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Abstract. A complete size segregated chemical characterselves. Thus, efforts have been made over the years to eluci-
isation was carried out for aerosol samples collected in thedate the chemical composition of atmospheric aerosols as a
urban area of Bologna over a period of one year, usingfunction of size, and to achieve mass closure on the chemical
five-stage low pressure Berner impactors. An original dual-species for the whole mass of aerosol collected. This is by no
substrate technique was adopted to obtain samples suitablaeans a trivial task, as can be seen from the results of the few
for a complete chemical characterisation. Total mass, inorinvestigations reported in literature on the issue (Heintzen-
ganic, and organic components were analysed as a functioberg, 1998; Neususs et al., 2000; Putaud et al., 2000; Temesi
of size, and a detailed characterisation of the water solublest al., 2001). The elucidation of the organic component of
organic compounds was also performed by means of a prethe aerosol has been the most difficult task so far in achiev-
viously developed methodology, based on HPLC separatioring chemical mass closure.

of organic compounds according to their acid character and Until recently, knowledge on the chemical composition of
functional group analysis by Proton Nuclear Magnetic Reso-aerosols was restricted to the inorganic component, while
nance. Chemical mass closure of the collected samples wagtle was known on the composition of their organic frac-
reached to within a few percent on average in the submicronion (see Jacobson et al., 2000, for a review on organic at-
aerosol range, while a higher unknown fraction in the coarsemospheric aerosols). To date, we know that organic com-
aerosol range was attributed to soil-derived species not anapounds constitute a substantial fraction of the aerosol mass,
ysed in this experiment. Comparison of the functional groupup to 70%, especially in the submicron size range (Saxena
analysis results with model results simulating water solubleand Hildemann, 1996; Jacobson et al., 2000). The total
organic compound production by gas-to-particle conversionamount of organic carbon (OC) within aerosol is usually de-
of anthropogenic VOCs showed that this pathway provides aermined by Evolved Gas Analysis (EGA) whereby heating
minor contribution to the organic composition of the aerosolthe sample causes the evolution of the organic compounds,
samples in the urban area of Bologna. oxidised to CQ@, which is then measured (Cadle et al., 1980;
Huntzicker et al., 1982; Novakov et al., 1997; Cachier et al.,
1989; Chow et al., 1993; Putaud et al., 2000). After quantifi-
cation of aerosol OC, the traditional analytical approach to
OC speciation has usually been the solvent extraction of col-

Atmospheric aerosol particles play an important role in thel€cted aerosol particles, followed by Gas Chromatography-

atmosphere for several reasons. They transport materid)12Ss Spectroscopy (GC-MS) analysis for individual com-

through the atmosphere, affect the optical properties of thd?ound speciation. In spite of the large number of compounds
atmosphere, serve as condensation nuclei for the formatiof€tected (sometime several hundreds), on average less than

of clouds, and also take part in chemical reactions in the at0% of fine aerosol OC mass has been attributed to specific

mosphere. compounds by this procedure (see e.g. Rogge et al., 1993).
All these processes involving atmospheric aerosols depend !N @ previous work (Decesari et al., 2001), we specifically
on the size and chemical composition of the particles them_gddressed the seasonal trend of water soluble organic aerosol
in the Po Valley, an area in northern Italy affected by strong
Correspondence tdS. Fuzzi anthropogenic activities, employing a new procedure based
(s.fuzzi@isac.cnr.it) on functional group analysis which is able to account for
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Impaction charges. Aerosol total carbon/organic carbon (TC/OC) can
Plate also be measured by EGA using the aluminium substrate. On
the (half) tedlar substrate, the whole water-soluble aerosol
Half - Half material, inorganic ions and water soluble organic carbon
Al Foil ——— :_"( \, 0\7 Tedlar Foail (WSOC), was analysed. The tedlar substrate, in fact, can
Q’J easily be pre-cleaned, and exhibits very low blank values for

both inorganic and organic analyses.

Determination Water 2.2 Sample handling
of mass Extraction

Prior to sampling, aluminium foils were pre-fired at 500
EGA andlysis for 4 h. Tedlar foils were cleaned several times with Milli-Q
water, sonicated for 30 min, rinsed again with Milli-Q water
and dried in a clean room for 24 h. This cleaning procedure
allowed a reduction of the blank values for both inorganic

IC and organic analyses. For a mean sample volume of40m
TOC blank values lower than 5ngm were reached for all in-
: IEC HNMR va ; 1€ i
analysis organic ions, except for Ga (30 ngnT3), NO; and scj

(20ng n13); blanks for TC and OC were ca. 280 ngC#n
Jwhereas WSOC blanks were ca. 120 ngCm After sam-
pling the foils were stored at°C in Petri dishes until the
analysis.

Aluminium foils were weighed with a microbalance (Sar-
80-90% of the water soluble organic compound mass (Decetorius, MC5) at 23+ 1°C and 194+ 3% RH before and af-
sari et al., 2000). In the present paper, we extend our study téer sampling. The weighing precision wa g and the
the size segregated composition of aerosols, and to the possitandard variation of the aluminium blank foils w#40..g
bility to achieve the mass closure on the chemical species of? = 5).
the aerosol in the different size fractions. Extraction of tedlar foils was performed with 6 mL of
Milli-Q Organex water in an ultrasonic bath. Aliquots of
the extracts were used to perform the following analyses: in-

Fig. 1. Scheme of the dual-substrate technique employed for th
impactor samplings and of the sample handling and analysis.

2 Experimental part organic ions, total dissolved organic carbon and speciation
of water-soluble organic compound into its main classes of
2.1 Aerosol sampling species (Fig. 1).

The sampling was carried out on the roof of the ISAC Insti- 2.3 Total carbon and organic carbon analysis
tute building at ca. 18 m height above the ground. The Insti-
tute is located in the northern outskirts of the city of Bologna, TC/OC analyses of the aerosol samples were performed on
ca. 3.5 km from the city centre. a small portion of the aluminium foil by evolved gas analy-
Sampling was performed using an 80| minfive-stage  sis (EGA). With this technique, samples are subjected to five
Berner cascade impactor (LPI 80/0.05) in the following size increasing temperature plateaus up to%5@ an oxygen-
ranges: (1) 0.05-0.14m; (2) 0.14-0.42Zum; (3) 0.42— free carrier gas, and then in an oxygen-rich carrier gas at
1.2um; (4) 1.2-3.5um; (5) 3.5-1Qum. The sampling pe- 650-750C (Putaud et al., 2000). The evolved carbon-
riod lasted for the whole year 2000. Thirty-four 8-hour sam- containing gases are converted to £&hd measured by a
ples were collected during this period. non-dispersive infrared (NDIR) analyser. The carbon evolv-
Since the different analytical techniques employed for theing at7 < 650°C in the oxygen-free carrier gas is defined as
aerosol characterisation are not compatible with any individ-OC, while the fraction evolving @& > 650°C in the oxidiz-
ual sampling substrate, two impactors would normally haveing carrier gas is expected to be black carbon (BC). Artefacts
been required for this experiment. Instead, we employeddue to charring occurred when analysing the samples col-
a single impactor with a double tedlar/aluminium sampling lected on aluminium foils using the above routine method.
substrate (Fig. 1). The impactor plate substrate consisted dPrevious intercomparisons showed that the accuracy in TC
half a tedlar foil on top of an aluminium foil. On the (half) determination is better than 20%. Due to basic differences
aluminium substrate, total aerosol mass was measured bgmong thermal methods adopted by different authors to split
weighing. In fact, the aluminium substrate can be easilyOC and BC, and to prevent or correct charring, the accuracy
conditioned and weighed with an accuracy gi@ which in BC determination was estimated to be ca. 60%. The char-
is not possible with the tedlar substrate due to electrostaticing effect was assessed for 33 samples, representative of all
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Fig. 2. Annual trend of PMg concentration measured by the Regional Environmental Agency in the Bologna city centre (solid blue line)
and the mass concentration of the impactor samples collected in this work (red dots).

size ranges and seasons, by comparing the BC amount olbhe measurements should coincide with the blank values of
tained with the above method with the values obtained fromthe sampling substrate. The accuracy of the measurements
analysis of an aliquot of sample exposed to an oxidising carranges from 7% for 1 ppmC solution to 3% for concentra-
rier gas at 342C for 2 h, which eliminates OC compounds tions higher than 2 ppmC.

responsible for charring (Cachier et al., 1989). Over these 33

samples, the rati® Cyreated B Croutine Was 0.69+ 0.07 (95% 2.6 Water soluble organic compounds characterisation
confidence level). This regression was used to correct for

charring artefacts the amount of BC in the samples analysed€rosol water soluble organic compounds were charac-
within the present work. terised by adopting the procedure proposed by Decesari et

al. (2000), based on a combination of ion exchange chro-
matography (IEC), functional group investigation by Proton
Nuclear Magnetic Resonance (HNMR) and total organic car-
The concentration of inorganic ions (ISIHNa“L, K+, Cat bon (TOC) _determination. According to 'Fhis procedure, the
complex mixture of water soluble organic compounds was

2+ o - — ; i )
Mg, CI " NO;, So‘zl ) was determlngd byion chromatog . separated by IEC into three main classes of compounds: (a)
raphy (IC) in an aliquot of the tedlar foil water extract (Fuzzi neutral compounds; (b) mono- and di-carboxylic acids: (c)

et al., 1998). The detection limits of the IC analyses are well

below the blank values of the filter substrates reported above? olycarboxyllc amds. HNMR spectroscopy was employed to
analyse a single size-segregated aerosol sample, collected on

59 November. Spectra of the extracts of the five stage sam-
ples in DO solution were acquired in a 5mm probe using a
Varian Mercury 400 spectrometer. Details on the experimen-
tal conditions can be found in Decesari et al. (2000).

2.4 Analysis of inorganic ions

tion limits within this study. The accuracy of IC measure-
ments was better than 5%.

2.5 Total water soluble organic carbon content

Another aliquot of the tedlar foil water extract was used t03 Results and discussion

determine the water soluble organic carbon content of the

samples, using a Shimadzu TOC-5000A liquid analyser. The~igure 2 reports the total aerosol mass concentration, ob-
sample was neither acidified nor purged, to avoid loss oftained by adding the measured mass of the 5 stages, for
volatile organic compounds. According to this procedure,the whole sample set, superimposed on the daily-averaged
no distinction between water soluble organic carbon and inPM1gp measurements performed by the Regional Environ-
organic carbon can be made for our measurements, therenental Agency at a measuring site located in the town cen-
fore dissolved carbonates are included in the total water soltre, ca. 3 km from our sampling site and at street level. The
uble organic carbon content. The detector response was cawo sets of measurements follow the same temporal pattern,
ibrated with standard solutions of potassium hydrogen ph-with higher concentrations in the fall-winter period and lower
thalate. Also in this case, the operational detection limit of ones during spring-summer. In principle, given the upper
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size cut of the impactor, the two sets of data should COir]Cidefl'able 1. Minimum, median and maximum bulk concentrations for

but the impactor mass concentration values are on averag@e analysed species and total aerosol weighed mass. Data were ob-
40% lower than the Ph network measurements. This dif- tained by summing the air concentration from each impactor stage.
ference could be explained by the more peripheral locatioms explained in the text, the data are divided in two periods: fall-
of our sampling site and the different sampling heights abovewinter (FW) and spring-summer (SS). Total carbon (TC) was appor-
ground. In addition, the PA network measurements repre- tioned between organic carbon (OC) and black carbon (BC); water

sent daily samples, while our samples are collected over affisoluble carbon (WINC) was obtained subtracting water soluble
8-hour period during the day. organic carbon (WSOC) directly from TC (see text). All concentra-

éion are reported ipg m—3, except for the case of organic species

The temporal trend of the aerosol mass concentration i _ S
) whose concentrations are reportedigC m

similar to that in other years and that of the 1998—99 period(*
examined in our previous study, albeit in a different location

of the Po Valley (Decesari et al., 2001). Therefore, for the Min Med Max
purpose of the present data analysis, we divided the acquired FW ss FW  SS FW SS
data set into two sub-sets: (i) fall-winter period (hereinafter .+ 010 027 031 126 131 223
FW, January—March and 15 October—-31 December, 25 sam- Noi 427 092 1329 204 39.04 4.20
ples), when PMo concentrations are higher, mostly above — g- 154 091 455 260 1704 584
509 m~3, and (ii) spring-summer period (hereinafter SS, Nai 010 003 0.31 0.18 1.31 0.61
1 April-14 October, 9 samples), when Rjtoncentrations K+ 0.14 005 033 0.10 0.79 0.23
are generally lower than this value. Four FW samples had a g2+ 001 001 005 004 012 0.08
much lower mass concentration with respect to the average cz+ 030 035 1.16 0.76 1.75 1.82
of the period, due to a rain event before sampling, and were c|— 0.15 0.03 0.79 0.07 4.90 0.55
. ’ . ., oc* 406 148 841 2.96 24.25 8.12
present experiment over the warmest period of June to mid- g« 186 1.07 413 177 1049 4.45

August.

wsoc* 185 083 536 184 1501 357
3.1 Bulk results WINC* 278 164 697 293 1918 1152

Mass 23.11 9.92 5324 19.33 14236 36.32

In order to provide a general insight into the aerosol composi-
tion and its temporal trend, we present bulk results obtained
by summing the air concentration data from each impactor
stage. Minimum, median and maximum bulk concentrations .
for the analysed species and total aerosol weighed mass af§ molecular formulas on the polarity of substances. The
reported in Table 1. yalue adopted fpr WINC is derived fro_m literature data for
Carbon analyses performed on both aluminium and tedlafNSeluble organic compounds (Zappoli et al., 1999). Con-
foils, as described in detail in the experimental part, provided?€rsely: the conversion factor for WSOC is based on their

total carbon concentrations (TC), apportioned between occhemical characterisation in the real samples (see Sect. 3.4).

(organic carbon), BC (black carbon) and WSOC concentralndeed, the chemical procedure for WSOC employed in this

tions. study allowed us to obtain an average composition of the

Insoluble organic carbon concentrations were determinedVater-soluble organic fraction, providing quantitative infor-
in previous studies by subtracting WSOC from OC, underMation on the concentrations of carbon, hydrogen and (indi-
the assumption of completely insoluble BC. However, there"ectly) heteroatoms.
is now evidence that a portion of BC is water-extractable Total aerosol mass ranges from 10 to 142 m~3, with

and therefore can be included in the WSOC fraction (Mayol-the highest values observed during the FW period. The max-
Bracero et al., 2002; Geler@set al., 2000). The observed imum aerosol mass concentrations are observed on 1 and 15

partial solubility of BC would lead to an underestimation February in stable weather conditions. Weather charts con-
of the insoluble organic carbon following the above calcu- firm that on those days the air mass did not change for more
lation. Here, we determine a water-insoluble carbon fractionthan 48 h.
(WINC) by subtracting WSOC directly from TC (WIN& The main fraction of the aerosol mass is comprised of in-
TC — WSOQ). organic species (53% in FW and 41% in SS), with ammo-
In order to include the carbonaceous species in the aerosalium, nitrate and sulphate together accounting for more than
mass budget, conversion factors for deriving molecular mas80% (81% in SS and 91% in FW, on average) of the ionic
from carbon mass are required (Turpin et al., 2000). Here wecontent. The percentage amount of TC is similar in the two
propose two distinct factors for WINC and WSOC, respec-periods (35% in FW, 37% in SS) and a significant fraction
tively 1.2 and 1.8, to take into account the strict dependencef it is represented by WSOC (on average 50% of TC). The

Atmos. Chem. Phys., 3, 623-637, 2003 www.atmos-chem-phys.org/acp/3/623/
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Fall - Winter Spring - Summer
S04 WsoC S04 wsoc

9% - 4% 18%
NO3 19% NO3 °
27% 11%

NH4
7%
unk unk
22%

NHA WINC  12% other ions WINC
11% other ions 16% 9% 19%
6%

Fig. 3. Percentage contribution of inorganic compoundsiS,CNOg, NHI), other ions, water soluble (WSOC) and insoluble (WINC)
organic species to the aerosol mass in bulk samples for the two periods fall-winter (FW) and spring-summer (SS). Unk represents percent
difference between total mass measured by gravimetry and total analysed mass.

Table 2a. Minimum, median and maximum concentrations of total 40

weighed massy(g m—3) on each impactor stage (size interval) for
the two periods FW and SS.

w
o
!

Total Weighed Massi(g m—3)
D(um) Min Med Max

FW 0.05-0.14 159 3.40 8.21
0.14-042 486 8.85 2052
0.42-1.20 7.43 2345 88.51
1.20-3.50 129 982 26.66
3.50-10.0 234 6.52 16.10

mass concentration (ng m™)
= N
o (=]
1 1

SS 0.05-0.14 112 176 2.73
0.14-0.42 1.68 3.34 7.17 o
0.42-1.20 2.06 5.80 9.15 1 ' ) ' 3 ' 4 ' 5
120'350 191 393 714 impactor Stage
3.50-10.0 217 3.79 11.05

Fig. 4. Aerosol mass size distribution for the FW season. Impactor
stages refer to the following size ranges: 1) 0.05-Quivt 2) 0.14-
0.42 um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um. Average
non-analysed mass (“unknown”), calculated as the differenceoncentrations for samples exhibiting bulk concentrations higher
between the weighed aerosol mass and the total mass of tHeed line) and lower (blu line) than 40y m~3, respectively.
analysed species, represents a relatively small fraction of the
total weighed mass: 12% in FW and 22% in SS (Fig. 3).

3.2 Size-segregated results or monomodal centred on the 3rd stage. This difference in
mass size distribution is apparently dependent on the aerosol
3.2.1 Mass concentration air concentration: a distinct coarse mode is observed ayPM

concentrations up to 40g m—3, whereas size distributions

A statistical summary of mass concentration in the differ- showing the accumulation mode alone are encountered at
ent size ranges is reported in Table 2a. Aerosol median madsigher aerosol loads (Fig. 4). It follows that pollution events

concentrations are higher in FW than in SS in all size rangestend to increase the fine particle mass with respect to that
In both periods, the maximum value is observed at stageof coarse particles. By contrast, the relative contribution of

3 (23.45ugm 3 — FW; 5.80ugm 3 — SS) and the mini- the coarse particles to the total aerosol mass is higher un-
mum at stage 1 (3.40g,m 3 — FW; 1.76ugm™3 - SS). In  der cleaner conditions. Samples collected during the SS sea-
all samples, the greater part of total aerosol mass (62%) ison showed more heterogeneous size distributions: bimodal
distributed in the fine size range (stages 1-3). Aerosol sizeand monomodal centred either at the 3rd or 5th stage. On
distributions observed during the FW period were bimodalaverage, the fraction of coarse particles mass to total mass

www.atmos-chem-phys.org/acp/3/623/ Atmos. Chem. Phys., 3, 623-637, 2003
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Table 2b. Minimum, median and maximum concentrations of major inorganic compowrgisit 3) on each impactor stage (size interval)
for the two periods FW and SS.

NH} (g m~3) NO3 (kg m—3) SOF~ (ng m3)
D(um) Min Med Max Min Med Max Min Med Max

FwW 0.05-0.14 0.04 021 041 009 043 115 0.06 0.22 0.40
0.14-042 041 095 254 09 243 655 038 083 131
0.42-1.20 044 292 1183 109 8.18 2160 045 289 10.95
1.20-350 0.04 037 361 038 177 916 009 043 434
3.50-10.0 0.03 0.07 049 028 057 319 0.07 0.20 0.59

SS 0.05-0.14 005 009 020 002 005 019 0.10 0.20 0.52
0.14-0.42 0.11 044 084 003 015 079 029 118 231
0.42-1.20 0.10 045 107 011 0.22 208 027 114 271
1.20-350 0.01 004 007 017 060 134 0.05 0.15 0.40
3.50-10.0 0.01 0.03 0.10 014 054 163 006 082 0.16

Table 2c. Minimum, median and maximum concentrations of carbonaceous spﬁxg'm_3) on each impactor stage (size interval) and
for the two periods FW and SS.

TC (ugC m3) BC (ugC m3) OC(ugCn3)  WSOC gCm3)  WINC (ugCm3)
D(um) Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max

FW 0.05-0.14 083 203 615 035 082 393 036 099 329 017 046 173 037 151 442
0.14-042 087 283 635 021 119 274 041 152 484 066 121 280 058 173 481
042-120 055 522 2233 013 116 631 042 334 1601 036 244 983 021 271 1250
120-350 033 193 483 044 060 152 027 124 391 007 073 18 008 117 416
3.50-100 025 096 215 0.00 018 042 021 069 18 020 030 057 014 072 187

SS 0.05-014 044 070 109 013 035 054 020 031 076 008 018 041 031 060 092
0.14-042 074 189 1015 021 057 330 027 074 68 023 046 124 029 138 986
042-120 052 113 194 011 053 067 041 066 164 009 050 1.06 038 070 121
120-350 027 054 086 000 007 015 025 045 080 0.03 022 037 005 029 0.60
350-100 035 048 09 003 005 015 031 042 085 006 024 082 007 021 058

(0.44+ 0.08) is higher than in the cold period (0.3®.08). ric mean diameter and low concentration), thus resulting in
Moreover, the coarse mode is dominant on the accumulatiomn apparent monomodal mass distribution. Therefore, also
mode, even at the highest aerosol air concentrations medhe monomodal distribution observed in Bologna by means
sured for the period (369 m3; 22 August). of the five-stage impactor cannot exclude the occurrence of a

A bimodal distribution has already been determined in thesmaII coarse mode.

European boundary layer at a rural site in Hungary, with a 13

stage low-pressure impactor (Temesi et al., 2001). However,

Neudiss et al. (2000) measured a monomodal distribution in  The studies cited above also tentatively established a re-
the Leipzig Basin, Germany, using a five-stage Berner im-lationship between the mass size distribution and the origin
pactor. In the same region, Heintzenberg et al. (1998) meaef the air masses. In the present study, the different meteo-
sured the aerosol mass distribution with a high-resolutionrological conditions encountered during the SS period could
apparatus (TDMPS and APS spectrometers), finding a binot be well represented by the 8 samples for which a com-
modal distribution with a prevalent mode at 0/3® (ac-  plete mass size distribution was obtained. On the contrary,
cumulation mode), and a smaller coarse mode auth5  the samples from the FW season discussed above are repre-
It is doubtful that the five stage Berner impactor may re- sentative for stable conditions associated with weak surface
solve the coarse mode under these conditions (small geometirculation or short-range transport from central Europe.

Atmos. Chem. Phys., 3, 623-637, 2003 www.atmos-chem-phys.org/acp/3/623/
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Table 2d. Minimum, median and maximum concentrations of minor inorganic compounds {1y @m each impactor stage (size interval)
for the two periods FW and SS.

Na® (ng m3) KT (ng m™3) MgZt (ng m3) Cét (ngm3) CI~ (ngm3)
D(um) Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max

FW 0.05-0.14 0 16 75 9 30 151 05 2 4 9 37 190 7 31 145
0.14-042 8 34 103 26 9% 172 1 3 8 2 5 388 31 130 659
042-1.20 16 81 151 32 144 344 1 6 26 35 137 400 32 403 2297
120-350 16 100 360 10 51 208 2 19 46 44 415 843 18 205 810
350-100 22 104 846 11 24 150 3 17 60 203 398 95 24 124 1125

SS  0.05-0.14 2 7 17 3 14 33 1 2 4 13 43 97 5 10 29
0.14-042 3 13 34 8 34 65 2 3 4 6 45 143 5 8 54
042120 7 22 204 7 29 74 2 4 21 12 81 161 5 9 71
1.20-350 9 78 959 8 19 74 4 20 117 8 218 453 6 15 801
350-100 7 8 281 9 17 30 4 20 42 114 334 998 6 20 246

3.2.2 Chemical composition soil-derived insoluble species not determined in this study.

A similar trend has already been reported in other continen-
Minimum, median and maximum air concentrations for the tal areas by Neliss et al. (2000), Temesi et al. (2001) and
analysed species as a function of impactor stages are précerminen et al. (2001).

sented in Tables 2b-d. For each impactor stage, the ion balance was also evalu-
As depicted in Figs. 5 and 6, inorganic species show quite P ge,

. B _ _ - . . 3
a different trend of median mass concentration in the twoated (Fig. 7). Cation-to-anion ratios, calculatedueq =,

. . . . can be used to test the acidity of aerosol particles. The
periods. In FW, their concentration greatly increases from. .
_3 73 . ion balance does not take into account theé ebncentra-
stage 1 (1.1Z2gm™") to stage 3 (13.16g M °), when in- . ) )
. ; tion, since pH was not measured in our samples. Therefore,
organic species account for 60% of the total mass, and theEation to-anion ratios below unity are indicative of an acidic
decreases to a minimum at stage 5 (u@m=3). In SS, y

) ' ) . nature of the collected particles, while cation-to-anion ratios
inorganic median concentrations show a more homogeneous

A . . above unity indicate the presence of anions not revealed by
distribution among the different stages, with very low val- ; X
3 our analysis. Values around unity (0.99-1.07) were gener-
ues (0.57.gm™) at stage 1 and comparable values at stagesa" found for particles in the fine size range, regardless of
2-3 and 4-5. As for the distribution of inorganic species, y P ge, reg

WSOC and WINC median mass concentrations exhibit i season. Values above unity (1.2—-1.55) were instead observed

FW a pronounced peak at stage 3 (443 — WSOC: :‘or particles in the supermicron size range, whlch can.be re-

3 o ; ated to the presence of carbonates and other soil-derived al-
3.251g ™= WINC), while in SS comparable concentrations kaline compounds (Fig. 7). This is consistent with the mass
are found at stages 2-3 and 4-5 (Figs. 5 and 6). P 9. ).

A larger contribution of carbonaceous species to theclosure resu_lts and with the higher contri_bution of the un-
aerosol mass is observed in the submicron size range. Ilﬁnow.n Species to the coarse aeros_ol .fractlon. In the follow-
fact, as shown in Figs. 5 and 6, the percentage of WSOC anl g d|scu33|on_, the trend of inorganic ions and carbpnace_ous

' o ' ompounds will be reported, with reference to their median
WINC decreases linearly from stage 1 to stage 5. On the con- .

. ) e ) concentrations.
trary, inorganic compounds do not exhibit such a linear trend
and their contribution to the total mass reaches the maximum In both periods, inorganic ions represent a substantial part
value at stages 2 and 3. of the total mass, ranging between 30% and 60%, depending
Figures 5 and 6 also show that the unknown fraction han the stage. The main inorganic species argj NNO3

a similar trend in both periods, strongly dependent on parti-and S(jf (Fig. 8 and Table 2b), which together account for
cle size. The unknown fraction accounts for a few percentmore than 90% of the total inorganic ionic content of the
of the total mass in the fine aerosol size range (stages 1-3jine aerosol fraction and ca. 65% of the coarse fraction. The
where mass closure is practically achieved (u§2n—2 in median concentrations of inorganic species are higher during
both periods, corresponding to 2% of the total mass in FWthe FW period at all stages. Minima are observed at stages
and 6% in SS); higher percentages of unknown species argé and 5, and maxima at stage 3. However, concentrations
found in the coarse aerosol fraction (589m~3, ca. 32% of  at stages 2 and 3 are comparable in the SS period. Nitrate
the total mass in FW and 3.5@gm 3, ca.49% in SS). The is the main inorganic component in FW and is preferentially
increase of the unknown fraction with particle size is due todistributed in the fine size range (77%). However, nitrate
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Fig. 5. Size segregated aerosol chemical composition: median concentratipns ¢) and percentage contribution of inorganic compounds

(sof;, NO3, NHZ{), other ions, water soluble (WSOC) and insoluble (WINC) organic species to the aerosol mass in the FW period. Unk
represents the difference between total mass, measured by gravimetry, and total analysed mass. Impactor stages refer to the following siz
ranges: 1) 0.05-0.14m; 2) 0.14-0.42um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um.
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Fig. 6. Size segregated aerosol composition: median concentratipm( 3) and percentage contribution of inorganic compoundsfl(SO

NO3, NH:{), other ions, water soluble (WSOC) and insoluble (WINC) organic species to the aerosol mass in the SS period. Unk represents
the difference between total mass, measured by gravimetry, and total analysed mass. Impactor stages refer to the following size ranges: 1
0.05-0.14um; 2) 0.14-0.42um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um.

shows lower concentrations in SS and is mainly found (70%) Table 2c reports TC, BC, WINC and WSOC minimum,

in the coarse fraction (stages 4 and 5). median and maximum concentrations. As already observed,
Minor inorganic components are NaK*, Mg2*, C&* all carbonaceous species are preferentially distributed in the

and CI (Fig. 9 — Table 2d). Their contribution to total mass fine aerosol fraction. Figure 10 shows that TC, BC, WINC

is lower than 5%. N&, Mg?+ and C&" are preferentially and water-soluble OC have a similar trend, with minima at

distributed in the coarse size range and show similar concenstage 5, maxima at stage 3 in FW, and comparable concen-

tration at all stages in both periods. The @oncentrations tration at stages 2 and 3 in SS. The contribution of all car-

are higher in the FW period, with maxima at stage 3 andbonaceous species to the total mass decreases as particle size

minima at stage 1, while in the SS period most of the Cl increases, especially for WINC (from 40% to 10%) and BC

mass is found in the coarse fraction: Kshows higher con-  (from 20% to 1%).

centrations in the fine fraction in the FW period, indicating  Similar mass distributions of the main organic and in-

possible biomass combustion sources (Andreae, 1983; Coferganic compounds in the fine and coarse size ranges and

etal., 1991). similar seasonal trends have already been observed in other
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Fig. 7. Aerosol cation-to-anion ratios as a function of particle size in the FW and SS periods. The blue line represents unit ratio. Impactor
stages refer to the following size ranges: 1) 0.05-Qui#t 2) 0.14-0.42um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um.
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Fig. 8. Median concentration of aerosol main inorganic ions as a function of particles size in the FW and SS periods. Impactor stages refer
to the following size ranges: 1) 0.05-0.144n; 2) 0.14-0.42um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um.

polluted continental areas, such as the industrialised Leipzigral compounds, mono-/di-acids and polyacids for both FW
basin, Germany (Heintzenberg et al., 1998), Hong Kongand SS seasons. Due to the smaller amount of samples col-
(Zhuang et al., 1999) and Chicago (Offenberg et al., 2000). lected during the SS period, only three samples could be
It should also be noted that the composition of fine parti-analysed by the HPLC technique (samples collected on 16
cles in Bologna, in terms of air concentrations and seasonaVay, 22 and 24 August). The three separated chromato-
trends is consistent with that observed at S. Pietro Capofigraphic fractions follow the same size distribution as total
ume, a rural site ca. 40 km from the city (Zappoli et al., 1999; WSOC (Fig. 11). Neutral compounds usually occur at lower
Decesari et al., 2001). This observation suggests that formasoncentrations compared to acidic ones, accounting for 15
tion, growth, processing and removal mechanism of aerosolo 40% of the sum of the three fractions. The percentage
particles occur on a regional scale in the Po Valley, due tais higher during the FW season (26 to 36% on average, de-

homogeneous meteorological conditions and diffuse pollu-pending on stage), compared to the three SS samples (15 to
tant sources. 25%). However, it should be noted that higher relative con-

HPLC analysis of the aerosol extracts (Decesari et al.centrations of neutral compounds are encountered only from
2001) allowed the determination of the relative compositionOctober to December (32 to 44% of the sum of the three
of water soluble organic compounds at each impactor stageglasses), whereas from January to March this fraction (22 to
Table 3 summarises the measured air concentrations of net0%) does not differ significantly from the SS case. This
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Fig. 9. Median concentration of aerosol minor inorganic ions as a function of particles size in the FW and SS periods. Impactor stages refer
to the following size ranges: 1) 0.05-0.44n; 2) 0.14-0.42um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um.
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Fig. 10. Median concentrations of carbonaceous aerosol species as a function of particles size: in the FW and SS periods. Impactor stage:
refer to the following size ranges: 1) 0.05-0/4#; 2) 0.14-0.42um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um.

is in agreement with the unique pattern observed during thecal shift (Decesari et al., 2000, 2001). The most impor-
fall season at the San Pietro Capofiume station (Decesari éant compound identified is levoglucosan, accounting for
al., 2001). The acidic compounds contain mono/di-acids andhe sharp peaks between 3.3 and 5.4 ppm as marked in the
polyacids in comparable amounts, but the former are systemfigure. Levoglucosan is detectable for particle sizes up to
atically dominant throughout the year, accounting for 60 to3.5um, and is enriched in the 0.42—1u#n interval. Lev-
70% of the total acidic compounds, with the higher percentoglucosan is an unambiguous tracer of cellulose combus-
contribution in the coarse stages. tion and, due to its chemical stability, can accumulate onto
fine particles and be transported over long distances (Si-
3.3 Functional group analysis of the water soluble organicmoneit et al., 1999). Biogenic WSOC were identified in
compounds all size-fractions on the basis of the chemical shifig)(
reported by Suzuki et al. (2001) and Decesari et al. (2001):
trimethylamine § = 2.90); methansulfonates = 2.81)

Figure 12 shows the HNMR spectra of the five impactor nd dimethylamines; — 2.72). A number of sources,

stages of a sample collected in November 2000 in polluteoEoth natural and anthropogenic, may produce other identi-

iti = —3 ivi -
condltlon_s (total mass = 52 m )._I_nd|V|duaI water splu fied WSOC (acetic acid, formic acid, succinic acid). Most
ble organic compounds were identified, based on their chem-

Atmos. Chem. Phys., 3, 623-637, 2003 www.atmos-chem-phys.org/acp/3/623/



E. Matta et al.: Mass closure on the chemical species in size-segregated atmospheric aerosol 633

Table 3. Minimum, median and maximum concentrations of neutral compounds (NC), mono-/di-acids (MDA) and polyacids for the five size
intervals in the cold (FW) and the hot (SS) season. Statistics of the WSOC content of the samples are also reported in the first column. The
range of variation is not reported for the SS period since a complete HPLC analysis was performed for three samples only (see text). All

concentrations are reported;igC m 3.

WSOC (ugC m3) NC (1gC m3) MDA (1gC m3) PA (1gC m—3)
D(um) Min Med Max Min Med Max Min Med Max Min Med Max

FW 0.05-0.14 0.17 046 173 005 013 042 005 0.14 028 0.03 0.07 0.14
0.14-042 0.73 130 241 0.12 027 044 012 036 060 0.09 024 047
0.42-1.20 0.76 287 983 009 052 128 020 086 165 0.19 055 1.79
1.20-350 0.22 096 186 0.04 0.15 043 0.06 027 042 003 014 0.26
3.50-10.0 0.20 0.30 057 0.03 0.04 0.08 0.04 006 013 0.01 0.02 0.04

SS 0.05-0.14 0.24 0.06 0.08 0.06
0.14-0.42 1.08 0.15 0.34 0.25
0.42-1.20 0.66 0.12 0.18 0.15
1.20-3.50 0.25 0.04 0.10 0.04
3.50-10.0 0.37 0.04 0.13 0.03

100% 100%
Spring - Summer
Fall - Winter
80% 1 80% A
60% 1 60% A
40% 1 40% A
20%) 1 20% 4
0% : : : : 0% . . . .
1 2 3 4 5 1 2 3 4 5
impactor stage impactor stage

Fig. 11. Size segregated WSOC composition during the FW and SS seasons determined by HPLC analysis. The figure reports average an
standard deviations for the ratio between neutral compounds and the sum of the three fractions ggddned,and for the percentage of
mono/di-acids with respect to the total acidic fraction (blue ldiamonds). Impactor stages refer to the following size ranges: 1) 0.05-0.14

um; 2) 0.14-0.42um; 3) 0.42-1.2um; 4) 1.2-3.5um; 5) 3.5-10um.

HNMR signals could not be resolved and attributed to indi- 3.4 Functional group analysis and structural properties of
vidual compounds, allowing only for a more general char- water soluble organic compounds

acterization based on functional group analysis. The main

functional groups identified can be divided into four cate- Fuzzi et al. (2001) showed that functional group analysis per-
gories: H-Ar, aromatic rings; H-C-0O, aliphatic alcohols and formed by HNMR can be used to determine the general struc-
ethers; H-C-C=, aliphatic groups bound to unsaturated structural properties of aerosol organic compounds. Following the
tures; H-C, purely aliphatic groups. The relative compositionsame approach, the concentration of functional groups deter-
of WSOC with respect to the above functional groups showsmined by HNMR in the test sample was used to convert their
minor variations for particle sizes up to 3, whereas the hydrogen content, quantitatively determined by the HNMR
coarsest size-interval is enriched in purely aliphatic moietiesanalysis, into the corresponding carbon content, based on
and is less aromatic. This is in agreement with the HNMR specific theoretical C/H molar ratios. Table4 summarises
data from the size-segregated urban aerosol samples fromhme functional group air concentration of H and C, where the
Kobe City (Suzuki et al., 2001). aromatic moieties were calculated by difference (Fuzzi et al.,
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Table 4. Functional group air concentrations of water soluble organic compounds of sample 291100 for the five size intervals. Molar
hydrogen concentrations are determined by HNMR analysis, whereas carbon concentration were calculated assuming C/H ratios specific fol
each category (Fuzzi et al., 2001). The range of variation of carbon concentrations was estimated according to the uncertainties on the C/H
values. Carbonyls (keto and carboxylic groups) and their alpha carbon atoms are included here in a single category (H-C-C=0).

WSOC Ar H-C-O H-C-C=0 H-C
D(em) wgCm3 umoHmM3  pgCm3  gmoHm23  pgCm2  umoHmM3  ugCm®  umoHmM3  pgCmd
005014 038 0002  020(0.14-025) 0004  004(002-005) 0007  007(0.05-0.13) 0011  0.07(0.05-007)
0.14-0.42 1.20 0.007 0.64 (0.46-0.81) 0.013 0.14 (0.08-0.16) 0.020 0.21(0.14-0.36) 0.036 0.22(0.17-0.22)
0.42-1.20 2.01 0.017 0.70(0.28-1.11) 0.035 0.38(0.21-0.42) 0.046 0.49 (0.33-0.84) 0.074 0.44 (0.35-0.46)
120350 058 0004  029(0.19-038) 0007  008(004-008) 0011  011(0.08-0.19) 0018  0.11(0.08-0.11)
3.50-10.0 0.12 0.001 0.00 (0.00-0.04) 0.004 0.04 (0.02-0.04) 0.003 0.04 (0.02-0.06) 0.008 0.05 (0.04-0.05)

_2001)' Ketones and carboxyllc' acids, unlike what was done'I'able 5. Organic functional group concentrations normalized to
in Fuzzi et al. (2001), were estimated here as a whole, CONge total carbon amount (ROF/C) derived for sample 291100 from
sidering a C/H molar ratio of 0.38 (0.2-1.0) between the car-4NMR data. The modelled composition of water soluble organic
bon atoms of C=0 groups and their alpha hydrogen atomscompounds for a typical urban area is also reported based on data
It is noticeable that the aromatic moieties account for only afrom Aumont et al. (2000). Explanation of the symbols: -C(O)OH
few percentages of the total hydrogen content, but up to 50%arboxylic groups;>C=0 keto groups; -CHO aldehydes; -OH al-

of TOC, indicating that aromatic rings are highly condensedcohols
and/or substituted.

The representation of the composition of water soluble or- ROF/C
ganic compounds as a simple budget of functional groups, Functional groups
each characterised by an average structure and molar mass, This study ~ Aumont et al.
allows us to derive general structural properties for these Total 34 — 54% 50 — 70%
compounds, such as the mass/carbon ratio. The assump- -C(O)OH 8 —20% < 1%
tions made to assign an average molar mass to each func- >C=0 4-11% 5-20%
tional group are the same used for estimating the C/H ratios -CHO <d.l ~10%
(Fuzzi et al., 2001). In addition, carboxylic and hydroxyl -OH 22-27% 20 -30%
substituents are considered to occur on aromatic rings, as other polar groups < d.l. ~ 5%

expected by the observed range of chemical shifts for Ar-H
(Decesari et al., 2000). Residual uncertainty associated with
the molar mass of aromatic groups and carbonyls (compris-
ing ketons and carboxylic groups) makes the mass/carbon rgpared with the predictions of models of water soluble or-
tio for WSOC vary from 1.7 to 2.3. An average organic massganic compound formation in a polluted industrialized area.
vs. carbon ratio of 1.8 was used to transform the WSOCaAumont et al. (2000) modelled the water soluble organic
carbon content into the corresponding mass (see Sect. 3.13ompound production by gas-to-particle conversion in ur-
The same ratio was used by Temesi et al. (2001), whereagan and rural environments, resulting in mean air concentra-
Turpin et al. (2000) proposed higher values for the water soltjons of about 1-4.gC m 3. According to the expected re-
uble organic compounds, implying a more pronounced polaaction pathways, these authors provided the functional group
character of the constituents. On the other hand, the HNMRcomposition of the final mixtures of water soluble organic
analysis of sample 291100 clearly indicates that compoundgompounds, which can be compared directly with those de-
bearing purely aliphatic moieties (H-C groups) account for arived from the present work. The modelled (Aumont et
significant fraction of total water soluble organic compounds, al., 2000) and measured (this work) water soluble organic
even if more polar compounds, such as@G- dicarboxylic  compound functional group compositions are reported in
acids, are the most common species identified in the aerosatable 5. Organic functional group concentrations are nor-
soluble fraction and reported in literature (see e.g. Kerminemmalised to the total carbon amount (ROF/C). The data re-
etal., 2000). ported for the real samples only refer to aliphatic functional
As mentioned above, water soluble organic compoundsyroups and to the total aliphatic carbon content, since an ac-
are not characterised at the molecular level in this papercurate aromatic functional group characterisation is not pro-
Thus no information is available on their possible sourcesvided by HNMR. On the other hand, Aumont et al. (2000)
and transformations in the atmosphere. However, the avfeported only aliphatic compounds as representative for the
erage chemical features provided by HNMR can be com-products of gas-to-particle conversion. Moreover, aliphatic
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, carboxylic- groups, according to the relative concentrations

| of neutral versus acidic compounds for the test sample as de-

\ termined by the HPLC analysis. Compared to the composi-
M IJ tion modelled by Aumont et al. (2000), the HNMR results in-

F k / h dicate a lower degree of substitution of water soluble organic
,,.,-—-—JM-M»LfM compounds, and thus a lower level of oxidation. Aumont et
al. (2000) reported mainly oxygenated functional groups, in
agreement with our findings. The measured hydroxyl con-
tent is comparable to the modelled one; on the other hand,
aldehydes are not found in the aerosols we analysed in sig-
nificant concentrations (see also Decesari et al., 2000, 2001).
Moreover, carboxylic groups, which are the main functional
groups present in the real aerosol sample, account for less

ulk A { than 1% carbon atoms in the modelled products of gas-to-

| carbonyls from HNMR (see Table 5) were split into keto- and
A ft [}

0.05-0.14 mMm 4

0.14-0.42 mm

particle conversion. Aumont et al. (2000) suggested that a
much higher concentration of carboxylic groups (ROF/C up
to 20—-30%) can be expected, if further oxidation processes
in wet aerosols are taken into account. The same processes
would lead to the consumption of aldehydic moieties via re-
action with the OH radical. Unfortunately, the actual chem-
ical composition of the end products of this reaction scheme
is highly uncertain, due to the poor information available
on the reactivity of water soluble organic compounds in wet
aerosols. In conclusion, we can only report that the observed
chemical composition of water soluble organic compounds
in the aerosol samples from Bologna is not consistent with
the hypothesis of a major contribution to their concentration
from gas-to-particle conversion of anthropogenic VOCs, un-
less extensive oxidative reactions in the aqueous phase of

0.42-1.2 mm

3.5-10 rm aerosols is considered, for which information is not avail-
F able.
H-Ar H-C-O H-C-C= H-C 4 Conclusions

10 9 8 7 6 5 4 3 2 1 0

Chemical shift (ppm) A complete size segregated chemical characterisation was

carried out for aerosol samples collected in the urban area
) of Bologna over a period of one year. Total mass, inorganic,
I':e'gt'el dzimmsnfggft&igﬂe water extracts of the test samp_le col- dand organic components were analysed and a detailed char-
pactor stages). Extracts were dried an Lo
re-dissolved in deuterated water and an internal standardifYsp acterlsatlpn of WS,OC was performgd. The mass Closure of
was added before analysis. The horizontal scale is the chemic&he chemical species was reached with respect to the weighed

shift () referred to the internal standard. The peaks attributedMass in the_ sub_micron aerosol fraction, while a highe_zr un-
to individual compounds are marked in the figure (“F”: formate; known fraction in the coarse aerosol range was attributed

“L™ levoglucosan; “M”: methansulfonate; “D”: dimethylamine; to soil-derived species not analysed in this experiment. The
“A". acetate). Four specific spectral regions are also identified atmain inorganic components were ammonium, sulfate and ni-
the bottom of the spectra. “H-C": purely alkylic protons; “H-C- trate, the former two exhibiting concentration maxima in the
C=": protons bound to aliphatic carbon atoms adjacent to unsatuf\v and SS periods in the fine aerosol fraction, the latter, ni-
rated groups; “H-C-O": protons bound to oxygenated aliphatic car-tyate, showing lower concentrations in SS and being mainly
bon atoms; “Ar-H”: aromatic protons. The region between 4.4 and{ound (70%) in the coarse fraction (stages 4 and 5).
5.0 ppm is disturbed by instrumental noise due to a residual signa Carb . f tially distributed in
of HDO. Spectra were recorded at 400 MHz. Details on the experi- a,r onaceous spegles Wfare pre .eren lafly ais . ute
mental conditions are provided in Decesari et al. (2000). the flne ae_rospl fractllon, W'th rela.tlve concentrations de-
creasing with increasing particle size. WSOC represents
on average 50% of the total aerosol TC. The three main
classes of compounds that constitute the total WSOC (neutral
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species, mono- and di-carboxylic acids) follow the sameDecesari, S., Facchini, M. C., Fuzzi, S., and Tagliavini, E.: Char-
size distribution as total WSOC. Neutral compounds occur acterization of water-soluble organic compounds in atmospheric
at lower concentrations compared to acidic ones in all size aerosol: A new approach, J. Geophys. Res., 105, 1481-1489,
ranges. Mono- and di-carboxylic acids are the main or- 2000 . . .

ganic acidic fraction, accounting for 60~70% of the total Pecesari, S., Facchini, M. C., Matta, E., Lettini, F.,, Mircea, M.,
acidic compounds, with an higher percentage contribution Fuzzi, S., Tagliavini, E., and Putaud, J.-P.: Chemical features

in the coarse aerosol fraction. Full functional aroun anal- and seasonal trend of water soluble organic compounds in the Po
: group Valley fine aerosol, Atmos. Environ., 35, 36913699, 2001.

ysis of WSOC by HNMR for one size segregated SampleFuzzi, S., Laj, P., Ricci, L., Orsi, G., Heintzenberg, J., Wendisch,
allowed the determination of an average mass to carbon ra- ;. yyskiewicz, B., Orsini, D., Schwanz, M., Wiedensohler, A.,
tio of 1.8. Comparison of the functional group analysis re-  stratmann, F., Berg, O. H., Swietlicki, E., Frank, G., Martinsson,
sults by HNMR to model results simulating water soluble B. G., Ginther, A., Dierssen, J., Schell, D., Jaeschke, W., Berner,
organic compound production by gas-to-particle conversion A., Dusek, U., Galambos, Z., Kruisz, C., Mesfin, S. N., Wobrock,
of anthropogenic VOCs (Aumont et al., 2000) showed that W., Arends, B., and ten Brink, H.: Overview of the Po valley fog
this pathway provides a minor contribution to water soluble experiment 1994 (CHEMDROP), Contrib. Atmos. Phys., 71, 3—
organic compounds in the aerosol samples from the urban 19, 1998. _ . _

area of Bologna, unless oxidation in aqueous aerosol is takefuzZ: S-» Decesari, S., Facchini, M. C., Matta, E., Mircea, M.,
into account to justify the higher carboxylic group content and Tagliavini, E.: A simplified model of the water soluble or-

. o . _ganic component of atmospheric aerosols, Geophys. Res. Lett.,
observed in real samples. In addition, tracer analysis (lev 28, 4079-4082, 2001.

pglucosan) ‘f’queSts that biomass byrning may represen.t %‘elencér, A., Hoffer, A., Molnar, A., Krivacsy, Z., Kiss, G.,
important primary source of WSOC in the Po Valley envi- 414 Meszaros, E.: Thermal behaviour of carbonaceous aerosol

ronment (Decesari et al., 2001). from continental background site, Atmos. Environ., 34, 823-831,
The procedure reported in this paper allowed a full chemi-  2000.

cal characterisation of size-segregated aerosol samples whidteintzenberg, J., Mler, K., Birmili, W., Spindler, G., and Wieden-
is, to our knowledge, the most complete reported in literature sohler, A.: Mass-related aerosol properties over the Leipzig

to date. basin, J. Geophys. Res., 103, D11, 13125-13 135, 1998.
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