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Abstract. A Saharan dust event was observed in a rural area
in the Maurienne Valley (French Alps) in summer 2000. De-
tailed data on PM10, particle numbers, and aerosol chemistry
(ionic species and Elemental Carbon (EC) and Organic Car-
bon (OC)) are presented. The comparative evolutions of par-
ticle numbers and chemistry (calcium, sodium, and sulfate)
show that the overall period included two episodes of dust
particles with very distinct chemistry, followed by an episode
with a large increase of the concentrations of species with
an anthropogenic origin. The overall data set does not indi-
cate large interactions between the dust particles and com-
pounds from anthropogenic origin (sulfate, nitrate) or with
organic carbon, all of these species showing very low con-
centrations. Simplistic calculations indicate that these con-
centrations are consistent with our current knowledge of ad-
sorption processes of gases on mineral dust in a clean air
mass.

1 Introduction

Atmospheric dust aerosol load plays an important role in the
Earth’s climatic system. The Sahara is among the world
largest source of dust aerosol (Swap et al., 1996) and a large
part of the northern hemisphere is influenced by these emis-
sions. Frequent dust inputs are experienced in southern Eu-
rope, for example in Spain (Rodriguez et al., 2001), but
events are also seen up north, i.e. in the United Kingdom
(Ryall et al., 2002). The frequency of dust events varied
over the last decades (Goudie and Middleton, 2001) and De
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Angelis and Gaudichet (1991) showed that these inputs in-
creased over some parts of Europe between 1970 and 1985,
as recorded in an ice core drilled in the Mont-Blanc area.

Goudie and Middleton (2001) reviewed the knowledge
about global impact and environmental changes due to at-
mospheric Saharan dust inputs. These inputs are character-
ized by a large mass of particles leading, among other, to a
dramatic increase of the PM10 load at ground level. Dust
particles can react with different species, including those of
anthropogenic origin (Usher et al., 2003). These exchanges
can affect optical properties, size distribution and chemical
composition of aerosol. Data on the increase of nitrate and
sulfate associated with mineral dust during transport show
that heterogeneous reactions can take place onto mineral dust
surface. These interactions become well known and docu-
mented (Schurath and Neumann, 2003). Further, ozone de-
composition on mineral dust is altering the surface of dust
particles (Dhandapani and Oyama, 1997; Ouerdeni et al.,
1996), potentially influencing interactions with other trace
gases (Hanisch and Crowley, 2003a).

However, little is known about the interactions between
dust aerosol and organic compounds or elemental carbon. Li
et al. (2001) presented a laboratory study focussed on the
heterogeneous reactions of some volatile organic compounds
(VOCs) on crustal elements (see also Goss, 1992; Goss and
Heisenreich, 1996) and demonstrated the possible impact of
these reactions on the HOx budget in the lower troposphere.
Field investigations on such chemical interactions are not nu-
merous. In the framework of the Saharan Dust Experiment
(SHADE), no carbonaceous matter was detected in dust sam-
ples (Formenti et al., 2003). Conversely, one result of the
ACE ASIA program (Huebert et al., 2003) was that air pol-
lution modifies dust aerosol in many ways, by adding acidic
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gases, toxic materials, and elemental carbon to the mineral
particles, potentially changing their impact on climate and
human health (Chuang et al., 2003). Therefore, our cur-
rent knowledge about interactions between dust aerosol and
species emitted by human activities is still fragmentary, es-
pecially for organic compounds.

One further concern about these interactions is related to
the regulation of PM10 levels. In Europe, the Air Quality
Directive (Directive 1999/30/EC) sets a threshold value of
20µg m−3 for PM10 annual mean, to be accomplished in the
European Community by 2010, with a daily value of 50µg
m−3 not exceeded more than 7 days per year. Daily values
exceeding 50µg m−3 should not be taken into account if the
aerosol has a natural origin. Nevertheless, particles in these
disregarded cases can include an unknown fraction of mate-
rial with an anthropogenic origin, with potential impacts on
human health. The number of such cases is far from negligi-
ble with, for example, about 4–7 days a year between 1996
and 1999 in Spain (Rodriguez et al., 2001).

This paper presents detailed aerosol chemistry for a Sa-
haran dust episode observed during an intensive field cam-
paign in the French Alps in summer 2000. Parallel sam-
pling for particle number concentrations and chemical anal-
yses (ionic and carbonaceous species) on a short time scale
brings in information on the evolution of the characteristics
of the dust episode, and on interactions between species of
anthropogenic origin and mineral dust.

2 Experimental

2.1 Sampling site

The data discussed in this paper were obtained in the frame-
work of the POVA (Pollution des Vallées Alpines) program
(Jaffrezo et al., 20041), dedicated to air quality studies in two
French alpine valleys. An intensive field sampling took place
in the Maurienne Valley (Fig. 1), between 22 and 29 August
2000. Results presented here were obtained in a rural area
1km away from the village of Sollières (1340 m above sea
level, 170 inhabitants), in the upper part of the valley. This
valley is characterised by important human activities in its
lower part, with several industries and intense international
heavy duty traffic between France and Italy under the Tunnel
du Fŕejus. The upper part of the valley is less densely pop-
ulated and more agricultural, with Sollières located 20 km
away from the entrance of the Tunnel du Fréjus.

1Jaffrezo, J.-L., Albinet, A., Aymoz, G., Besombes, J.-L., Cha-
puis, D., Jambert, C., Jouve, B., Leoz-Garziandia, E., Marchand,
N., Masclet, P., Perros, P. E., and Villard, H.: The program POVA
“Pollution des Valĺees Alpines”: general presentation and some
highlights, to be submitted to Atmos. Chem. Phys. Discuss., 2004.

2.2 Samplings and analysis

Several sampling and measurements were performed during
the whole week. PM10 measurements were performed with a
TEOM (heated at 50◦C) with 15 min time resolution. Parti-
cles number concentrations were measured with a laser parti-
cle counter (Malvern MPC 301X/501X), also with a time res-
olution of 15 min. Aerosols were classified in 4 size ranges
(with limits at 0.3–0.5, 0.5–1, 1–5 and>5µm for the diam-
eters). The upward straight air intake (5 mm ID) was 90 cm
long, and sampling took place at a flow rate of 2.83 l min−1.
This led to approximate inlet efficiency higher than 90% for
particles of 15µm (aerodynamic diameter).

Sampling for ionic analyses was performed on Teflon Ze-
fluor filters (1µm porosity), on a 3-h basis during the day
(08:00–20:00 LT), 4-h basis during the night. Filters were
pre-washed with methanol (Baker, C-MOS grade) in order
to lower the blanks levels. Sampling for analyses of car-
bonaceous matter (Organic Carbon (OC) and Elemental Car-
bon (EC)) was performed on quartz Whatman QMA filters,
on a 6-h basis. Filters were pre-fired 2 h at 800◦C in or-
der to lower the blank levels. Flow rates for both sampling
were 1.5 m3h−1, with 47 mm open-face filter-holders located
about 3m above ground. Filters were changed manually and
field blanks were collected daily. Exposed Teflon filters were
stored in air tight glass bottles. Exposed quartz filters were
stored in Petri-slides wrapped in aluminium foil and placed
in sealed polyethylene bags. All filters were stored at−4◦C
until their analyses.

Teflon filters were analyzed for soluble ionic components
with ionic chromatography in a class 10 000 clean room. All
handling procedures were taking place under a class 100 lam-
inar flow hood. Filters were extracted for 10 min in their stor-
age bottle using 0.8 ml of methanol (Baker C-MOS grade) in
order to first wet the Teflon filters, followed with 9.2 ml of
Milli-Q water. Cations (Na+, NH+

4 , K+, Mg2+, Ca2+) were
analyzed with a Dionex 100 chromatograph, using a CS12
column. Anions (Cl−, NO−

3 , SO2−

4 and a suite of organic
acids) were analyzed with a Dionex 500, using an AS11 col-
umn. These analyses are described in details in Jaffrezo et
al. (1998) and Ricard et al. (2002).

Analyses for OC and EC were performed with a thermo-
optical technique with correction of pyrolysis by laser trans-
mission (the TOT method), on a Sunset Lab analyzer (Birch
and Carry, 1996). The temperature ramp used four steps up
to 870◦C under pure helium for the quantification of OC, and
four steps up to 900◦C with a mixture of 98% He+2% O2 for
that of EC.

The arithmetic average values obtained for the blank filters
were subtracted from concentrations of actual samples to ob-
tain atmospheric concentrations. For most chemical species,
concentrations in blank filters represented 10% at most of
that in exposed filters.

Atmos. Chem. Phys., 4, 2499–2512, 2004 www.atmos-chem-phys.org/acp/4/2499/
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Fig. 1. Map of the Alpine area of the POVA program, with the location of the sampling site in Sollières.

3 Results and discussion

3.1 The dust event: size and mass of the aerosol

The meteorological situation during the early part of the ex-
periment was classical for the summer season in the area,
with marked diurnal temperature cycles between 5◦C at
night, up to 30◦C during the day. Very few clouds where
seen and no precipitation was recorded during the whole pe-
riod. The wind direction pattern inside the valley was clearly
dominated by diurnal changes between upslope (i.e. from the
west, during the day) and down slope (at night) directions,
driven by thermal heating. The wind speed was higher dur-
ing the day than at night, but generally stayed below 4 ms−1.
This situation changed on 26 and 27 August with a strong in-
put of south wind reaching the valley floor on the morning of
26 August, lasting till late on 27 August. Visual observation
at ground indicated a highly turbid atmosphere at that time,
persisting till late the next day. Afterwards, the situation re-
turned to the previous pattern of valley winds.

Figure 2 presents the evolutions of PM10 and particle num-
ber concentrations for the whole sampling week. PM10 con-
centrations slowly increased during the first part of the exper-
iment (on 22–26 August with daily averages in the range 20–
30µg m−3, and pronounced diurnal variations with maxima
during late afternoon or early evening. A very large increase
in the PM10 concentrations took place in the late morning of

26 August, coincident with the change to south winds ob-
served at ground. It happened in two distinct parts, the first
one peaking between 11:30 and 14:00 LT. During the sec-
ond part of this PM10 increase, hourly averages reached up
to 285µg m−3 at 19:00 LT. Afterwards, the PM10 concen-
trations decreased back to lower levels, reached at 08:00 LT
on 27 August. The increase in PM10 was very well corre-
lated with the changes in the concentrations of particles in
the super micron channels (d>5µm, and 1µm>d>5µm).
Conversely, the evolution of the concentrations of the smaller
particles (0.3µm>d>0.5µm) was not linked to the evolu-
tion of the PM10 concentrations.

These high PM10 concentrations, along with large num-
ber of super micron particles, high atmospheric turbidity
and south winds at ground level are characteristic of an in-
put of Saharan dust into the area. This hypothesis is also
supported by a SeaWifs picture (http://www.gsfc.nasa.gov/
indepth/photosearth2000p2.html; Fig. 3) showing a large
dust cloud over the Mediterranean Sea on 25 August, ex-
tending from the Canaries Island to Sicily. Further, 3-day
HYSPLIT air masses back trajectories (http://www.arl.noaa.
gov/ready/hysplit4.html) arriving on site on midday on 26
August at levels of 1000 and 1500 m above ground indicate
an origin of air masses from Northern Algeria, from regions
above 30◦ N (Fig. 4).

A very different behavior is observed for the evolution of
the particle number concentrations in the smaller size range

www.atmos-chem-phys.org/acp/4/2499/ Atmos. Chem. Phys., 4, 2499–2512, 2004
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Fig. 2. Evolution of the PM10 concentration during the sampling week, together with particle number concentrations in 4 size ranges.

 

 1

Fig. 3. SeaWiFS image of the Mediterranean Area on 25 August 2000.

(0.3µm<d<0.5µm) (Fig. 2). During the first days, this
concentration experienced large diurnal cycles with maxima
around midnight. As mentioned earlier, the concentrations
did not followed the increase in PM10 concentrations dur-

ing the stronger part of the dust episode. Instead, the most
striking feature was a large increase in concentration (also
seen for the particles in the 0.5µm>d>1µm channel) start-
ing during the dust episode, reaching a maximum in the early

Atmos. Chem. Phys., 4, 2499–2512, 2004 www.atmos-chem-phys.org/acp/4/2499/



G. Aymoz et al.: Evolution of organic and inorganic components of aerosol 2503

Fig. 4. Airmass back trajectories ending in Sollières on 26 August
2000.

hours of 27 August, and lasting till noon on 27 August con-
currently with the end of south winds at ground. It is likely
that this episode of large concentrations of submicron parti-
cles was associated with an air mass influenced by anthro-
pogenic emissions from outside of the valley, i.e. from north-
ern Italy (Colomb et al., 2002). Despite the large increase
in submicron particles, the particle mass was not influenced
much, as seen with the PM10 series. The next sections will
discuss of the evolution of some chemical concentrations in
parallel with these changes in mass and particle numbers,
particularly during this dust episode.

3.2 Evolution of concentrations for primary components

Figure 5 presents the evolution of concentrations of soluble
calcium, in parallel with changes in particle number concen-
trations in the upper size range. Soluble calcium is generally
considered as a good surrogate for the occurrence of crustal
species in the aerosol, despite other sources (sea salts, com-
bustion processes). During the first part of the week, there
was no strong correlation between PM10 and calcium vari-
ations (r2=0.61; n=42), indicating that the evolutions of the
aerosol mass are not totally driven by changes in the crustal
component. However, the covariations increased between the
concentrations of calcium, large particles, and PM10 during
the overall PM10 increase. Mean Ca2+ concentrations during

Table 1. Arithmetic mean concentrations and standard deviation
before (n=26) and during (n=4) the dust event. All concentrations
in µg m−3.

Dusty period Before dusty period

PM10 146±66 23±11
OC 7.46±2.36 3.40±1.23
EC 0.37±0.19 0.37±0.18
Ca2+ 4.80±1.98 0.63±0.49
Na+ 0.31±0.48 0.11±0.07
K+ 0.28±0.24 0.06±0.05
Mg2+ 0.08±0.02 0.03±0.01
Cl− 0.90±1.62 0.13±0.13
NO−

3 1.05±0.42 0.39±0.11

SO2−

4 2.57±0.87 1.09±0.32
Formate 0.057±0.017 0.033±0.011
Glutarate 0.010± 0.008 0.009±0.004
Oxalate 0.186± 0.088 0.074±0.034

this period reached 4.80±1.98µg m−3 (n=4), a very large
increase compared to the previous days (0.63±0.49µg m−3,
n=26). These very large calcium concentrations are again in
agreement with the hypothesis of a desert dust plume reach-
ing the sampling site at that time. Soluble calcium repre-
sented 3.4±0.7% of the PM10 mass during the dust period,
which is also consistent with a Saharan origin (Loÿe-Pilot et
al., 1986). The mean Ca2+ contribution to PM10 mass during
the other parts of the week was slightly lower, with a value
of 2.5±1.4%.

Figure 5 also presents the evolution of concentrations of
Na+, Cl−, and K+ for the whole sampling week. Concen-
trations are presented in Table 1, comparing average concen-
trations before the dust episode and those during the PM10
event. Concentrations of Na+ and Cl− were really low dur-
ing the first days of campaign (at about 110 ng m−3 on av-
erage), in agreement with a low impact of marine air masses
during anticyclonic situations in the area. However, concen-
trations of both species experienced a peak matching exactly
the initial increase in large particle numbers. Soluble K+

also followed the same behaviour, while Mg2+ concentra-
tions (not shown) were not changing much at that time. The
large enrichment in Na+ may be an indication of marine in-
fluences. However, no methanesulfonic acid (MSA) was de-
tected in parallel which could confirm a direct marine influ-
ence. The large deficit in Mg2+ compared to the sea salt
chemical profile is also against such a direct marine origin
(the concentrations of ssMg2+ should be about 140 ng m−3

based on a marine mass ratio Mg2+/Na+=0.12, with a con-
centration measured at 77 ng m−3 only). Another hypothe-
sis is that the enrichments in Na+ and Cl− were linked with
a dust source containing halite, as seen in a previous dust
episodes over the Alps (Schwikowski et al., 1995) or the

www.atmos-chem-phys.org/acp/4/2499/ Atmos. Chem. Phys., 4, 2499–2512, 2004
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Fig. 5. Evolution of large particle number concentrations during the sampling week, together with changes in concentrations of some cations.

Atlantic (Formenti et al., 2003). Such sources are generally
rather depleted in Mg2+. However, the ratios Ca2+/Na+ and
K+/Na+ were much larger than those in halite (and also than
those in seawater), an indication that the aerosol was most
probably characterized by a mixture of material from two
distinct sources, a calcium-containing mineral mixed with
halite.

Further, the mass ratios Cl−/Na+ (at 3.20) was also much
larger than the halite (1.5) and sea water (1.75) ratios, while
aging processes generally lead to Cl− depletion during sea-
salt transport (Zhuang et al., 1999 and references therein).
This enrichment in Cl− could be due to a mixing of large
particles with biomass burning emissions that would also en-
hance K+ concentrations (Echalar et al., 1995). Biomass
burning plumes are visible on the Algerian coastline on the
SeaWiFS picture (cf. Fig. 3). However, this hypothesis is

not substantiated by the data, with the lack of increase of the
fine particles number concentrations (cf. Fig. 2) or (discussed
below) that of elemental carbon and of specific carboxylic
acids (including oxalate) generally associated with this type
of emissions (Seinfeld and Pandis, 1998). Cl− enrichments
compared to seawater have already been reported for crustal
aerosol (Zhang and Iwasaka, 2001), and attributed to the de-
position on dust particles of chlorine-containing gases. This
mechanism is a hypothesis to explain the Cl− enrichment ob-
served during the first part of the dust episode. However, for
some reasons, this process did not take place in the purely
crustal part of the episode.

Overall, the observation of primary species on a short time
scale during this dust event shows that aerosol contained a
mixture of different mineral dusts, clearly changing in a time
frame of about 12 h. The large drop in the particle number

Atmos. Chem. Phys., 4, 2499–2512, 2004 www.atmos-chem-phys.org/acp/4/2499/
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concentrations and PM10 in the middle of the episode was
associated with a radical change in chemistry. Our data do
not allow further examination of the reasons of this change.
As a general consequence, one can say that interpretations of
observations of Saharan dust over Europe based on the bulk
chemistry of integrated samples (24-h aerosol sampling or
dust horizons in ice core records) can be biased if such po-
tential evolutions are not considered. This would be the case,
for example, for the possible uptake of chlorine-containing
gases during transport, which is totally different between the
first and second parts of this episode.

3.3 Evolution of concentration for secondary inorganic
components

Many studies pointed out to the large potential of interac-
tions between alkaline dust particles and gases from anthro-
pogenic origin (mainly for NOy and SOx species). Such
interactions were demonstrated in several field experiments
totally or partly dedicated to studies of dust aerosol. Ex-
amples include GTE/ABLE 1 (Talbot et al., 1986), ACE-2
(Putaud et al., 2000), IDAF (Galy-Lacaux et al., 2001), MI-
NATROC (for nitrate) (Putaud et al., 2003), TRACE-P (Jor-
dan et al., 2003), SHADE (Formenti et al., 2003). Other mea-
surements also showed sulfate and nitrate enhancements on
dust aerosol, at the Puy de Dome (France) (Sellegri et al.,
2003), in the Barbados (Savoie et al., 1989) or in East Asia
(Mori et al., 2003; Song and Carmichael, 2001). It is gen-
erally pointed out that HNO3 and SO2 uptakes are probably
limited by the availability of acidic gases, rather than dust
concentrations (Jordan et al., 2003). However, some other

measurements showed no enhancement of these species dur-
ing dust episodes, like for example in LBA-CLAIRE (For-
menti et al., 2001), MINATROC (for sulfate)(Putaud et al.,
2003), or at the Jungfraujoch (Schikowski et al., 1995).

Very recently, the uptake of HNO3, N2O5, NO2 and SO2
was investigated in the laboratory on real mineral dust sur-
faces and proxies like aluminium oxide (see Usher et al.,
2003 for a review). The uptake of HNO3 is irreversible i.e.
dust may act as a total sink for HNO3. However, this sink
is limited by the fact that the surface of dust gets pacified
quite rapidly, on a time scale dependent on relative humidity.
Nevertheless, the uptake of HNO3 on mineral dust should be
considered as an important sink for NOy in those parts of the
atmosphere that are influenced by dust emissions (Boerensen
et al., 2000; Hanisch and Crowley, 2001a, b, 2003a, b; Kirch-
ner et al., 1999; Ullerstam et al., 2002).

Other gases are also taken up by dust. For example, N2O5
interacts with dust with an uptake coefficient about an order
of magnitude lower than HNO3. This rate of uptake is also
highly affected by humidity. While for HNO3 and N2O5 the
uptake on dust may be significant, the interactions of NO2
with dust are occurring on much longer timescale and there-
fore present limited atmospheric implications (Usher et al.,
2003). Formation of sulfate on dust particles was also ob-
served, due to the surface oxidation of SO2 by O3 through a
two-step mechanism that involves physisorption of SO2 fol-
lowed by its oxidation. The associated uptake coefficient is
in the order of 10−3 to 10−7, depending on the ozone con-
centration. The uptake coefficient for ozone lies in the range
from 10−2 to 10−8. Again, in this system, a strong influence
of water vapour was observed (Ullerstam et al., 2002).

www.atmos-chem-phys.org/acp/4/2499/ Atmos. Chem. Phys., 4, 2499–2512, 2004
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These processes have been included in GCM’s to evalu-
ate the global impact of interactions between NOy, SOx, and
dust aerosol (Dentener et al., 1996; Liao et al., 2003). It
showed that, over large regions of the Northern Hemisphere
and particularly close to source regions of mineral dust, sul-
fate and nitrate can be associated with the coarse mode of
the aerosol in proportions up to 50%. These quantifications
remain uncertain, due to the lack of precise field and labora-
tory studies of some of the parameters involved (Liao et al.,
2003).

Figure 6 presents the evolution of the concentrations of
SO2−

4 , NH+

4 , and NO−

3 (expressed in nEq m−3) during the
whole week, together with the number concentrations of the
smaller particles. Sulfate concentrations followed a diurnal
cycle during the days preceding the dust episode, with max-
ima during late afternoon or early evening, following a dif-
ferent pattern than the submicron particle number concentra-
tions. On the contrary, sulfate and submicron particles totally
tracked each other during the end of the period, starting dur-
ing the dust episode. The very high concentrations reached
compared to the background earlier in the week are in favor
of an origin from outside of the valley for this anthropogenic
episode, an hypothesis also substantiated by the wind direc-
tion still coming from the south at that time. A very good
correlation existed between NH+

4 and SO2−

4 concentrations
for the whole week (slope=1.04; r2=0.93; n=46; concentra-
tions in nEq m−3), including during the dust episode. The
ratio of sulfate concentration to submicron particle number
(0.3µm<d<1µm) (not shown) is not drastically changing
during the whole week, at 0.30±0.10 10−6 µgSO2−

4 /part,
with no obvious deviation during the dust episode. All of
these information point out to sulfate being mainly in the
form of (NH4)2SO4 in submicron particles for the whole pe-
riod, including the dust event. An upper limit for the concen-
tration of sulfate in the supermicron size range (using 2σ of
the ratio of sulfate concentration to submicron particle num-
ber) can be set at about 1.7µg m−3 on average over the dust
episode, with the hypothesis of a stable ratio of sulfate con-
centration to submicron particle number. It translates into
a maximum mass ratio of SO2−

4 /Ca2+ at 0.36 for supermi-
cron particle, which is lower than most values presented in
other studies showing low interactions between dust and SOx
(Formenti et al., 2001; Putaud et al., 2003; Schikowski et al.,
1995; Sellegri et al., 2003). Further, sulfate in the supermi-
cron size range originates both from initial gypsum (CaSO4)

in the crustal material (which has a low content in the north-
ern part of Northern Africa; Claquin et al., 1999) and from
interactions between mineral dust (mainly calcite, CaCO3)

and SOx. It is therefore likely that the true concentration of
non-crustal sulfate (i.e. coming from interaction of SOx with
mineral dust) was lower than 1.7µg m−3 in our case. There-
fore, our data set indicates very weak interactions between
crustal particles and SOx during transport.

Nitrate concentrations (cf. Fig. 6) were rather low during
the first part of the week, with many samples below the de-
tection limit at 0.29µg m−3. Neither obvious temporal pat-
terns nor links with particle size can be inferred from the
data during this period. A marked increase in nitrate con-
centrations took place on midday on 26 August, coincident
with the onset of the dust episode. It doubled the average
concentration of the previous days, up to 1.05±0.42µg m−3

during the dust episode. There was however no strong link
between the evolutions of nitrate concentrations and particle
numbers in any size during 26 and 27 August. The maxi-
mum in nitrate concentration clearly did not follow that of
sulfate, but was in between the maxima in particle number
for the lower and upper size ranges. Preliminary investi-
gations show that the best relation is found between nitrate
concentrations and total particle surface (Fig. 7), consider-
ing reasonable hypotheses for the average diameters in each
4 size ranges. It is therefore difficult to tell if nitrate was
preferentially linked to the dust particles or to the submicron
particles advected during the anthropogenic episode, a most
likely situation being probably in between. It follows that the
equivalent ratio NO−3 /Ca2+ observed during the dust period,
at 0.16±0.11, represents the upper limit for that in the coarse
particle range. This ratio is much lower than that measured
in many other studies (Song and Carmichael, 2001; Galy-
Lacaux et al., 2001; Formenti et al., 2003; Mori et al., 2003).

Finally, all of these characteristics, including concentra-
tions, size distributions, and mass ratio SO2−

4 /Ca2+ and
NO−

3 /Ca2+ show that interactions of anthropogenic species
NOy and SOx with mineral dust were very limited in our
case, as opposed to observations from many other field stud-
ies. It is therefore interesting to figure out if these concentra-
tions are compatible with the current knowledge of the mech-
anisms involved in the interactions.

Below, we try to compare the concentrations measured for
sulfate and nitrate with first approach calculations where the
particulate ions are assumed to be produced solely by the up-
take of precursor gases. We consider a simple case where the
air mass is isolated from the surroundings (i.e. there is no ex-
changes and replenishments of gases with other air masses).
For this purpose, we will consider the following simple un-
balanced reactions:

HNO3 + Dust→ NO−

3 + Dust (1)

N2O5 + Dust→ 2NO−

3 + Dust (2)

SO2 + O3 + Dust→ SO−

4 + Dust (3)

The loss rate from the gas phase is assumed to follow first
order kinetics. Therefore, the evolution of the concentration
of a gaseous precursor can be expressed as:

[G] t = [G]0 exp(−kt) (4)

where[G]t is the gas phase concentration of the precursors
(i.e. HNO3, N2O5,. . . ) at timet (where time is referring to
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Fig. 7. Evolution of particle total surface area during the sampling week, together with changes in concentrations of nitrate and OC.

the transport time),[G]0 is the initial concentration in the
air mass, andk is the first order rate constant at which the
gaseous precursor is taken up by dust. This rate constant can
then be written as:

k =
1

4
< c > γSdust (5)

with <c> the molecular speed of the gas,γ the uptake
coefficient, andSdust the surface concentration of dust (in
m2/m3). In these crude calculations, the uptake coeffi-
cient is assumed to be the reactive uptake coefficient with-
out any considerations of diffusion limitation (which is any-
how small in the present situation). All input parameters
are listed in Table 2. Initial gas phase concentrations are
estimated for the area in northern Algeria where the dust
may originate, concentration of SO2 is estimated from Chin
and Jacob (1996), while concentrations for NOx and NOy
are calculated online with Geos Chem (http://www.atmos.
washington.edu/∼jaegle/geoso3start.html). These concen-
trations are compatible with measurements obtained during
a Saharan dust episode observed in Italy during MINATROC
(Hanke et al., 2003). We can consider a transit time of about
3–5 days, compatible with back trajectories (cf. Fig. 4) and a
compilation of events observed at the Jungfraujoch (Collaud
Coen et al., 2003).

The results of this very simple calculation are depicted in
Fig. 8. The first issue is that sulfate is produced at a much
slower rate than nitrate. The latter is formed very rapidly
within the first minutes following the uplifting of the air
mass. The rates of formation are then slowed down for both
species, as the air mass gets depleted in the gaseous precur-
sors. The simulated concentrations are roughly consistent

Table 2. Initial parameters used for the simulation of nitrate and
sulphate on dust particles, using a very simple approach based on
first order kinetics in the case of an isolated air mass.

Initial parameters Initial values Units Uptake coefficients (*)

NO2 2.0 ppb 10−4

HNO3 1.0 ppb 0.1
N2O5 10.0 ppt 10−3

O3 50.0 ppb
SO2 500.0 ppt 10−3

Temperature 298.0 K
Pressure 0.5 atm
Radius 0.5 µm
Density 3000.0 m2/kg
Mass concentration 100.0 µg/m3

Surface concentration 3.0 10−4 m2/m3

(*) These values are approximates ones based on real experimental
values. This step is needed as these uptake coefficients are depended
on many parameters which are not accounted for in our simplified
calculations.

with our observations for sulfate, but are too high (probably
by a factor of 2–5) for nitrate. However, it shows that this
very simplified calculation can capture some insights of the
formation of nitrate and sulfate as observed during the POVA
campaign in 2000.

Figure 8 presents a second set of calculations that can
be considered as a lower limit, with the uptake coefficients
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Fig. 8. Time evolution of the simulated concentrations of nitrate and sulphate on dust particle using a very simple approach based on first
order kinetics and for an isolated air mass (see text). Triangle: sulphate; circle: nitrate; closed symbols: best guess simulation; open symbols:
lower limit (see text for details). Nitrate in the best guess case starts at 0 and increases up to 1300 ng m−3 in the first few minutes.

divided by 100. Uptake coefficients are directly linked to
the mass flux of trace gases being trapped by the dust parti-
cles. However, during this process the surface of the particle
is changing as the number of potential reaction and/or ad-
sorption sites is decreasing. Laboratory studies have shown
that the interactions of nitrogen oxides with dust are quite
fast at small contact times but that the chemical conversion is
slowing down with time. These studies have also shown that
humidity has a crucial role in the regeneration of the surface
properties. In fact, at very low humidity the surface of a dust
particle might become totally passivated. As a consequence,
a totally dry air mass might show quite different behaviour
in terms of SOx and NOy interactions with dust. The lower
limit cases in Fig. 8 tentatively represent these conditions of
low reaction. As expected, the levels of nitrate and sulfate
are decreased compared to the base case discussed above,
with concentrations of sulfate approaching zero. Conversely,
concentrations of nitrate are still in the upper limit of the con-
centrations measured in the field.

Owing very large uncertainties in many inputs parameters
for these estimations, there is no strong contradiction in the
comparisons between the field data and these very crude es-
timations of sulfate and nitrate associated to dust. Therefore,
the calculations most probably indicate that the low concen-
trations measured in our case can only result from conditions
were the dust-loaded air mass sampled did not mixed at any
time with polluted air mass during its transport or that the
transport occurred under very dry conditions leading to some
strong surface passivation of the dust.

3.4 Evolution of the concentrations of the carbonaceous
fraction

Very few data exist on measurements of OC and EC dur-
ing Saharan dust episodes, or more generally on mineral
aerosol. Formenti et al. (2003) did not detected OC on at-
mospheric samples during a Saharan dust outbreak over the
Atlantic during the SHADE experiment. Putaud et al. (2000)
presented data showing OC concentrations increasing by a
factor of 3 over the regional background during a mineral
dust episode observed during ACE-2, but indicated that this
episode is probably mixed with an anthropogenic air mass.
So far, only Chuang et al. (2003) proposed observations dur-
ing ACE-Asia, showing coagulation of EC during long range
transport of mineral dust mixed with air mass impacted by
anthropogenic emissions. No OC measurements during typ-
ical mineral dust episodes are currently reported so far for
ACE-ASIA, directly showing interactions of OC with dust
particles. In the same way, laboratory studies on the topic
are still scant (see Usher et al., 2003 for a review). Some ev-
idences of adsorption of organic vapors on mineral dust are
presented, for example by Goss and Eisenreich (1996) and
Li et al. (2001).

The evolutions of the concentrations of EC and OC during
our field study are presented on Fig. 9, together with the evo-
lutions of the particle number concentrations in the smaller
and larger channels. During the first part of the week, OC
concentrations varied between 2.4 and 7.8µgC m−3, follow-
ing a strong diurnal cycle with night time maxima close to
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Fig. 9. Evolutions of OC and EC concentrations during the sampling week, together with changes in particle number concentrations in the
upper and lower channels.

that of the submicron particles number. The series show and
increase of OC concentrations starting in the morning of 26
August, together with that of the super-micron particle num-
ber. Sub-micron particle number also increased at the same
time, and it is therefore difficult to show clear evidence that a
fraction of OC was associated with dust particles. However,
OC concentrations reach their maximum simultaneously to
nitrate, i.e. before the sulfate and sub micron particles max-
ima, while EC maximum concentration lagged that of OC,
following that of sulfate. Further, like for nitrate, the maxi-
mum in OC concentrations was clearly associated with a first
approximation of the total surface area of the aerosol during
26 and 27 August (Fig. 7). All of this information point out,
like for nitrate, to some extent of OC associated with min-
eral dust. It should be mentioned that a fraction of this in-
crease could be from carbon from the carbonate fraction that
was not clearly resolved during TOT analysis. However, in
spite of the absolute increase of OC concentrations during
this period, the contribution of OC to PM10 levels largely de-
creased, being half of that during the rest of the sampling pe-
riod (OC/PM10=9.2% and 18.2% during and before the dust
event, respectively).

EC concentrations do not show a clear trend during the
dust period (Fig. 9), with low concentrations and weak con-
tributions to PM10 mass. It corroborates the hypothesis that
the dust cloud was not mixed with a polluted air mass during
its transport.

As OC is a mixture of hundreds of individual compounds
spanning a wide range of chemical and thermodynamic prop-
erties, interaction between mineral dust and organic com-

pounds depends of the amount and properties of each com-
pound. Some carboxylic acids were measured with ionic
chromatography (thus on a different time scale than OC,
cf. Sect. 2.2.) with, according to decreasing weekly aver-
age concentrations, oxalate (93.7±52.8 ng m−3), formate
(35.4±13.8 ng m−3), succinate (21.5±9.6 ng m−3), malate
(18.1±8.6 ng m−3), malonate (15.9±10.6 ng m−3), glutarate
(9.6±5.5 ng m−3), and glyoxylate (5.5±3.8 ng m−3). Alto-
gether, these acids represented 5.4% of OC by mass on a
weekly average (hence a lower proportion of particulate or-
ganic matter).

Figure 10 presents the evolution of the concentrations of
formate, glutarate, and oxalate for the whole week, together
with the total surface area of the aerosol. Glyoxylate, suc-
cinate, malonate, and malate (all not shown) behaved very
much like glutarate. During the first part of the week, oxalate
and glutarate followed a strong diurnal cycle totally linked to
that of OC. The evolution of formate was quite different, with
no regular diurnal cycle. However, Fig. 10 shows a different
behavior for the 3 acids on 26 and 27 August. Formate con-
centrations followed closely the evolution of the total aerosol
surface. Glutarate concentrations were closely related with
that of sulfate and with the number of submicron particles.
Conversely, the evolution of oxalate concentrations was in
between that of the two other acids, and was very much re-
lated to that of OC.

To the best of our knowledge, there is no previous publica-
tion presenting concentrations of individual organic species
on particulate dust, except for Collaud Coen et al. (2003)
who underline an enhancement of formate and acetate
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Fig. 10. Evolutions of concentrations of some organic acids during the sampling week, together with changes in total particle surface area.

concentrations in PM1 in cases of Saharan dust episodes ob-
served at the Jungfraujoch. Due to their relatively high vapor
pressures, formic and acetic acids are mainly present in the
atmosphere in the gas phase, with generally a proportion of
a few % only in the particulate phase (Saxena and Hilde-
mann, 1996). Interactions of these acidic gases with alkaline
dust can therefore be expected and heterogeneous reactions
are demonstrated in our case also (for formate), with close
connection between concentrations and particle surface area
(Fig. 10). Concentrations of acetate were not determined
in this study, with relatively high concentrations in the field
blanks leading to a detection limit at 50 ng m−3.

Conversely, the other acids are generally mostly parti-
tioned in the particulate phase (Saxena and Hildemann, 1996;
Ricard, 2001) due to their lower vapor pressure, although
Limbeck et al. (2000) found a semi-volatile behavior for
some of these compounds. It is likely that correlation be-
tween these acids and dust would result from their production
directly on the dust from the oxidation of adsorbed gaseous
precursors, or from coagulation between dust and submicron
particles (where these acids are generally measured). Our
data point out to some extent of generation of oxalate on dust
by one of these processes, while glutarate was essentially
associated with the submicron particles during the anthro-
pogenic episode. This difference can probably result from
oxalate being the end product of the oxidation of many or-
ganic precursors (Kawamura et al., 1996), more easily trans-
ferred to the dust surface in large quantities.

4 Conclusions

In this paper, we explore the evolution of some inorganic and
organic constituents of the aerosol on a short time scale, in
parallel with total mass and number size distribution, dur-
ing a Saharan dust episode observed in the French Alps in
summer 2000. First, the structure of the dust episode was
complex, with a large change of the chemical composition of
the coarse fraction of the aerosol in the course of the event.
Further, the dust event was directly followed by an intrusion
of a polluted air mass, with large increases of concentrations
in the submicron size range for species from anthropogenic
origin. These rapid changes can induce biased in geochem-
ical interpretations in cases of studies of integrated samples
(daily aerosol sampling, or ice core records).

Second, the data indicate very low increase of concen-
trations for sulfate and nitrate associated with mineral dust.
Therefore, interactions seem very limited between dust par-
ticles and gaseous precursors during transport in the case of
this episode, as opposed to many other events described in
the literature. Preliminary calculations show that such low
concentrations of secondary anthropogenic species are com-
patible with current knowledge of uptake coefficients of NOy
and SOx on dust particles, under the hypothesis that the dust-
loaded air mass did not mixed with a polluted air mass during
its transport.

Finally, the concentrations of total particulate organic car-
bon also show limited increase during the dust episode. Only
formate presents evolution of concentrations related to that
of dust. These observations may indicate low reactions of
primary VOC on dust particle, but some extent of uptake of
acidic gases like formic acid during transport.
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