), re-  |ength.

spectively.
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Fig. 6. LEANDRE-derived total attenuated backscatter coefficient (TABC) and LEANDRE-derived aerosol extinction (AEC) on 18 June (
andb, respectively) and 14 June &4ndd, respectively). Clouds appear as areas with high TABC (white) above regions characterized by
reduced TABC (blanks in AEC) as a result of attenuation between the cloud top and gf@uhelosol optical depth from LEANDRE 2 at

730 nm (diamonds) and MODIS at 670 nm (solid red line).

5 Radiative impact case of the presence of a low-level clouds, such as the cu-
mulus clouds seen in the lidar observations at the top of the
A series of STREAMER simulations were performed on monsoon layer (Fig6), the radiative forcing is computed at
13 and 14 June 2006, to quantify radiative forcing profilesthe level of the cloud layer and above the cloud top height,
of dust aerosols according to the latitude (betwe@MN6 accounting for the cloud properties as derived from MODIS
to 15 N) between the vegetated coast and the dry Sahel(see Sect2.3.2. We have used average cloud properties as
HRs were computed indifferently in cloud-free conditions representative of cumuli over southern Benin. The follow-
and in the presence of low-level clouds, in spite of the facting MODIS-derived values have been used as characteristic
that STREAMER might not be able to account for three- of the cloud properties in the region of interest: the cloud
dimensional effects induced by clouds. This choice was mo-optical thickness in the visible is taken as 7.25%(63), the
tivated by the fact that the liquid water content associatedcloud particle effective radius is set to 7.743.80) um and
with the cumulus clouds was rather small (on the order ofthe liquid water concentration is equal to 0.05#0(045)
0.05 gn13, see below) and that the albedo associated withgm~2. We only consider low-level liquid-water clouds (high-
these clouds is comprised between 0.2 and 0.4 @jigUl- level or even mid-level clouds being almost always above
timately, the relevance of this approach was assessed by the aerosol plume). The cloud top temperature is determined
fact that, at a given altitude, coherent HRs were obtained foifrom the MODIS-derived cloud top pressure and a prescribed
contiguous profiles, independently of the presence of cumutemperature profile. The cloud thickness is computed in
lus type clouds. STREAMER using the values of optical thickness, effective
First, STREAMER simulations are performed for each air- radius and water concentration. In the case of elevated clouds
borne and space-borne lidar-derived AEC profile to infer thesuch as towering cumuli reaching the top of the aerosol layer
radiative forcing (i.e. heating or cooling) associated with the (see for instance at 13.8! in Fig. 6a and b) the profile is
dust-laden atmosphere. In addition to the lidar-derived AECdiscarded altogether. There are very few such cases in the
profiles, profiles of temperature, pressure and water vapoutEANDRE 2 data. Similarly, elevated clouds (such as cir-
mixing ratio as well as surface albedo have to be providedrus clouds) associated with nearby convective systems were
MODIS-derived surface albedo (0.05esolution) was lin-  often observed with CALIPSO. In the cases also, the con-
early interpolated along the F/F20 and CALIPSO tracks sotaminated profiles are discarded altogether. Finally, the pro-
that one albedo value is associated with a given AEC. In thdiles of temperature, pressure and water vapour mixing ratio
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Fig. 7. LEANDRE-derived AEC profiles at TN (a) in cloud-free

conditions and SN (c) in cloudy conditions, and corresponding  The AEC profile shown in Fig7a was obtained using a
heating rate (HRIb, d) for the 14 June. Da_shed line in (c) corre- BER of 0.02 stl, and the heating rate profiles (Fith) were
sponds to location of the cloud top as derived from LEANDRE 2 obtained using a visible surface albedo of 0.20, a tempera-
measurements. ture profile derived from the dropsonde released on 13 June
at 10 N, a mean ozone column of 320 Dobson, and over a

profiles needed to compute the radiative forcing from thevegetated surface. This profile is referred to as the reference
CALIOP data are from NCEP analyses and are provided forProfile in the following. The maximum heating rate of about
each CALIOP profile. On the other hand, we have used drop2.3 Kday ™ is obtained at the altitude where the dust plume
sonde measurements to characterize the lower troposphegxhibits the largest AEC values (i.e 3kmm.s.l.) for RaCH
and compute the radiative forcing. STREAMER simulations model and about 3 Kday with CHOM model. Satheesh et
on 13 June are performed using average temperature, pregl. (2002) evidenced a dust-related heating rate between 0.4
sure and water vapour mixing ratio profiles computed fromand 1.2 Kday* over northern Africa (10-20N; 20-30 E)
the profiles obtained from the 13 dropsondes released on th&nd southern Africa (10-2(; 20-30 E) using direct ob-
day. STREAMER simulations on 14 June are performed us-Servation of solar radiation in the shortwave part of the spec-
ing the temperature, pressure and water vapour mixing ratidrum. From Fig.7a and b, it is quite obvious that the heating
profiles obtained from the single dropsonde released on thdite increases as AEC increases, even in the monsoon layer.
day. As discussed in the next section, radiative forcing in The AEC profile shown in Fig7c was obtained using
these cases was only marginally sensitive to the temperatur@ BER of 0.02sr%, and the heating rate profiles (Figd)
pressure and water vapour mixing ratio profiles. were obtained using a cloud optical thickness in the visible
Figure7 shows an example of an AEC retrieved from the of 7.25, a cloud physical thickness of 45 m, a cloud parti-
LEANDRE 2 measurements in cloud-free conditions overC|e effective radius of 7.74 pm, a |IQU|d water concentration
Benin at 10 N (Fig. 7a) and the corresponding vertical pro- equal to 0.051 gm?, a temperature profile derived from the
file of radiative heating obtained from STREAMER using dropsonde released on 13 June & Npand a mean ozone
the RaCH model and CHOM model (Figb). In this ex-  column of 320 Dobson. This profile is referred to as the ref-
ample, the dust layer traveling the AEJ region is essentiallyerence profile in cloudy conditions in the following. In these
comprised between 1.8 and 4.8kma.g.l. Below, the AECconditions, the heating rate just above the cloud layer can
decreases and is minimum around 1km a.g.l., and increasé€ach 4.3Kday! (RaCH model) and 4.8 Kday (CHOM
in the monsoon layer. Furthermore, the examination of themodel) for an AEC of 0.08 km!, while lower heating val-
spectral dependence of the in situ measured scattering cal€s are obtained in cloud-free conditions at higher altitude
efficient show that mineral dust was indeed dominant northwhere the AEC reaches 0.17 k(2.8 and 3.2 Kday* for
of 10° N. Figure7 also shows an examp|e of an AEC pro- the RaCH and CHOM models, respectively). Thisis found in
file retrieved from LEANDRE 2 in the presence of low- agreement with the large-eddy model based resulf®bh-
level clouds over the Gulf of Guinea at N (Fig. 7c) and ~ son et al(2004 who evidenced the strongest heating rates to
the corresponding vertical profile of radiative heating ob- be located in the vicinity of clouds. In the case, nonlinear ef-
tained from STREAMER using the RaCH model and CHOM fects are evident in the immediate vicinity of the clouds, and

model (Fig.7d). In the present case the altitude of cloud is the strongest heating rates are obtained for significant but yet
2.3kmm.s.l.. moderate AEC values.
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5.1 Comparison of irradiances and surface/cloud
albedo from the model with measurements

"Vegetation, BER—0.020 sr, Albedo=0.20
-Dry, BER=0.020 sr™', Albedo=0.20

6 _Vegetation, BER=0.020 sr™', Albedo=0.20
| _Vegetation, BER=0.020 sr™', Albedo=0.15

5 Vegetation, BER=0.020 sr™', Albedo=0.25

4

&

km agl)

To assess the performance of STREAMER, a comparisons : : S

was made between irradiances obtained at the location of the *
Wankama station and at the time of the F/F20 overpass on | =
14 June. The upward and downward shortwave and long- ° ' 2 3. *
wave irradiances profiles obtained from the LEANDRE 2 off ~veasiction, BER-00E0 + Abedo =020
data using STREAMER are compared to near surface irra-= sg, _-Yesstotion BER=0016 s, Albedo=0.20
diance values (Wankama station) and irradiance values at thgi 4
altitude of the F/F20 (Fig8). The instruments have simi- ’
lar spectral responses as described in Seathich are also
close to longwave and shortwave spectral intervals defined
in STREAMER (see Sec3). The comparison was con-
ducted for diffuse upward shortwave irradiances (B&), to-
tal downward shortwave irradiances (F&ip), upward long-
wave irradiances (Figdc) and downward longwave irradi-
ances (Fig8d). '
In the shortwave spectrum, a good agreement is seen be< ¢
tween simulations and observations, exception made of the ¢> — - = P v
near surface total shortwave irradiance (Big). In the long- AR (K doy”) I8HR (K doy”)
wave spectrum, the agreement between the STREAMER..
simulations and the observations are not as good, exceptioﬁ?,
made of the near surface upward Irradlancgs (Bag. BER and(d) lidar AEC. Uncertainties (in Kday') for each of the
The surface/cloud albedo computed with STREAMER e\ious variables are shown {g). Uncertainties are computed
from each LEANDRE 2 profiles along the F/F20 track on yith respect to reference profile shown in Fita and using the
14 June is shown in Fig. In cloud-free conditions, good RaCH model. The total uncertainty on the HR, taken as the sum
agreement is found with MODIS surface albedo, as expectedyf the quadratic errors of all variable previously shown are shown
since STREAMER uses a built-in albedo model scaled toin (f): the dashed line corresponds to the minimum total uncertainty
MODIS visible albedo. Good agreement is also found with and the solid line corresponds to the maximum total uncertainty (see
the albedo derived from airborne measurements. In the predext for details).
ence of cumulus type clouds, good agreement is found be-
tween STREAMER simulations and the albedo derived from
airborne measurements, particularly between 6 angéiN.5
(i.e. over land).
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. 9. Sensitivity of the LEANDRE-derived heating rate profile at
N on 14 June to:(a) surface albeddb) type of soil, (c) dust

5.2.1 Cloud-free conditions

The first sensitivity test was conducted on surface albedo.
The MODIS albedo error is estimated to be on the order
0.03 Roman et aJ.2010. As shown by Fig.3, a maxi-

In this section we conduct a series of sensitivity studies to (ijmum albedo variability of 0.05 is observed per D18 lat-

the surface albedo, (ii) type of soil (vegetated or rather dry),ltude. So three values of surface albedo have been used to
(iii) aerosol backscatter-to-extinction ratio, (iv) ozone con- test the sensitivity of HRs to albedo: 0.20 (reference pro-
tent, (iv) temperature and water vapor mixing ratio profiles, file), 0.15 and 0.25. While changing the albedo from 0.15
as well as (v) cloud microphysical, optical and structural 0 0-25 (all other variables remaining constant), the HR pro-
properties, in order to evaluate the potential sources of uncerdle is only slightly modified and is shifted towards higher
tainties in the radiative forcing results presented above. Th&/alues as albedo increases (Fig). A surface albedo in-
sensitivity analyses are conducted using the AEC profilecréase means that more radiation is reflected by the surface.
shown in Fig.7a (cloud-free conditions) and Figc (low- The outgoing radiation leaving the surface also interacts with
level cloud conditions), and for the RaCH aerosol model. dust layer which increases the overall absorption. This result
The sensitivity is also quantified in terms of uncertainty pro- iS in agreement witteintzenberg et a(1997), Satheesh et
files (in Kday 1), which are computed as the difference be- @l- (2009 or Raut and Chazett€2008. As a result, an er-

sitivity profile. 0.2Kday ! on the HR in the part of the plume exhibiting

the largest AEC (and smaller elsewhere) and an error in the
monsoon layer less than about 0.1 KdayFig. 9e).

5.2 Sensitivity studies

www.atmos-chem-phys.net/10/8131/2010/ Atmos. Chem. Phys., 10, 81302010



8142 C. Lemdre et al.: Dust radiative heating rates over West Africa

The sensitivity of the heating rate retrievals to the type ofthe BER and the extinction, can be written as:
surface was also investigated by performing a STREAMER _ B 2 _ 2
simulation with the surface characterized as vegetation and’*™R ~ [(HRaib015 —HRalbo20)” + (HRary HF:"egetea
another with a soil characterized as dry (all other variables +(HRger0.020+0.004— HRger0.020)
being identical). The radiative impact of dust is strongest +(HRext10— HRexp?1V/2

above vegetated (darker) surfaces (Big) consistently with In all cases, the total uncertainty is computed with respect to

the change in albedo discussed previously. The difference,q oterence profile. Because the uncertainty is mainly sen-
between Ehe surface type leads an error on the order o itive to the BER value, two profiles are shown in FB§: a
0_2dea|>rh Ion the”heatmg 'ratﬁ profile in thle aero;ol layer profile corresponding to the minimum total uncertainty and a
an afﬁ Ightly sn&e; er e(;ror In t ; monlsoondayer (Fig). &rofile corresponding to the maximum total uncertainty. Fig-
OPro lles issued from dropsondes released on 13 June evely.o of oyigences that the uncertainty in the thickest part of the
2 along_the Niamey-Cotonou transect were us.e.d_to comput%Iume was between 0.6 and 1.3 Kdayand less than that in
the heating rates at 10l on 14 June. The sensitivity of the o \\gher part of the plume. These values were also found
heating rate retrievals to the temperature, pressure and Watgs he representative of the average total uncertainties com-

vaporl')n:lxmghrago prlof|les wre]:re fc_;u_nd to be neﬁ“gj'ble’ ex puted along the entire F/F20 transect while only considering
cept below the dust layer where it is very small between O, 4-free lidar profiles.

and 0.2 Kday! (not shown).
Concerning ozone, HR profiles were found not to be sen.2. 2  Cloudy conditions
sitive to the total column (not shown). The sensitivity was
tested for a value of 280 Dobson. We have tested the sensitivity of the HR profiles to the BER
We also have tested the sensitivity of the HR profiles to thevalues, as in the previous section. As observed for the cloud-
BER value. As stated in Se@.2, a value of 0.02st* was  free profiles, increased BER values lead to decreased heating
selected for the inversion of the LEANDRE 2 data, while rate values throughout the profile (Fit0a). Resulting un-
a value of 0.024 st* (modulated by a factor accounting for certainties are comprised between 0.5 and 1.1 Kdaythe
multiple scattering and ranging between 0.95 and 0.65) wagptically thickest part of the dust plume (Fig0e). As in
chosen for the inversion of the CALIOP data (Se&t8.1). cloud-free condition, HR profiles were found not to be sensi-
Recent studies evidenced that that BER variations associatdiVe to the total column values prescribed in STEAMER (not
with dust in this region of the globe are generally less thanshown).
20% (Wandinger et al(2010, Omar et al.(2009). Hence, The sensitivity of HR profiles to the cloud radiative,
we have analyzed the sensitivity of the LEANDRE 2-derived optical and structural properties were then tested for: (i)
HR to an error 0f+0.004sr! on the BER values, i.e. for cloud physical thickness (Fig.0b), (ii) cloud optical depth
BER values ranging from 0.016 to 0.024%r An increase  (Fig. 10c), and (iii) cloud particle effective radius (Figj0d).
of the BER leads to a decrease of HR values throughout théieating rates profiles were found to be insensitive to water
profile (Fig. 7c). The error resulting from uncertainties on concentration (not shown). Sensitivity tests were made based
the BER can be as high as 1.7 Kdayin the optically thick-  on the standard deviation of the MODIS-derived clouds prop-
est part of the dust plume, in agreement with the results oferties.
Berthier et al.(2006§. The error in the monsoon layer, i.e.  The influence of the cloud physical thickness on the heat-
below the dust plumesy(1 Kday 1), are found to be larger ing rate profiles is mainly located in the immediate vicin-
than those in the upper, optically less thick, part of the plumeity of the cloud layer (Figl0b, €). The maximum of HR
(~0.6 Kday1). in the cloud is found to be stronger for the shallower cloud
Finally, the error on the dust HR associated with an un-(i.e. 10m). The maximum is found to be located higher be-
certainty of 10% on the aerosol extinction coefficient profile cause the reference of physical thickness is at the top of the
retrieved from lidar measurements was taken into accountcloud. The error relative to the reference value (45 m) is null
Dust HR increases with AEC as shown by Fd. The max-  in most of the aerosol layer (FigOe) and is more important
imum error is located in dust layer and is on the order ofin the lower part of the plume, in the cloud layer. Large un-
0.25Kday*. certainties on the HR are obtained for very shallow clouds
Figure9e shows the expected uncertainties on the HR pro<{3.6 Kday1).
file associated with the error sources identified above. The The sensitivity of the HR profiles to the cloud optical
largest uncertainties (0AHR) are related to errors on the thickness values is analyzed next for extreme values rang-
BER, all other variables remaining equal. The same uncering from 1 to 14.95 (Figl0c). An increase of the optical
tainty is found on the HR whether a +10% or a -10% error thickness leads to an increase of heating rate values through-
is considered for the extinction. The same is true also wherout the profile. Important errors are also found at the bottom
one considered an albedo of 0.15 or 0.25. of the dust layer, in the vicinity of the cloud top. They are
The total uncertainty on the HR values, taken as the sunsmaller for optically thicker clouds (0.2 Kday for an opti-
of the quadratic errors related to the type of soil, the albedogcal depth of 14.95 versus 2 Kday for an optical depth of
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) ® and less than that in the upper part of the plume. The largest

uncertainties are associated with HR retrievals just above the
cloud layer (between 1 and 4.3 Kday. These values were
also found to be representative of the average total uncer-
— tainties computed along the entire F/F20 transect while only
considering cloudy lidar profile.

o 1 2 3 45 6 o 1 2 3 45 6 We have to bear in mind that a cooling effect at the level of
the cloud is observed for a reference case, without aerosols.

Altitude (km agl)

o - N u » u o
(km agl)

0 - v w & o o N

(c)

)

T T The previous results highlight that a dust aerosol layer over-

68 _Optce tiekaess 14 oF _Efectve rous 1178 micron . . .
Fs] 7 B lying a cloud reduces the cloud cooling effect mentioned
£+ £+ above. This is due to an attenuation thought the dust layer of
EN EN - the radiative irradiances reaching the cloud. In comparison
e e to the reference case the resulting effect is a local warming

STy TS Ty T T T of the atmosphere at the cloud location.

Heating rate (K day™) Heating rate (K doy™)

=

5.3 Daytime observations

—_ BERQ.016 s __
- BER0.024 s __

5.3.1 Radiative impact from LEANDRE 2 data

Altitude (km agl)
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Figure1la and11b show the heating rates HRs associated
with dust on 13 June computed using the RaCH and CHOM
s models, respectively, and the AEC shown in Fa. Fig-

ure 11d and e represent the HR associated with dust on 14
Fig. 10. Sensitivity of the LEANDRE-derived heating rate profile June 2006 computed using the RaCH and CHOM models,
at 5° N on 14 June to(a) dust BER,(b) cloud geometrical depth, respectively, and the AEC shown in Figd.
(c) cloud optical thickness an@) effective radius of cloud parti- Maximum values of the heating rates are observed at the
cles. Uncertainties (in Kday') for each of the previous variables location of maximum dust-related AEC. They are mainly
are shown in(e). Uncertainties are computed with respect to ref- due to the shortwave contributions (for more than 60%).
erence profile shown in Figic and using the RaCH model. The Two regions of particularly high heating rates (in excess of
total uncertainty on the. HR, taken as the sum of the quadratic erg Kda)Fl, reaching 8 Kdayl in some instances, see Fid)
:r.ors of all Var'?jblf F;Lev'oys.ly Shciwtn lare Sh?\'.vnt(m tgethdasr}r_addl_ are seen betweer? 8 and 10 N (above the cumulus clouds
Ine corresponas to the minimum total uncertainty an e solia line .
corresponds to the maximum total uncertainty (see text for details)g\r/ieerr \/Segﬁé?)fetiSQ:k) t?thdnkz)er:V\rI]zeng}ogjing]g Iﬁi’\zo(gvtireﬂ(])er der
of 1Kday 1) is observed in the monsoon layer. HRs in ex-

1 1
1). In the core of the dust plume, the maximum uncertaintiesc®SS of 2Kday" (resp. 3Kday~) are generally observed to

; : be associated with the thickest part of the dust plume using
are on the order of 0.9 Kday for optically thick clouds and i
0.6 Kday ™ for optically thin clouds. the RaCH (resp. CHOM) model. The difference between the

Finally, the sensitivity of the heating rate retrievals to HRs obtaﬁne? with thle CHOM3a£ghRa_C leln()dif Or?. 15 June
the cloud particle effective radius was found to be quitecan reach values as large as ﬂ:'g.‘ c). The higher
small (Fig.10d). The largest uncertainties are found at the HRs retrieved with the CHOM model likely reflect the fact
bottom of the dust layer, in the vicinity of the cloud top that the dusts in this model are characterized by lower SSA

(0.2 Kday1). Uncertainties are smaller for smaller effective \r/]alutgs n 'f{hed.\#S'ble (F.'gétﬁ’ Cg' ?In 13 _Junbe, tthf I?ézrage
radius. In the core of the dust plume, the maximum uncer- egrl]ngi;a‘]e n; etrﬁgcﬁe'gt.ne r;csesa()j/g:'lzg f?(l;m the éaCH
tainties are on the order of 0.1 Kday _~une, Ing v

rT{model (Fig.11d) and CHOM model (Figlle) are smaller
of the quadratic errors related the variables described abov?gvin dc;r;slirgugf'thglg?é(;?Cc;ssg:/:;?trgé;;e ds abrztvr\:]eoir; the

was also computed in th? case of cloudy profiles (). significant north of 12N (Fig. 12). On 14 June, the highest
The largest total uncertainties in the dust plume are associ:

ated with a BER of 0.016St, a cloud particle effective ra- heating rates are seen in the form of a thin layer between 7

dius of 3.74, a cloud physical thickness of 10 m and an cIoudand 10 N mostly above the cumulus clou_ds covering south-.
. . oo . ern Benin. On 14 June, the average heating rate difference in
optical thickness of 1. The smallest uncertainty is obtained

BER of 0.024 st1, a cloud particle effective radius of 14.9, a The dust layer is about 0.7 Kday (Fig. 11).
cloud physical thickness of 100 m and an cloud optical thick-

ness of 14.9. Figur&0f evidences that the uncertainty in the

thickest part of the plume was between 0.8 and 1.3 Kday

Altitude

0 1 4 o 1

2 2 3
AHR (K doy™) G8HR (K doy™)
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Fig. 11. Heating rate transect derived from LEANDRE 2 aerosol extinction coefficient profiles on 13 June 2006 using the RaCfd)model
and and the CHOM modéb). (c) The difference between the two heating rate fields shown in (a) anddp)e) and(f) are as in (a), (b)

and (c) but on 14 June 2006.
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Fig. 12. Heating rate profiles derived from LEANDRE 2 on 13

June (dashed line) and 14 June (solid line) &N@a), 12° N (b)
and 14 N (c) with the RaCH model.

5.3.2 Radiative impact from CALIOP data

Fig. 13d. The black areas correspond to regions located be-
low clouds were calculation cannot be done since the reflec-
tivity signal is strongly impacted by clouds or totally atten-
uated. The radiative forcing in the dust plume is observed
to be in excess of about 2 Kdayin the region located be-
tween 3 and 5kmm.s.l. from%to 35 N (Fig. 13b, c).

The strongest HRs are observed to be on the order of 3 to
4Kday 1, i.e. slightly less than what was observed by LE-
ANDRE 2 for instance in the region between 6 and N5

In particular, CALIOP seems to be missing the thin layer of
high HR values observed by LEANDRE 2 around 3km m.s.1.
between 6 and 10 N (also see Sect5.3.3. The differ-
ence between the HRs derived from the two aerosol mod-
els is about 0.8 Kday* on average in the dust layer and
can reach 2 Kday' locally, particularly above the cumulus
clouds over southern Benin, as observed with LEANDRE 2.
In this case also, the difference in HRs observed with the
CHOM model are caused by the more absorbing dust prop-
erties of this model with respect to the RaCH model.

5.3.3 Comparison of results obtained with LEANDRE 2
and CALIOP

The same procedure is followed to quantify the radiative im-Vertical cross section of AEC and radiative HRs deduced
pact of dust using data gathered by CALIOP. Results ardfrom LEANDRE 2 and CALIOP AEC profiles show coher-

presented in Figl3 for the daytime CALIPSO track on 14

ent results. In both datasets, the maximum heating rate is

June. The HRs corresponding to the CALIOP AEC cross-located between°dN and 15 N as well as between 2 and

section is shown for both the RaCH model (Figgb) and
the CHOM model (Figl3c). Finally, the difference between

5kmm.s.l, i.e. in the AEJ which was shown by Flamant
et al. (2009) to extend from 5 to 1Ml and between 2 and

the HRs retrievals from the two aerosol models is shown in5 km m.s.l. over Benin and southern Niger (Flg).

Atmos. Chem. Phys., 10, 8133150 2010
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Fig. 13. (a)Aerosol extinction coefficient profiles derived from the CALIOP lidar on 14 June at 13:20 UTC. Heating rate derived using the
RaCH modelb) and the CHOM mode(c).(d) The difference between the two heating rate fields shown in (b) and (c).

)
[

tio (20) is much greater than for CALIOP (1 at 532 nm and
T Ceaone Goo at night, for an horizontal resolution of 1km and a vertical
resolution of 60 m) which enables a better correction of the
dust-induced attenuation (assuming an unbiased BER value)
and to obtain more realistic backscatter and AEC values in
the monsoon layer below the dust layer.

O esol Exincton ottt Gy 0 T ilting rote LEWORE (K doy The HR is slightly greater for CALIPSO (+0.2 Kday

_ CALIPSO data
. LEANDRE dat¢

Altitude (Km agl)

S0 - N W o x v > N

©@ on average for the profile) than for LEANDRE. However, in
I some instances, the difference between the two profiles can
s s reach 0.5 Kday? as for example below the dust layer, in the
DR e e monsoon layer (Figldb).
; 2:““ b e Ul A profile-to-profile comparison between HRs retrieved
; ! R with CALIOP and LEANDRE is shown in Figl4c. For the

O T ot vt e (g © comparison, approximately 10 LEANDRE 2 profiles were

averaged together to match the spatial resolution of CALIOP.
Fig. 14. Comparison ofa) AEC and(b) heating rate profiles with ~ Only HR values in the dust plume (between 2 and Skm
RaCH model on 14 June atR derived from LEANDRE 2 (solid ~ a.g.l.) and in excess of 0.15Kday are concerned here.
line) and from CALIOP (dash line)c) Scatter plot of the profile-  Overall, we find a marked tendency for CALIOP-derived
to-profile comparison of heating rates obtained with LEANDRE 2 HRs to be overestimated with respect to the LEANDRE-
and CALIOP between 5 and 15 N. The linear regression trough  derived heating rates (see regression line in Edg). Nev-
the cluster is given by the red solid line. ertheless, there is a fair agreement between the CALIOP-
derived and LEANDRE-derived HRs for values comprised
between 0.5 and 3Kday. The correlation coefficient be-
In spite of good agreement between the LEANDRE 2 andtween the CALIOP- and LEANDRE-derived heating rate is

CALIOP heating rate retrievals, the latter were always ob-2round 0.85.

served to be greater than the former, except in the monsoon

layer. As an example, Fid.4a shows the vertical profile of 5.3.4 The importance of radiative forcing in the

the AEC at 12 N for the two instruments and the correspond- longwave spectral domain during daytime

ing vertical profile of the HR at the same latitude (Figb).

The AEC profiles are seen to be in good agreement in the upk this study, the contribution of the HR in the longwave is
per part of the dust layer (between 2 and 5 km a.g.l.) and to beccounted for. Generally only HRs in the shortwave part of
somewhat different below 2kma.g.l. The difference below the spectrum are considered (€gha et al(2008, Dubovik
2km a.g.l. is related to the correction of the attenuation in theet al.(2002, Satheesh et a(2008) since the contribution of
lidar inversion technique discussed in S&tGiven that LE-  longwave is supposed to be negligible. Nevertheless, during
ANDRE 2 measurements were acquired from a much lowerthe SHADE campaignHighwood et al.(2003 evidenced
altitude and just above the dust plume, the signal-to-noise raa warming at the surface (up to 0.5 Kddy and a cooling
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)
S

diations, the effect on the atmospheric dynamics is expected
to be different.

The radiative impact of the dust plume from Eastern Africa
was also investigated using nighttime CALIOP data over
Ghana, Bukina-Faso and Niger (Fidga). In the early hours
of 13 June, a distinct dust plume was observed betweéh 8
Heoting Rate (K aoy) Hoating Rate (K dor and 18 N, and between 2 and 4.5 km m.s.l.(Figa). A thin
© layer of aerosol was also observed south ®N8at about
3kmm.s.l. The radiative impact of dust during the night is
quite different from that observed during the day, because of
the contribution of the longwave only (Fid6b, c). In this
case, a radiative cooling on the order of 0.2 to 0.8 Kday
is retrieved in the dust layer, while a warming is seen be-
o o By low the dust layer (0.2 and 0.6 Kda). These results are

in agreement with the findings &tone et al(2007), ? and
Fig. 15. Heating rate profiles in the longwave domain (red solid Highwood et al.(2003. Furthermore, the radiative impact
line) and in the shortwave domain (black solid line) derived from derived from the RaCH model (Fid.6b) and the CHOM
LEANDRE 2 at 10 N (a) and 13 N (b) with the RaCH model.  model (Fig.16c) are identical (not shown), even though the
(c) Relative contribution of the longwave to the total heating rate two models exhibit discrepancies in the longwave part of
averaged along the entire F/F20 transect on 14 June. the spectrum in terms of SSA (Fida), asymmetry factor
(Fig. 4c) and AEC (Fig.4e). This suggests that the heating
rate in the longwave is not very sensitive to the aerosol model
within a Saharan dust plume (up to 0.5 Kdayin the long-  (RaCH or CHOM).
wave, over the Atlantic Ocean.

The contribution of the radiative forcing in the longwave i
(4 to 400 um) and shortwave (0.28 to 4pum) parts of the® Summary and conclusion
spectrum to the total radiative forcing is shown at two lo-
cations along the F/F20 transect {10in Fig. 15a; 13 N in The preser_1t _stuc!y has evaluated a new approach to quan-
Fig: 15b). In the case of the northernmost profile, the contri- gz;gesgfézfggrggpggtl_%chuI%{afrr%rgszwe?tirgﬁsLuEs?r%D;ENo
bultlon of the fo.rcmg in the longwave ™ ob§erved to be -Sma”mineral dust models constrained by airborne in situ data and
(Fig. 15b) and is less than 10%. Cooling is observed in theeground-based sun-photometer. Complementary space-borne
dust plume in both cases, while warming is seen below th i T .
dust Slume, in the monsoon layer. In the ?:ase of the souther@bsewat'ons (from MODIS) and in-situ observations such as
profile, the impact in the longwave is on the order of that in rop§ondes are also used. The sensitivity OT the so-deriyed
the shortwave. This is likely related to the lesser amount forheatlng rate is also analyzed for some key variables for which

dust present in the monsoon layer at sourthern latitudes. the associated uncertainties qre qu.|te Iarge-.
o L . We demonstrate the benefit of lidar-derived AEC to de-
The mean contribution of the radiative forcing in the long-

. taated al ¢ e i h termine the HR profiles. This is particularly crucial if one
wave was investigated along transec (. &). Itis ONte  wants to thoroughly understand the radiative forcing feed-
order of 20% in the monsoon layer, while only being on the

. ) 2 k t heri -l ics. Further-
order of 10% in the dust layer. The maximum contribution of back on atmospheric boundary-layer dynamics urther

) more, we have analyzed the contribution of the forcing in the
the longwave is observed at the top of the aerosol layer ang

.. longwave part of the spectrum during the daytime and the
atthe top of the monsoon .Iayer. On average, the ContrIbUtI.Onnighttime. This is essential if one wants to fully understand
of the shortwave is more important in the dust layer than in

the monsoon layer (Fig.5c) the rad'iative impact qf the long-lasting d.ust episodes trans-
) ported in the AEJ region across West Africa on the monsoon
dynamics.
5.4 Nighttime observations To the best of the authors, this study is the comprehen-
sive observational study to thoroughly explore at the same
Estimating dust related HR during the nighttime is essentialtime the variability of the HR on the vertical within a dust
to fully understand the radiative impact of the dust trans-plume, the contribution of longwave radiation to the HR and
ported in the AEJ region across West Africa on the monsoorradiative forcing of dust during the night. Past studies an-
dynamics. Because such dust transport episodes can last fatyzing dust-related HR retrievals over the African conti-
a few days and nights, and because the radiative impact of theent have dealt with column integrated HR retrievals. Over
advected dust will be likely be different whether dust interactthe oceanHighwood et al.(2003 have provided evidence
with longwave and shortwave radiations or just longwave ra-of the importance of the longwave contribution to radiative
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Fig. 16. Aerosol Extinction coefficient profiles derived from the CALIOP lidar on 13 June at 01:39 (d) Gleating rate derived using the
RaCH model[b) and the CHOM modg(c).

heating/cooling associated with dust plumes advected fronmonsoon layer, this contribution increases to 20% near the
the continent. surface.

In this paper, we focus on an intense and long-lasting, Puring the nighttime, much smaller values of heat-
episode of dust being lifted in remote sources in Chad andng/cooling are retrieved (less thahl Kday ™). Further-
Sudan and transported across West Africa in the AEJ reMore, cooling is observed as the result of the longwave forc-
gion. This episode (9—15 June 2006) was well documentedng in the d_ust layer, while warming is observed below the
in the framework of the AMMA SOP, particularly on 13 and dust layer, in the monsoon layer.

14 June, when airborne and space-borne lidar data were ac- The availability of this information over West Africa

Benin and Niger. uating the effect of dust event on the monsoon regime. Thus

During the daytime, the warming associated with the pres-the next step of this work aims at quantifying the effect of

dust over the whole West Africa using CALIPSO data pro-
ence of dust aerosols was found to be between 1.5 Kday ducing three-dimensional maps of radiative forcing for the
and 4Kday!, on average, depending on altitude and latitude 9 P 9

R ; . . : 9-15 June dust episode. The temporal and spatial variability
which is in agreement with previous studies. For instance, . ; o ) .
L X . . of dust impact will be scrutinized and analyzed in relation-
Dimri and Jain (1999 found maximum heating rates be- _ ." . . . : )
PN 1 ship with the monsoon dynamics. Particular attention will be
tween 2.2 Kday~ in winter and 2.53 Kday~ in summer, for . . .
. X given to the impact of the transported dust on the dynamic of
dust transport episodes in the Sahara. Aaba et al(2008 o
: the AEJ and the modification of the development of westerly
found heating rates on the order of 3.47 Kdayo be asso- : : .
. . . .. African waves through alterations of horizontal temperature
ciated with dust events occurring over the French Mediter-

. gradient.
ranean coastal zone. In the present case, strong warmin

(i.e. he_atmg rat(?s_as high as 8Kdé.)/ was also O_bserved. AcknowledgementsBased on a French initiative, AMMA was
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