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Abstract. This paper documents the chemical composition multaneously dust and biogenic compounds originating from
of 7 rain events associated with mesoscale convective syddifferent locations and depose them jointly. It also discusses
tems sampled at the supersite of Banizoumbou, Niger, durthe potential biogeochemical impact of such a phenomenon.
ing the first special observation periods (June—July 2006) of
the African Monsoon Multidisciplinary Analyses (AMMA)

experiment. Time-resolved rain sampling was performed inl Introduction
order to discriminate the local dust scavenged at the begin-

ning of rain event from the aerosol particles incorporated in . . . .
: West African monsoon is characterised by a convective ac-
the cloud at the end of the rain. The total elemental compo-

sition is dominated by Al, Si, Fe and Ca, indicating a high tivity resulting from the abrupt change in atmospheric cir-

; o . ) culation occurring over this region between June and July.
influence of dust and limited marine or anthropogenic con- 9 9 Y

tribution. After the aerosol wash-out, the elemental concen—The propagating mesoscale convective systems (MCS) asso-

. . . . .~ ciated with the summer monsoon produce about 80% of the
trations normalized to Al and the microscopic observations . )
) ; ! L total rainfall in the area, notably on the northern edge of the
of diatoms, a tracer of the Bété depression, both indicate : ; .
” : . West African Intertropical Convergence Zone (ITCZ) in Sa-
that the total elemental composition of rainwater is controlled

by dust originating from North-eastern Saharan sources an{fl (Mohr, 2004). They are therefore an important feature of

. . . e West African rain climatology and hence of the hydro-
probably incorporated in the convective cloud from the Har-,_ .

S . . logical cycle (Lebel et al., 1997). Moreover, the MCS are

mattan layer. The low variability of the rain composition over . . :

L . responsible for the major part of the annual local wind ero-

the measurement period indicates a regional and temporal. ! o
: L Sion and hence for most of the Sahelian dust emission (Ra-
homogeneity of dust composition in the Harmattan layer. In.

the dissolved phase, the dominant anions are nitrate, JNO jot and Valentin, 2001). The West African monsoon associ-

) ated with a severe drought for the past 30 years in the Sa-
sulphate (S¢") and chioride (CT). However, between June pefian beit had significant consequences for the environment

and July we observe an increasing contribution of the organicy 4 for key resources as water, land-productivity, and human
anions (formate, acetate, oxalate) associated with biogenigeaih (Redelsperger et al., 2006). In consequence, for pre-
emissions to the total ion composition. These results Conﬁmhicting the impacts of the West African monsoon in a general
the large influence of biogenic emissions on the rain coMpogntext of climate change, the assessment of the processes

sition over Sa_hel during the wet season. The paper concludq_ﬁvowed in the development and the fate of the MCS, and
on the capacity of mesoscale convective systems to carry Sigtaply of the precipitating clouds, is critical. In particular,

because cloud formation strongly depends on the presence of
condensation nuclei (CCN), the aerosol-water cycle interac-

Correspondence td<. Desboeufs tion must be better understood. However, in the case of MCS
BY (desboeufs@lisa.univ-paris12.fr) developing in the monsoon regions, the nature of the CCN
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remains unclear. Indeed, CCN activity in West Africa is part 2 Method
of a complex system involving at the same time cloud micro-

physics and aerosol chemistry. During the monsoon seasoi;round-based measurements were performed at the instru-
the southwesterly winds transporting marine and biogenic aifented station of Banizoumbou (TR N, 237 E), a remote
masses and the dust-laden north-easterly dry winds, calledite |ocated about 60 km east of Niamey (Niger) (Rajot et al.,
Harmattan, converge over the Sahel (Janicot et al., 2008)2008)_ The operational period was from 1 June to 17 July
Submicron dust particles, composed primarily of insoluble 006, thus encompassing the pre- and post- Monsoon’s onset
minerals, are typically assumed to be inefficient CCN un-sops field phases. This operational period corresponds to
til they have become mixed with hygroscopic material (€.9..the SOP 1&2 AMMA intensive phases as defined by the in-

sulphates, nitrates, Liu et al., 2005). However, recent laboraternational AMMA implementation plan (Lebel et al., 2010).
tory work show an appreciable CCN activity of “fresh” dust

at relative humidity<90% (Koehler et al., 2009).

The chemical composition of wet precipitation is mainly
determined by three mechanisms: condensation of water va-
por on cloud condensation nuclei, capture of species insidd he time-resolved rain sampling was performed in order to
the cloud droplets (rain-out) and scavenging process belowartition the scavenged local dust at the beginning of rain
cloud (wash-out). The subdivision of a single rain event into€vent and the aerosol particles incorporated in the cloud at
consecutive fractions, by means of a high resolution samihe end of the rain. To do so, an automatic sequential rain-
pling, allows 1) the study of the local atmospheric wash- 9auge was used to collect individual rain events. This sam-
out processes and 2) to follow the variability of rain chem- pler can collect rainwater on an event basis or as sequential
ical composition with time. This also provides an image Segments within an individual rain event. The heart of this in-
of the cloud formation history. With this idea of studying Strument is a 6-place bottle-holder carousel that rotates and
the behavior of dust in precipitating convective systems in€xPoses successive rainwater samplers under a 5@.um
mind, we followed the evolution of the chemical compo- nel. The sampling frequency is controlled by the rotation of
sition of rainwater in the Sahelian MCS by rain sequentialthe carousel and conducted by the operator from a distance
sampling. We have discriminated the different stages of rainin function of the intensity of precipitation. This procedure
fall in terms of their measured components, i.e., major dis-€nsures collection of a volume (in average 100 mL) adequate
solved organic and inorganic ions and several major, minorfor the subsequent analyses and explains that sampling was
and trace elements, as well as their partition between disPerformed at unequal time intervals. The last samplers stayed
solved and particulate phases. Sampling was performed ifnstalled until the end of the rain event. Samples were col-
Niger during the Monsoon Onset- and the Peak Monsooni€ected consequently without interruption. The open and close
Special Observing Periods (SOPs) field campaigns #1&2 ofositions of the rain-gauge are triggered by the rain sensor.
the AMMA program (June—July 2006, Redelsperger and al.Immediately after the end of the rain event, the bottles were
2006). This time of year is the pronest to high dust ac- recuperated and the samples filtered on pre-cleaned 0.2-um-
tivity and is the period when most of the intense dust out-Pore size polycarbonate Nuclepore® filters. The rainwater
breaks are observed over the North Atlantic (Engelstaedtefiltration and the preparation of the samples were all con-
and Washington, 2007). Over the Sahel, the propagatinglucted in a laminar-flow clean bench. A part of the samples
MCS and their associated density currents offer the most efwas used in-situ to measure pH and the rest was conditioned
ficient mechanism for the lifting of dust and its injection to for subsequent analysis in the laboratory (in Paris). A rain-
altitudes favorable for long-range transport, particularly atgauge was also used to determine the total content and in-
the beginning of the monsoon season (e.g. Sterk, 2003). Thtensity of the rainfall. Due to the “mud” effect of the first
measurements were operated at the remote sampling site &in droplets (see Sect. 3.1.), it is not always easy to locate

Banizoumbou (Niger) in the core of the Sahel and on thethe exact beginning of the rain event. The comparison of the
pathway of numerous propagating MCS. rain-gauge measurements with the volumes of the collected

This paper reports on the observations of the Sequen[ains shows that on average 87% of the events was collected.

tial time-resolved precipitating convective events of AMMA  Besides rain sampling, (1) aerosol mass concentration
SOP1&2. Data will be discussed with the double aim (by Tapered Oscillating Microbalance (TEOM)); (2) parti-
of identifying the aerosols incorporated in the precipitating cle number distribution between 0.3 and 20 um diameter (by
cloud, and of studying the interactions between Sahelian atGrimm optical particle counter 1.108); and (3) filter sam-
mosphere and convective clouds. pling for the determination of the aerosol chemical compo-
sition were measured between the rain events (Rajot et al.,
2008). Meteorological sensors were also used to determine
temperature, humidity, wind speed and direction. Finally,
the local wind erosion periods were determined with a salti-
phone monitoring the movements of eroded sand grains in

2.1 Sampling
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the saltation layer, just above the soil surface (Spaan and vaB Results
den Abeele, 1991).
3.1 General conditions
2.2 Analysis
Several studies have illustrated that the rain events in Niger,
Immediately after the rain event, the pH was measured inand notably around Niamey, are mainly related to two kinds
the non-filtered fraction of the rainwater using an Orion pH- of convective systems (e.g. Mathon et al., 2002):
meter and combination electrode. Dissolved metals were de-
termined on stored, filtered and acidified samples. These — Squall lines mesoscale convective systems (SLMCS),

60 ml samples were acidified to pH 1 with Suprapur® HNO which are propagating systems formed in the elevated
in polypropylene bottles and stored in the dark a€4until terrains East of Niamey (Jos Plateau cir)Agener-
analyzed by ICP-AES (Perkin Elmer Optima 3000XL) ac- ally move towards the west or -southwest, and dominate
cording to Desboeufs et al. (2003) for dissolved ions (Na,  rainfall production in this region.

Ca, Fe, Al, Si, K, Mg and P). Upon collection, a part of the
filtered samples was frozen. Back in the laboratory in Paris,
they were melted to measure the major inorganic and organic

anions species (C| Br-, NO,, NOj, SG;", SO, ac-  Between the 1 June and the 17 July, 7 rain events have been
etate, formate, propionate, butyrate, MSApyruvate, valer-  cojected, 4 of which were of the SLMCS type. Table 1 de-

ate, and oxalate) and cations @HU_S'”Q ionic chromatog- 45 the sampling characteristics of these rain events. We dis-
raphy (Dionex 4500i device), equipped with an AS11-HC inqyished their convective origins using Satellite and Radar
column associated with an AG11 pre-column. The analysegpservations (MeteosatlR10.8 with tropical color thresh-
were carried out less than one month after collection. Control, 4 and Rapid Developing Thunderstorm product, and MIT
samples (synthetic rainwater spiked with known concentray,qar) obtained from the operational database of the AMMA
tions of inorganic and organic anions) showed that there wag,op (Fig. 1). These observations show that the origin of
no problem of anion conservation with these conditions ofg| pcs is always located in the Eastern or North-eastern ar-
storage. For simultaneous separation of inorganic and short55 of Banizoumbou. The local convective events dominate
chain organic anions, gradient elution by 1-66 MM NaOH ¢ peginning of the sampling period, whereas the SLMCS
(1.5mL/min) was employed. Blanks were treated in the sameé,revail in July. The analysis of the convective activity in
way for quality assurance purposes. Fl_thher, the ion bal?‘”cﬂfrica during AMMA campaign (Janicot et al., 2008) has
was computed by summing up the equivalent concentrationgp o that the transition phase that corresponds to the mon-
of cations i+ and anions i- of the samples. The sum of an-g5on onset was centred on 3 July in 2006, which is ten days
ion equivalent concentrations should be equal to that of th4tar than the mean onset date (1968-2005). The monsoon
cations according to the condition of electric neutrality. onset is followed by the installation of the monsoon and the
Insoluble particulate elemental concentrations for all thejee convection over the Sahelian latitudes with the centre of

rain filters were obtained py wavelength dispersive X'raygravity of the ITCZ located between 18l and 12 N during
fluorescence (WD-XRF) using a PW-2404 spectrometer byihe whole summer. Our samples reflect these conclusions on

Panalytical._ Excitation X-ra_ys are produced by a Cof)lidgethe delay of monsoon onset, since the precipitating events in
tube (Imax=125mA, Vmax=60kV) with a Rh anode; pri- 3,y when the monsoon is installed, present higher rainfall

mary X-ray spectrum can be controlled by inserting filters depth compared to the ones of June (Table 1).
(Al, at different thickness) between the anode and the sam- £ g the collected events, a first dust outbreak in asso-

ple. Each element was analyzed three times, with specifigjation with strong surface winds gets ahead of rain associ-
conditions (voltagg, tube filter, collimator, analyzing crystgl ated with lower wind velocity (Fig. 2). The increase of wind
and detector), lasting 8 tq 10s. Data were coIIe.cted for NiNE&peed with the passage of MCS on the site is usually asso-
elements (Na, Mg, Al, Si, P, K, Ca, Ti, Fe) using SuperQ gjated with a change of wind direction from Southwest to

software. North-east as displayed in Fig. 2. These results are consis-

Total elemental concentration has been obtained by SUMgnt \yith the general circulation expected for West Africa at
ming dissolved and particulate fractions. The percent byiis time of the year (Janicot et al., 2008). Indeed, in June

mass of each individual measured element to the total eleénd July, the ITD (Inter-Tropical Discontinuity), which is
mental mass was then calculated.

the confluence of the south-westerly monsoon winds with
the north-easterly dry Harmattan winds, is positioned be-
tween 183N and 20 N. Thus, the surface monsoon winds
extending in Niger up to IN-20" N are overlain by Har-
mattan winds, transporting dust above 2000 m in the Saha-
ran Air Layer (SAL) (Bou Karam et al., 2008; Lothon et al.,
2008). During the MCS, the surface winds are dominated

— Isolated convective cells (Nonsquall-MCS), which are
formed -and decay- locally.

www.atmos-chem-phys.net/10/9283/2010/ Atmos. Chem. Phys., 10, 92832010
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Table 1. Sample Identification and Main Operational Details for the rainwater sampled during AMMA SOP 1 and 2. Grey lines correspond
to rain events collected from SLMCS. Samples presented in italic correspond with the samples which the elemental total composition is
directly affected by local wash-out.

Sample Date Beginning of  duration Particulate mass Depth SLMCS
ID sampling (UTC)  (hh:mm) concentration  rainfall (mm)  developing zone
(mg/L)

Rainno.1 R1B1 04/06/2006 16:35 00:05 268 45
R1B2  04/06/2006 16:40 00:04 80
R1B3 04/06/2006 16:45 00:04 74
R1B4 04/06/2006 16:50 00:09 44

Rainno.2 R2B1 08/06/2006 18:31 00:13 3127 1.8
R2B2  08/06/2006 18:44 00:05 161

Rainno.3 R3B1 17/06/2006 22:10 00:56 3071 6.2 Central Niger (North of
R3B2 17/06/2006 23:06 01:27 176 Sahel and border of i)
R3B3 18/06/2006 00:33 00:41 55
R3B4 18/06/2006 01:15 00:34 27

Rainno.4 R4B1 01/07/2006 23:12 00:05 98 17 Central Niger (North of
R4B2 01/07/2006 23:17 00:06 30 Sahel and border of i)
R4B3 01/07/2006 23:25 00:22 81
R4B4 01/07/2006 23:47 00:25 6
R4B5 02/07/2006 00:11 01:18 14
R4B6 02/07/2006 01:31 03:29 24

Rainno.5 R5B1 11/07/2006 17:37 00:08 172 19
R5B2  11/07/2006 17:45 00:07 48
R5B3  11/07/2006 17:52 00:09 17
R5B4 11/07/2006 18:02 00:14 17
R5B5 11/07/2006 18:17 00:59 13

Rainno.6 R6B1 14/07/2006 04:28 00:12 51 20.6 Central Niger (North of
R6B2 14/07/2006 04:40 00:11 11 Sahel and border of i)
R6B3  14/07/2006 04:53 00:37 8
R6B4 14/07/2006 05:31 00:38 15
R6B5 14/07/2006 06:10 00:42 11
R6B6 14/07/2006 06:53 01:09 4

Rainno.7 R7B1 17/07/2006 06:24 00:05 81 35.2 South Eastern of Niger
R7B2 17/07/2006 06:30 00:09 53 (border of Nigeria)
R7B3 17/07/2006 06:40 00:12 17
R7B4 17/07/2006 06:52 00:14 6
R7B5 17/07/2006 07:07 00:22 9
R7B6 17/07/2006 07:30 01:19 7

by the winds produced by the propagation of squall lines,a slow stratiform rainfall. Figure 3 displays the rain inten-
explaining the North-East winds observed during MCS. Thesity of the collected events. The precipitation distribution
TEOM measurements show that the aerosol mass concemf rain R3 shows only a stratiform structure, whereas rains
trations reach values around 0.5 g$rduring the dust out- R1 and R2 seem to be mainly convective precipitations. The
breaks, whereas the average background concentrations apgher events combine the two types of rainfall more or less in
around 140 pg m3, confirming a high dust local production agreement with the typical pattern. The comparison between
(Sow et al., 2009). the sample timing and rain intensity show that the same num-
Mesoscale convective cloud systems consist of a combiber of bottle samples (for example RXB3) corresponds as
nation of convective and stratiform precipitations (Houze, Well to convective precipitations as to stratiform rainfall.
1997). The typical precipitation pattern of a MCS is char-
acterized by a heavy convective precipitation followed by

Atmos. Chem. Phys., 10, 9283293 2010 www.atmos-chem-phys.net/10/9283/2010/
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Fig. 2. Surface typical features of the propagating MCS in the case
of the rain R6 (14 July 2006): at the leading edge of the MCS, down-

draughts from the convective cells produce an increasing of surface
. wind and hence a high wind erosion with important dust emission,
: -~ 3 then to the rear of the MCS front, severe rain occurs, inhibiting dust
3 P e atmos_phernc charge. Here, the dlffer_ent successive time of rainwater
14/07 to 05:30 UTC 14/07 to 07:00 UTC sampling are represented for the rain R6 (R6B1 to R6B6).

Fig. 1. Meteosat images from convective system developing for the o
14 July 2006, the Banizoumbou station is marked by a blue star. '
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3.2 Total elemental composition of rainwater

-@-R6

Rainfall Intensity (mm/h)

The sequential study of single precipitation events shows that
the aerosol loadings in the samples of the beginning of rain
event are very high when compared to the one of the follow- J
ing samples (Table 1). More precisely, from 40 to 90% of ~ ° = = = = o o ..
the particulate mass deposition occurs in the first sequential Rainfall duration ()

sample. This high percentage of deposed particles can be at-

tributed to the washing-out by the rain of the dust lifted by Fig. 3. Precipitation intensity (mm/h) for the different collected
the convective systems. In order to discriminate the sample§vents.

influenced by the wash-out from those representative of pre-

cipitating cloud, we compare the total elemental composition

of sequential rainwater samples with the local dust characterconvective cloud. Thus, for the following discussion on the
istics issued by Formenti et al. (2008) (e.g. for the rain R6,variation of elemental composition, we will consider only the
Fig. 4). The results of the elemental composition of Sahe-samples identified as not affected by the washing-out of local
lian dust compared with those of Saharan dust and of otheflust (Table 1, no sample for R2).

aerosols measured in Western Africa (biomass burning and The mean elemental composition of the end of rains (pre-
sea salt) show that local Sahelian dust is richest in Fe andelected samples) is illustrated in Table 2. However, the com-
Si, whereas its Na and Ca contents are the lowest observeghrison of our results on the estimated mass percentage with
(McConnell et al., 2008). In the case of the rain R6, Na, others works based on other methods of mass calculation
Ca, Fe and Si contents are close to those expected for localould be biased. For facilitating comparison with other pub-
dust in the first two samples, but their abundance is differentished data, the mean elemental Al ratios are also reported
(either higher or lower) in the following samples, emphasiz-in Table 2. The results show that for all the studied rains,
ing the contribution of other aerosol source(s) during the rainthe elemental ratios are consistent with the typical values of
event. These observations confirm a clear influence of localAfrican dust samples (Blanco et al., 2003; Formenti et al.,
dust at the initial stage of the precipitation, then the effect 0f2008; Lafon et al., 2006). The presence of biomass burning
below cloud scavenging seems to become negligible in theaerosols has been identified jointly with dust in the monsoon
other sequential samples. For these last samples, the total eddmosphere over Niger (Crumeyrolle et al., 2008), probably
emental composition can therefore be considered as charaanported from southern hemisphere African Easterly Jet ac-
teristic of the remotely incorporated aerosols in precipitatingtivity (Mari et al., 2008). In the rain samples, the K/Al ratio

www.atmos-chem-phys.net/10/9283/2010/ Atmos. Chem. Phys., 10, 92832010
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Table 2. Mean elemental total composition and mean elemental Al ratio for the samples not influenced by local dust wash-out.

R1 R3 R4 R5 R6 R7
% masy+) % masy+) % masq=+) % masq+) % masq+) % masq+)

Na 05% 0.0% 28% 35% 24% 28% 18% 26% 25% 29% 13% 2.2%
K 13% 01% 34% 29% 23% 09% 18% 09% 1.6% 0.8% 15% 1.0%
Mg 05% 01% 1.0% 0.7% 1.0% 04% 08% 04% 1.1% 04% 09% 0.6%
Ca 12% 02% 24% 18% 41% 3.7% 20% 1.7% 3.6% 28% 18% 1.7%
Fe 43% 02% 34% 11% 36% 04% 3.9% 14% 34% 03% 2.7% 1.0%
Si 148% 0.3% 14.7% 3.0% 145% 12% 13.8% 35% 14.0% 0.6% 9.8% 4.9%
Ti 07% 01% 09% 03% 07% 01% 07% 02% 06% 0.1% 0.4% 0.2%
P 01% 00% 01% 00% 01% 01% 01% 0.0% 0.1% 0.1% 0.1% 0.0%

XIAl (£) XIAl (£) XIAl (£) XIAl (&) XIAl (&) XIAl (£)

Na 0.093 0.001 0.4 0.5 0.3 0.5 0.3 0.5 0.4 0.5 0.2 0.4
K 0.24 0.02 0.4 0.2 0.3 0.2 0.3 0.2 0.3 0.1 0.3 0.2
Mg 0.10 0.01 0.18 0.08 0.14 0.08 0.14 0.08 0.19 0.07 0.2 0.1
Ca 0.23 0.03 0.7 0.7 0.4 0.3 0.4 0.3 0.7 0.5 0.3 0.3
Fe 0.78 0.04 0.65 0.07 0.7 0.2 0.7 0.2 0.62 0.05 0.5 0.2
Si 2.70 0.06 2.6 0.2 25 0.6 25 0.6 254 011 1.8 0.9
Ti 0.13 0.01 0.12 0.02 0.12 0.04 0.12 0.04 0.11 0.01 0.07 0.04
P 0.013 0.002 0.01 0.01 0.014 0.004 0.014 0.004 0.02 0.01 0.012 0.004

ranges from 0.24 to 0.4 and is slightly larger than the previ-  eo% :
ously reported value ca. 0.2 for mineral dust (Chiapello et al., B el Banzoumban
1997; Formenti et al., 2003, 2008). However, the K/Al ratio  ** || aree2

does not reach the large value (0.52) observed in the dust. | | =%
mixed biomass burning during the dry season (Formenti et fRBBS

al., 2008; Paris et al., 2010). As a consequence, it seems thE§ 30% |
the biomass burning K-enriched particles have a too small ®
influence on the total elemental composition to create signif- 2% =
icant departures from the dust original composition. Because
the southwesterly monsoon winds could also enable marine
import from Guinean gulf and alter the aerosol composition, - | -
we have also studied the Na/Al ratio. Previously published Na ca Fe
data show a large range of potential values (from 0.04 to 0.5,

Formenti et al., 2008) consistent with those measured in ouFig- 4. Comparaison between total elemental content in collected
rain samples. Moreover, no correlation is observed betwee§@mples for the rain R6 (14 July 2006) and in emitted local dust
the Na" and CI concentrations in the dissolved phase of the €Xtracted from Formenti et al. (2008).

rainwater (see Sect. 3.3., Table 3), indicating insignificant in-

fluence of marine aerosols. Biogenic emissions, and the as; A . . .
9 ' dust are initially incorporated in convective cloud. In turn,

sociated secondary organic aerosols which have frequentlyhis suggests that dust is incorporated in the convective and

been observed in this season over West Africa (Capes et .algtratiform clouds, either as CCN or by rain-out, and rein-

2009), could also contribute to the aerosol load in the rain : . . .
forces the assumption of the in-cloud processing of dust in

Sa”Tp'eS- H_owever, the observgd mass concentrations of %he convective system (Crumeyrolle et al., 2008; Matsuki et
ganic submicron aerosols (median 1.07 ggfnCapes et al., al., 2010)

2009) are negligible compared to the total aerosol mass mea- Over West Africa, dust is transported in summertime at al-

sured in Ban|zoumbou In summer (140 g i. DN aVeTage, i 1des of a few km in the northeasterly dry Harmattan layer
see Sect. 3.1.). Finally, scanning electron microscopic obser; )

X L g (Lothon et al., 2008; Bou Karam et al., 2009). The presence
vations of the rain filters do not reveal any mixing of aerosol

of dust at lower altitudes may be due to a combination of
types or the presence of any component other than dust. A o : )
resh emissions from local dust sources and sedimentation of

a re_s_ult, the major pontrlbutlon_ in the total el_em_ental €OM- yust from upper plumes (Ben-Ami et al., 2009). Therefore,
position can be attributed to mineral dust, pointing out that . . . .
the dust found in the convective clouds could either originate

O R6B6

10% —
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Table 3. Median chemical composition of dissolved phase of each collected rains during AMMA SOP 1 and 2.

R1 R2 R3 R4 R5 R6 R7
peq/L concentratiott)  concentratio£) concentratio{#+) concentratio+) concentratiori+) concentration+) concentration+)
Ht 3.89 0.4201 6.76 0.57 4.24 0.29 6.00 0.52 6.73 0.37 11.53 0.4795 6.26 0.13
Nat 29.7 4.9 45.2 27.9 35.0 80.3 27.1 27.3 17.6 20.2 7.6 5.8 51 7.6
K+ 11.9 4.3 57.7 57.3 33.7 45.2 11.1 7.4 8.4 7.9 2.3 1.2 2.3 2.6
Mg2+ 34.0 2.4 66.7 27.2 34.8 18.9 13.6 4.3 11.0 4.8 4.7 1.1 4.7 2.4
cat 49.2 6.8 71.8 10.3 41.1 26.8 39.9 17.9 29.0 11.0 16.4 4.4 8.7 3.1
NHI 2.6 1.9 3.2 1.3 2.5 0.6 11.3 5.2 10.5 2.3 14.5 8.5 9.3 4.1
CH3COO™ 0.0 0.0 0.0 0.0 0.3 0.4 54 8.5 6.1 14.7 12.6 7.5 6.6 35
CoH5COO™ 0.0 0.0 0.0 0.0 1.6 3.1 0.0 0.1 0.4 0.5 0.3 0.2 0.0 0.1
HCOO~ 0.1 0.0 0.2 0.1 0.3 0.3 8.1 9.1 11.8 14.6 13.3 3.2 6.2 2.6
CH3-CO-COO 0.3 0.1 0.2 0.0 0.2 0.2 0.2 0.1 0.2 0.0 0.2 0.1 0.2 0.1
o7 05 0.0 0.4 0.0 1.3 0.7 0.6 0.2 3.6 1.2 1.9 0.4 1.2 0.4
F 2.0 0.9 0.4 0.2 4.8 4.1 0.5 0.6 3.0 2.8 0.7 0.5 0.9 1.2
ClI— 33.5 7.2 29.2 17.0 27.9 22.1 13.7 16.7 17.5 19.1 13.3 20.2 8.8 20.5
NOE 0.8 0.6 0.5 0.2 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.3 0.4
Br— 0.3 0.1 0.2 0.1 0.1 0.1 0.2 0.0 0.2 0.1 0.1 0.0 0.1 0.0
NO; 42.3 12.2 455 18.4 17.2 28.0 13.5 8.6 19.6 25.3 11.1 7.3 7.0 2.8
sog— 55.3 24 615 33 851 814 59.6 49.2 247 30.9 8.9 14.0 7.1 13.5
PO%‘ 13 0.3 3.0 1.8 1.0 0.8 0.7 0.6 0.9 0.6 0.3 0.2 0.7 0.0
X cation 131.3 251.4 151.4 109.1 83.2 57.1 36.5
X anion 136.4 141.0 139.8 102.5 88.1 62.9 39.3
ionic budget —1.9% 28.1% 4.0% 3.1% —2.8% —4.9% -3.7%
pH 5.4 5.2 5.4 5.2 5.2 4.9 5.2
organic part 27.9% 26.4% 41.0% 53.5% 47.5% 68.9% 67.9%
on acidity
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from the Harmattan layer or be incorporated locally during Na and Ca and poorer in Fe and Si. This indicates a Sa-
the formation of the convective system. Previous studies oharan origin for the dust present in the rainwater (Fig. 4).
elemental composition of dust in Niger during the dry sea-The Ca/Al ratios of the rain samples are in the same order of
son have shown that locally-produced dust is characterizeanagnitude (ranging from 0.2 to 0.7) than in the summer Har-
by low Ca contents, but also larger Si, Al, Fe and Ti contentsmattan layer. The Na/Al value (around 0.3) is also consistent
than the dust advected from Northern Saharan sources (Fowith the ratio observed in the Harmattan layer in wintertime
menti et al., 2008; Rajot et al., 2008). The Northern Saharar(Formenti et al., 2008). For testing the assumption that the
dust is usually enriched in Ca and Mg, because carbonateis-cloud incorporation of local dust is more efficient in con-

such as calcite (CaG{p and dolomite (CaMg(Cg)2) are

during the dry season (140.4), indicating that the summer

the samples collected at the end of the rain, are enriched ischepanski et al., 2009).

www.atmos-chem-phys.net/10/9283/2010/

vective conditions, we compare the total elemental composi-
mainly found in the North African deserts. The latitudinal tion of non-squall MCS (R1 and R5) to the one of squall-line
inhomogeneous distribution of carbonate minerals in the Saconvective systems (R3, R4, R6, R7) (Table 2). No signifi-
haran soils leads to a high North-South gradient of dust Cacant difference of mean total elemental composition can be
content (Kandler and Schutz, 2007). Hence, the Ca/Al ra-detected between the two types of rain events. This suggests
tio ranges from 0.2 for dust produced in the Sahelian beltthat the dust collected in rainwater mainly originates from
and South of the Sahara to 2 for dust originating from thethe Harmattan layer. The direct measurements performed
North-western Sahara (Bergametti et al., 1989; Blanco et al.by Matsuki et al. (2010) in the stratiform part of convective
2003; Chiapello et al., 1997; Formenti et al., 2008; Lafon etclouds also revealed a large proportion of carbonates in the
al., 2006; McConnell et al., 2008). For a same source, meaeust, confirming the Saharan sources influence and hence the
surements show that higher ratios are generally obtained foHarmattan layer origin. Similarly, the mean composition of
the locations closest to the source, due to preferential settlingR7, which formed in the South of Niger in July, is not sig-

of coarse carbonate particles during transport (Blanco et al.nificantly different from the one of the other SLMCS, which
2003). Mc Connell et al. (2008) also emphasize a seasondbrmed over the & region during SOP 1&2. This denotes a
evolution of the Ca/Al ratio in the Harmattan layer, with regional and temporal homogeneity of the dust composition
Ca/Al ratio substantially lower in summer (G450.2) than

in the Harmattan layer.
The activation of Saharan southern and Sahelian sources
samples correspond to sources located closer to the southeim summer is a well-known phenomenon, due to the synop-
Sahara than in winter. As compared to local uplifted dust.tic conditions over West Africa (Karyampudi et al., 1999;
However, the contribution of

Atmos. Chem. Phys., 10, 92832010
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various southern sources in the elevated dust layer is not
well-established. In particular, the partition between Sahe- ’
lian and Saharan dust is debated (Tegen and Fung, 1995). A
already mentioned above, Mc Connell et al. (2008) conclude
to a predominance of Southern Saharan source influencing
the Harmattan layer in summer. In first approach the Ca/Al |
ratio values seem to confirm the importance of South-eastern
Saharan dust sourcesitATérére or Chad) in comparison

to Sahelian sources and is in agreement with the conception
of the AEJ being a provider of dust for the Harmattan layer
(Bou Karam et al., 2008). Even if Si is generally found in
similar proportions in the Sahelian and Saharan dust sources,
particularly high Si/Al contents (around 4) are observed in
the dust plumes originating from the Beld depression be-
cause of the suspended diatoms they contain (Formenti et al.,
2008; Washington et al., 2006). Diatoms are algae encased ifig. 5. SEM images of aerosols found on the rainwater filters: illus-
a silica cell wall, originally present in the Mega-Lake Chad tration of the Boéle diatoms presence in the R3B4 samples orig-
before drought, and now make-up the surface of theé#od inating from MCS developed in the North of Nigéa) and in the
Depression. In the case of rain filters, these diatoms are deR7B5 samples colleted during SLMCS developed in the South of
tected by microscopic analysis, confirming the presence ofNiger (b, c).

extra-Sahelian dust, whatever the type and the developing

zone of the MCS (Fig. 5). However, the Chadian source is

not predominant since the mean ratios Si/Al found in rain-could explain this disequilibrium. Indeed, these particles are
water are close to the typical values of ‘non-Btid African analysed for cations in ICP-AES, but not for anions in IC.
dust (Formenti et al., 2008). Moreover, the rich-in-carbonate The median pH of the rain samples is 5.20, but exhibits
south-eastern Saharan sources are probably the major com-wide range of values, from acid (3.61) to alkaline pH

tributors. (6.06). Precipitation pH in Banizoumbou is usually alka-
line (median pH around 6) via neutralisation by carbonates
3.3 Variation of dissolved phase composition (CaCQ) from mineral dust (Galy-Lacaux et al., 2009). De-

spite the presence of dust particles rich in calcite (see above

A sequential study of given precipitation event shows thatSect. 3.2), only 20% of our samples have a85. Thus,
ionic concentrations are quasi-stable throughout it (notthe collected rains do not appear strongly affected by the
shown). This stability in ionic composition points out the low buffering capacity of dust. On the contrary, the measured
wash-out effect and the low influence of other phenomenorvalues are typical of unpolluted tropical regions (Eklund et
like gaseous dissolution during the rain event. Consequentlyal., 1997; Heartsill-Scalley et al., 2007). Even if no gradi-
the results of the ionic composition can be discussed cumuent of pH is observed on our samples, the acidity is asso-
latively for one rain. These observations also enable us taiated with nitrate and sulphate concentrations in the June
conclude that the ionic composition is mainly determined bysamples (R1 to R3) whereas in July the acidity of the col-
the chemical processes taking place in the convective clouddected rains (R4 to R7) is mainly controlled by the organic

Table 2 shows the median dissolved concentrations of eachpecies, representing up to 69% of the precipitation acidity
rain sample. The dominant ions are’Cand M¢*, nitrate  (Table 2). These inorganic or organic acids could neutralise
(NO3), sulphate (SQT) and chloride (Ct). They are all  the buffering effect of dust. The transition from predomi-
present in low concentrations<{0 peg/L). These observa- nance of inorganic ions to one of organic ions observed on
tions are in agreement with the mean chemical compositiorthe acidity reflects the general trend of the anionic compo-
of Banizoumbou rains of Galy-Lacaux et al. (2009), indicat- sition of rains. Figure 6 illustrates the relative contribution
ing a high influence of terrigeneous ions and limited marineof the anionic composition of the different rainwater sam-
or anthropogenic contribution, as also concluded from the toples. The dominant species in the rainwater are inorganic
tal elemental composition. However, the data set is heterogeanions with a contribution superior to 90% in the first rains
neous overall as discussed below. For the comparison of ththen decreases around 60% for the last rains. One reason of
cations and anions, an ion balance was calculated. This iothe decrease of the inorganic part and subsequent increase
balance is quasi-equilibrated for most rains, except rain R2f the relative organic part is the decrease of concentrations
in which a large deficit in anions is observed. The first sam-of the major inorganic anions (sulphate, nitrate and chloride)
ple of this rain contains a very high particulate load (Table 1:from around 50 peg/L to 10 peg/L. Inversely, the concentra-
around 3 g/L for a median value of 250 mg/L). A potential tions of acetate (CECOO™~) and formate (HCOO) are cor-
contamination of the dissolved phase by fine dust particleselated 2=0.73) and increase from nearly zero in the first

Atmos. Chem. Phys., 10, 9283293 2010 www.atmos-chem-phys.net/10/9283/2010/
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1009% - 4 Implication of convective system on dust transport

and deposition and their impacts
80% - W S042-
sovn Egz: The MCS constitute a predominant feature of the West Africa
=c meteorology during the wet season. Our sequential study of
40% | mco0e- precipitating events shows that the total chemical composi-
Srcso tion of rainwater is initially controlled by the wash-out of
20% 1 Rcrocon. local uplifted dust in the first mm of rainfall. Then the to-
0% ‘ ‘ ‘ ‘ ‘ tal chemical composition is always dominated by the dust
R1 R2 R3 R4 RS R6 R7 incorporated in the convective clouds from the Harmattan

Layer by rain-out or as CCN. Our results also show a spatio-
Fig. 6. Distribution of the median equivalent contribution to the temporal homogeneity in the chemical composition of the
measured anion load (%) of the rainwater samples. The organigjst incorporated in the MCS, due to a prevailing influence of
anions appear in green and the inorganic anions in blue. Saharan South-eastern sourceéréfe, the Boéle depres-

sion,...). Thus, the precipitating convective systems act as

samples to around 10 uEq/L at the end of the sampling pegfﬁuent processes to remove dust from the upper Harmat-

. i . . o _ tan layer and to carry and depose dust from source to remote
riod. The third main organic anion is oxalate; ), the . - .
. o . . .___areas. The rainfall variability over the Atlantic Ocean, and
concentrations of which increase also in July in comparison o o
notably cyclone activity, are significantly modulated by the

to June but stays low (less to 4 peg/L). The concentrations ~ "2 .
. . precipitation features of the West African monsoon (Maloney
measured in the July samples (R4 to R7) are representati - . .
o . . and Shaman, 2008). The deposition of mineral dust is a ma-
of the mean anionic concentrations at Banizoumbou and for ; o

. . . or source of nutrients for open oceans and wet deposition is
the West African wet Savannah and tropical forest reviewe - : . : .
: . “more efficient at supplying bioavailable nutrients to the phy-
by Galy-Lacaux et al. (2009), whereas the rains collected mto lankton than drv deposition. Conseauently. the inout of
June (R1to R3) are richer in inorganic anions and character- P y aep : q Y, P

ized by very low values of the organic species. The contri—OIUSt by the precipitating MCS from West Africa during the

bution of acetic and formic acids to the precipitation acidity wet season over the Atlantic chan .COUld prove to _be t_he
(around 60%) is related to a biogenic influence (Seco et o1 major contribution of atmospheric nutrient deposition in this

2007). Based on the biogenic origin of acetate and formatereglon The impoverishment of the Harmattan layer in dust

and FAPAR profiles (Fraction of Absorbed Photosyntheti- gg:;eanr:ga}r']??;ebgrg‘;a':?\zsbﬁguﬁ also modify the regional
cally Active Radiation), Galy-Lacaux et al. (2009) conclude get.

that the organic acidity content is mainly controlled at the be- Our results show also that the ionic composition of rainwa-

ginning of the wet season by the biogenic emissions relatede’ 'S I|tt_le mfl_uenced by the Iocel rainwater compounds. The
gorgamc anions (N© and S(j ) are predominant at the

to the vegetation cycle in the Sahel. However, the late arrival 2" . .
of the 2006 monsoon led to negative soil moisture anomalie eginning of the wet season, then the organic anions (acetate
and formate) of biogenic origin become predominant with

over the Sahel inducing similar vegetation cover anomaliesth tation devel t after th : Th

(Janicot et al., 2008). Moreover, the mineral dust content in € vegelation development, atter the monsoon jump. Thus,

the Sahelian belt in 2006 shows higher values in June, an € cher_nlcal environment of dust in the convective ClOUd.S

a decrease shifted later in the wet season revealing a Iat%/{anes with thg advancement of the wet season. Thus,.as with

inhibition of local dust emission due to late vegetation de- ust, convective systems constitute an efficient provider of

velopment. In these conditions, the passage of the rainin%rganic carbon for the terrestrial and marine biospheres. The
' ' et deposition of organic carbon being a critical point in the

clouds liberates large amounts of Nrecursor of nitrate,
from the soils up to the atmosphere (Stewart et al., 2008) an&arbon budge; over the oceans (Jurado et al., 2008), the MCS
could play an important role in the global carbon cycle.

hence can explain the large part of this compound in June: e
P g p P In-cloud reactivity is also known to favour the uptake of

Our results clearly display this delay of the vegetation devel- : : )
y nispiay y g soluble species on mineral dust particles (Desboeufs et al.,

opment since the biogenic influence on the chemical com-2001_ Sull L 2007). The i | mixing b

position of rain appears only in the samples collected in July.d ’ du van etha .’b ).b N |gtzrna mixing .etweehn q

Thus, the rains collected in June, before the onset of the mordust an nlt_rate as been observed by microscopic metho
n aerosol filters collected before and after convective sys-

soon, present the anionic composition signature of the Sahe? quring th o I | 2008 M K
lian air masses. tem during the monsoon (Crumeyrolle et al., ; Matsuki

et al., 2010). Our results suggest that this mixing could also
occur with organic compounds, which are rarely observed
by microscopic analysis. Recent works show that the mix-
ing between dust and organic species favour the solubility
and hence bioavailabilty of iron, a nutrient essential to phy-
toplankton growth, in the atmospheric deposition (Chen and

www.atmos-chem-phys.net/10/9283/2010/ Atmos. Chem. Phys., 10, 92832010
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Siefert, 2004). Thus, by deposing jointly dust and organic
species, the precipitating MCS could also impact marine pro-
ductivity in the Atlantic Ocean.
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