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Abstract

As part of an urban aerosol research project, aerosol samples were collected by a small deposit area low-pressure

impactor and a micro-orifice uniform deposit impactor in downtown Budapest in spring 2002. A total number of 23

samples were obtained with each device for separate daytime periods and nights. The samples were analysed by particle-

induced X-ray emission spectrometry for 29 elements, or by gravimetry for particulate mass. The raw size distribution

data were processed by the inversion program MICRON utilising the calibrated collection efficiency curve for each

impactor stage in order to study the mass size distributions in the size range of about 50 nm to 10 mm in detail.

Concentration, geometric mean aerodynamic diameter, and geometric standard deviation for each contributing mode

were determined and further evaluated. For the crustal elements, two modes were identified in the mass size

distributions: a major coarse mode and a (so-called) intermediate mode, which contained about 4% of the elemental

mass. The coarse mode was associated with suspension, resuspension, and abrasion processes, whereby the major

contribution likely came from road dust, while the particles of the intermediate mode may have originated from the

same but also from the other sources. The typical anthropogenic elements exhibited usually trimodal size distributions

including a coarse mode and two submicrometer modes instead of a single accumulation mode. The mode diameter of

the upper submicrometer mode was somewhat lower for the particulate mass (PM) and S than for the anthropogenic

metals, suggesting different sources and/or source processes. The different relative intensities of the two submicrometer

modes for the anthropogenic elements and the PM indicate that the elements and PM have multiple sources. An Aitken

mode was unambiguously observed for S, Zn, and K, but in a few cases only. The relatively large coarse mode of Cu

and Zn, and the small night-to-daytime period concentration ratio pointed to anthropogenic sources by disintegration,

which were related to vehicular traffic, i.e., mechanical wear of brake linings and tires, respectively.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

There is an increased scientific interest in both climate

forcing (Jacobson, 2001; Kaufman et al., 2002; Penner
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et al., 2004; Crutzen, 2004) and health effects (HEI,

2002; Pope et al., 2002; Balásházy et al., 2003) of

atmospheric aerosols since several years. Key aerosol

properties in this respect are the size distribution and

chemical composition as a function of size and time. In

addition, the size distributions provide valuable infor-

mation on the sources and source processes and on the
d.
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transformation processes during atmospheric tran-

sport, and are required for estimating the dry deposi-

tion of the aerosols. Consequently, the mass or number

size distributions of particulate matter (PM), elements,

main ions, and carbonaceous constituents have been

studied in great detail (e.g., Morawska et al., 1999;

Vignati et al., 1999; Offenberg and Baker, 2000; Allen

et al., 2001; Hillamo et al., 2001; Maenhaut et al., 2002;

Singh et al., 2002; Wehner and Wiedensohler, 2003;

Pakkanen et al., 2003; Berner et al., 2004; Hussein et al.,

2004; and references cited therein). Nevertheless, in-

creased size resolution of modern cascade impactors and

some developments in their calibration (Hillamo and

Kauppinen, 1991; Maenhaut et al., 1996) combined with

advanced mathematical algorithms for processing the

experimental data (Wolfenbarger and Seinfeld, 1990;

Talukdar and Swihart, 2003) give new possibilities for

determining the overall shape of the mass size distribu-

tions in detail, i.e., the fine structure of the size

distributions.

Within an urban aerosol research project, aerosol

samples were collected by several filter-based devices

and cascade impactors, and some on-line (in situ)

aerosol measurements were performed in downtown

Budapest, Hungary, in spring 2002 in the non-heating

season in order to perform comprehensive physico-

chemical characterisation of particulate organic matter

(OM), elemental carbon (EC) and inorganic species

(Salma et al., 2004; Maenhaut et al., 2005). The study is

a follow-up and complement to our earlier investigations

(e.g., Salma et al., 2001; Salma et al., 2002). The median

PM concentration was found to be 30 and 20 mgm�3 for

the PM10–2.0 and PM2.0 size fractions, respectively. On

average, the PM10–2.0 size fraction consisted of 49%

crustal matter, 30% OM, 4.7% nitrate, 4.4% sulphate,

2.4% sea salt, 1.7% EC, and 0.8% ammonium by mass.

In the PM2.0 size fraction, OM made up 43%, EC 21%,

crustal matter 14%, sulphate 13%, nitrate 5.8%, and

ammonium 5.7% of the particulate mass (Maenhaut

et al., 2005). The objectives of the present paper are to

report and interpret the fine structure of the PM and

elemental mass size distributions in the aerodynamic

diameter (AD) range between about 50 nm and 10 mm,
to investigate the temporal variation in the relative

contribution of the modes, and to relate the modes to

source types and formation mechanisms.
2. Methods

2.1. Aerosol sampling

The aerosol samples were collected during an in-

tensive field campaign on the first-floor balcony at a

height of about 7.5m above the street level at 5, Rákoczi

Street in downtown Budapest (Word Geodetic System
1998 coordinates: latitude 4712903700N, longitude

1910303800E, altitude 111m above the mean sea level)

from 23 April through 5 May 2002. The site can be

classified as kerbside according to the criteria proposed

by the European Environmental Agency (Larssen and

Kozakovic, 2003). It was located within a street (urban)

canyon that is characterised by a length of approxi-

mately 600m, a width of 25–40m, and a typical height

of 25–30m. The street and its actual section belong to

regular street canyons within which air pollution build-

up is favoured (Hunter et al., 1992). The mean number

of motor vehicles passing the street in both directions

per 15min was obtained on line from loop counting, and

ranged from 86 to 766 with an overall mean of 513.

Among the cascade impactor devices deployed was a

micro-orifice uniform deposit impactor (MOUDI, Mar-

ple et al., 1991) for measuring the PM mass size

distribution. It has 11 impaction stages and a backup

filter stage. The cut-off ADs for the impaction stages are

18, 9.9, 6.2, 3.1, 1.8, 1.0, 0.603, 0.301, 0.164, 0.094, and

0.053mm (numbered 0–10). The device operates at a flow

rate of 30 lmin�1, and the samples were collected on

ungreased 37mm diameter aluminium foils (4mg cm�2)

for the impaction stages and on double Whatman QM-

A quartz fibre backup filters. The foils and filters had

been pre-heated at 550 1C to remove organic contami-

nants prior to sampling. The MOUDI had no additional

inlet. Use was also made of a small deposit area low-

pressure impactor (SDI, Maenhaut et al., 1996) for

measuring elemental mass size distributions. It has 12

impaction stages with cut-off ADs of 8.50, 4.08, 2.68,

1.66, 1.06, 0.796, 0.591, 0.343, 0.231, 0.153, 0.086, and

0.045mm (numbered 12–1), and was equipped with an

upper size AD cut-off inlet of 15mm. The device

operates at a flow rate of 11 lmin�1, and the samples

were collected on 1.5mm thick Kimfol polycarbonate

film. In order to reduce particle bounce-off effects, the

films were coated with vaseline for stages 12–6, and with

paraffin for stages 5–1. The SDI has an improved size

resolution for submicrometer particles, enabling to

resolve typical atmospheric aerosol size distributions in

this range; and the smallest cut-off value of the stages

makes it possible to detect even the Aitken mode

particles, which are believed to play an important role

in the aerosol formation processes. The collection

efficiency for each stage of the SDI was calibrated

(Hillamo and Kauppinen, 1991; Maenhaut et al., 1996)

with monodisperse aerosols, while the collection effi-

ciency curves for the MOUDI were supplied by the

manufacturer, and were adjusted (fine-tuned) according

to their experimentally determined 50% cut-off values.

The devices were operated in parallel with their inlets

facing up, and the aerosol samples were collected

separately over daytime periods (7:00–19:00 local day-

light saving time) and nights (19:30–6:30). A total of 11

samples for daytime periods, and 12 samples for night
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periods (labelled as N1, D2, N2,y, D12, N12) together

with 6 field blank samples were obtained. The samples

were placed into polycarbonate petri slide dishes; the

MOUDI stages were frozen at �25 1C during transport

and storage, the SDI stages were stored at a temperature

of 2–4 1C. In the present paper, use is also made of some

complementary atmospheric concentrations for impac-

tor data validation purposes, obtained from parallel

collections by stacked filter unit (SFU) samplers on

nuclepore filters. More information on the SFU

sampler, actual collections, and analyses can be found,

e.g., in Maenhaut et al., (2005); and Salma et al., (2004).

The first 5 days of the campaign were characterised by

changing, cloudy, and more wet weather conditions

which were finished by a cold front that passed the city

on 27 April. Over the last 7 days, the weather was

generally more stable, dry, and warm with clear sky. In

the first period, the atmospheric concentrations were

generally smaller than in the second period, and the

mean values were changing irregularly from day to day,

but were usually larger for the daylight periods than for

the nights. In the second period the wind speed was

lower, the atmospheric concentrations were generally

larger, and had increasing tendency. The build-up of the

mean concentrations continued monotonically even

from daytime period to night (Salma et al., 2004).

2.2. Chemical analyses and data treatment

Aerosol mass was obtained from the MOUDI samples

by weighing each collection substrate before and after

sampling with a microbalance with a sensitivity of 1 mg.
The substrates were pre-equilibrated before actual

weighing at a temperature of 20 1C and relative humidity

of 50% for at least 24 h. The SDI samples were analysed

for 29 elements (i.e., Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti,

V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr,

Zr, Nb, Mo, Ba, and Pb) by particle-induced X-ray

emission (PIXE) analysis at the Ghent University

(Maenhaut et al., 1996; and references cited therein).

Field blank correction was applied to both data sets.

The experimental results were inverted into smooth

size distributions by the computer program MICRON

(Wolfenbarger and Seinfeld, 1990). MICRON makes use

of the actual collection efficiency curves of the individual

impactor stages to construct response (or kernel)

functions for the stages and these are then employed

together with the experimental data in the inversion. The

inversion is based on constrained regularisation and

produces a smooth size distribution, which consists of 80

data points (logarithmic size channels). The inverted data

were then fitted by log-normal distributions (Winklmayr

et al., 1990; Heintzenberg, 1994; Havránek et al., 1996)

so that the mass concentrations, geometric mean aero-

dynamic diameters (GMADs), and geometric standard

deviations (GSDs) of the different contributing modes
could be obtained for each size distribution. The relative

standard deviation derived for the chemical analyses (due

to counting statistics and spectrum deconvolution in

PIXE) typically ranged from about 1% to 10%. The

aerosol sampling in general is expected to introduce an

additional relative uncertainty of about 6–8% (Salma et

al., 2004); from a number of parallel samplings with two

SDI devices (Maenhaut et al., 1999), it can be estimated

that the uncertainty due to sampling is around 10% for

the SDI stages. Therefore, the analytical standard

deviations of the concentration data were increased by

a relative uncertainty of 10% quadratically summing

them in order to include the sampling uncertainties as

well, and to obtain more realistic overall uncertainties.

These values were finally utilised as input standard

deviations. The effect of input uncertainties on the

inverted distributions was tested, and it was found that

the peaks in the distributions became broader and

slightly smaller with increasing input uncertainty, but

that the mode concentrations and GMADs are preserved

(Kerminen et al., 1997). The increased uncertainty can,

however, disadvantageously affect the detection of

modes with very small concentrations, in particular of

the Aitken mode. Generally, the experimental data were

fitted by three separate modes at most. In a few cases, for

S, K, Zn, and the PM, four modes had to be allowed in

order to avoid systematic differences in the residuals, and

hence in order to better reproduce the experimental data.

In such cases, however, the existence of the fourth mode

could also be clearly judged by the visual inspection of

the raw size distribution data (see Fig. 6). The quality of

the fit was usually good or very good (reduced w2 � 1). In

some particular cases, usually at the ends of the size

interval investigated, the agreement between the experi-

mental data points and the fitted curve was less perfect,

most likely because of other possible modes overlapping

from outside the size range studied, due to some

distortion in the shape of large (single) peaks, to the

shift of the modes during the sampling periods (e.g., with

changing relative humidity), and/or to possible sampling

errors (bounce-off effects). The uncertainty in the mode

diameters obtained by the log-normal fittings is estimated

to be typically one channel width of the MICRON

inverted size distribution; this corresponds to about 10%,

relatively. The individual modal parameters were aver-

aged for each mode and species for all samples, and for

separate subgroups of samples representing daytime

periods and nights.
3. Results and discussion

3.1. Data validation for cascade impactors

Atmospheric concentrations derived from parallel

cascade impactor (SDI and MOUDI) and filter-based
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(SFU) samplings were intercompared in order to

perform the data validation for the impactor samples.

The SFU collects aerosol particles in a PM10–2.0 and a

PM2.0 size fraction. The analytical results for them were

obtained by a combination of instrumental neutron

activation analysis (INAA) and PIXE, and the proce-

dures are quality controlled on a sample by sample basis

(Salma et al., 1997). Atmospheric concentrations of

several aerosol species for the SFU were given elsewhere

(Maenhaut et al., 2005). Atmospheric concentrations of

elements from the SDI were summed up for stages 1–9 in

order to obtain the concentrations for the PM2.68 size

fraction, and these were compared to the PM2.0

concentrations derived from the SFU sampler. Simi-

larly, atmospheric mass concentrations of PM from

the MOUDI were summed up for stages 2–10, and for

the front backup filter in order to get the masses for the

PM9.9 size fraction, and these were compared to the

PM10 masses from the SFU sampler (obtained by

adding data for the PM 10–2.0 and PM2.0 size

fractions). The mean SDI/SFU concentration ratio for

elements listed in Table 1 and for the fine size fractions

mentioned ranged from 0.86 to 1.21 with an overall

mean ratio and standard deviation of 1.0370.10.

Sodium and Br were excluded from the averaging

because of the systematic differences between the two

analytical methods (PIXE and INAA) used for measur-

ing them in SDI and SFU samples (Salma et al., 1997).
Table 1

Average geometric mean aerodynamic diameter (GMAD), number of

(RMC) for the two accumulation submodes, intermediate, and coarse

Budapest in spring 2002

Species Accumlation 1 mode Accumlation 2 mode

GMAD

(mm)
No. RMC

(%)

GMAD

(mm)
No. RMC

(%)

Al 0 0

Si 0 0

Ca 0 0

Ti 0 0

Fe 0 0

Cl 0.39 21 10 0

Zn 0.29 23 12 0

Na 0.34 23 15 0.79 17 26

Mn 0.29 18 5 0.76 23 13

Ni 0.29 23 19 0.76 21 11

Cu 0.31 14 5 0.79 21 10

Pb 0.26 23 28 0.68 23 41

K 0.31 23 19 0.71 21 12

S 0.30 23 46 0.59 22 42

Br 0.32 23 55 0.63 16 26

PM 0.27 23 26 0.65 11 27

For the GMADs, the uncertainty in the individual data is estimated to

from the spread in the individual data for a mode of an element, was ab

the individual data is estimated to be smaller than 17%.
Sodium data obtained by PIXE tend to be systematically

smaller than those obtained by INAA due to difficulties

in correcting for the attenuation of the soft Na K X-rays

in PIXE and to uncertainties in the background

subtraction in that region of the PIXE spectrum; while

the halogens, and in particular Br, can be volatilised

during the PIXE bombardment in the vacuum. Chlorine

was also excluded from the averaging; the SDI/SFU fine

ratio for this element was, on average, 2.270.8; the Cl

on the PM2.0 filter of the SFU is much more prone to

losses during sampling from reactions with acidic species

than the Cl in the impactor stages (Maenhaut et al.,

1987). For the particulate mass, the mean MOUDI/SFU

ratio and standard deviation for the PM10 size fraction

were 0.7870.08. This somewhat smaller than 1.0 ratio

can be explained by wall losses in the impactor

(ungreased aluminium impaction foils were used in the

MOUDI), perhaps to a smaller extent also by some

systematic inaccuracies in the volume measurements of

the two samplers, by possible inaccuracies in the upper

cut-off values of the two samplers, and by difficulties in

gravimetric mass determination for the lightly loaded

impactor stages. Similar elemental and PM mass

concentration ratios were obtained in other intercom-

parisons (Maenhaut et al., 1999). Nevertheless, very

strong correlations between the summed cascade im-

pactor data (PM2.68 size fraction for the elements, and

PM9.9 size fraction for the aerosol mass) and the SFU
occurrence (No.) in 23 samples, and relative mode concentration

modes, and for 15 selected elements and the PM in downtown

Intermediate mode Coarse mode

GMAD

(mm)
No. RMC

(%)

GMAD

(mm)
No. RMC

(%)

0.94 11 4 4.5 23 96

0.96 15 4 4.7 23 96

0.96 14 4 4.8 23 96

0.90 17 4 4.8 23 96

0.90 22 7 4.1 23 93

1.2 18 14 4.6 23 76

0.87 23 29 4.4 23 59

0 3.3 23 58

0 3.9 23 83

0 4.0 23 69

0 3.7 23 85

0 3.3 23 31

2.2 7 13 4.6 23 55

0 3.9 19 12

0 3.8 23 19

2.6 22 20 8.6 23 27

be about 10% and the relative standard deviation, as calculated

out 12%. For the RMCs (with value420%), the uncertainty in
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Fig. 1. Scatter plot of atmospheric concentrations in the

PM2.68 and PM2.0 size fractions derived from the SDI and

SFU samplers, respectively, and SDI/SFU concentration ratios

for Cu. The error bars indicate 71 standard deviation of the

analytical results; the mean SDI/SFU ratio and its standard

deviation of 0.8670.11 are indicated by the solid and dashed

lines, respectively, on the bottom panel.
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concentrations (PM2.0 for the elements, and PM10 for

the aerosol mass) were obtained within the range of 0.91

(for K) and 0.98 (for Ni) with an overall mean

correlation coefficient of 0.9670.02. Sodium, Cl and

Br were excluded from averaging again. The comparison

for Cu is displayed in Fig. 1. The ratios indicated good

consistency between the data sets from the cascade

impactors and the SFU sampler, and confirmed that the

losses from the lower stages of the impactors during the

samplings do not seem to be serious.
3.2. Fine structure of mass size distributions

Average GMAD, number of occurrence in 23

samples, and the relative mode concentration (RMC)

for 15 selected elements and the PM are presented in

Table 1. It is seen that the size distributions in the size

interval investigated were made up of several modes.

For the elements Al, Si, Ca, Ti, and Fe, the size

distributions generally consisted of a large coarse mode
with a GMAD of 4–5 mm containing about 96% of the

elemental mass, and of a smaller but unambiguously

present mode (called here intermediate mode) with a

GMAD at about 1mm containing only 4% of the

elemental mass, on average. Typical GSDs of the modes

were between 1.8–2.0 and 1.4–1.7, respectively. The

intermediate mode was missing for some samples.

Similar doublets of modes (called lower and upper

coarse modes) were observed at an urban site in

Helsinki, whereas the lower coarse mode was missing

in the rural samples collected in parallel (Pakkanen

et al., 2001), and in the UK for Fe and Ba (Allen et al.,

2001). The two modes for Fe are shown in Fig. 2 as an

example, and the map of individual mode concentration

as function of GMAD for Si is displayed in Fig. 3. The

coarse mode is mainly associated with particles from

local origin (Salma et al., 2004; Maenhaut et al., 2005)

generated by both natural processes (erosion, wind

dispersed road, and soil dust) and anthropogenic

activities (e.g., thermal- and motion-induced mobilisa-

tion of road dust, frictional emissions from mechanical

components of vehicles such as tires and brakes).

Correlation between the coarse-mode concentration

pairs of the typical crustal elements (i.e., Al, Si, Ca, Ti,

Mn, and Fe) was strong, as expected, and the correla-

tions in the set including in addition coarse S, K, Br, Pb,

and PM resulted in coefficients (R) between 0.8–0.9. The

strong correlation supports the idea that the main source

for these components, most likely suspension and

resuspension, is common. Fig. 3 also shows that the

GMADs were spread in a relatively small interval, that

no systematic relationship was observed between

GMAD and corresponding mode concentration, and

that there was no significant correlation between the two

sets of modal concentrations, and of GMADs. The

mean correlation coefficients between the coarse and

intermediate mode concentrations and between the

GMADs of the coarse and intermediate modes, for the

crustal elements listed above and PM, were typically

0.6970.17 (moderate correlation) and 0.3170.23 (neg-

ligible correlation), respectively. Crustal enrichment

factors for intermediate mode concentrations, calculated

relative to Mason’s average crustal rock composition

(Mason and Moore, 1982) with Al as reference element,

were similar to those in the coarse mode, and to the

values derived for the whole coarse size fraction. This

indicates that these particular elements in the inter-

mediate mode were also attributable to crustal sources,

which can, however, be different from those for the

coarse mode. One example of such a source is emissions

of fly ash from coal combustion (containing silica,

alumina, Fe, and Ca oxides); the intermediate mode may

consist of particles of regional origin as well. It has to be

noted that the mean correlation coefficient between the

pairs of the intermediate mode concentrations of the

crustal elements and PM was typically 0.6070.20 only,
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thus similar to the correlation coefficient between the

coarse and intermediate concentrations. The correlation

between the GMADs of the intermediate mode for the

crustal elements was stronger, with a mean coefficient of

0.7370.11. An alternative explanation for the inter-

mediate mode could reside in the production mechan-

isms of the mineral aerosol from the road dust. Some

wind tunnel experiments (Alfaro et al., 1998), mathe-

matical models (Alfaro and Gomes, 2001), and field

measurements (Clarke et al., 2004) suggest that the

atmospheric mineral aerosol released by saltation

processes in mineral dust source regions can always be

considered as a mixture of three populations (modes)

with geometric mean diameters of 1.1–1.5, 5.5–6.7, and

14–19 mm, respectively. The relative intensities of the

three modes depend mainly on the wind speed and

binding energy in the target soil. The coarsest of these

three modes lies outside the AD interval studied, but the

other two modes with the smaller diameters could, at

least in principle, correspond to the coarse and inter-

mediate modes observed in the present work. However,

the correlation between the coarse-to-intermediate con-

centration ratio and the wind speed (both within the

street canyon and above the rooftop level) was not

significant, and the real physical conditions in urban

environments are certainly different from those for the
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Fig. 4. Mass size distribution of Ni in downtown Budapest for the

standard deviation. The atmospheric concentrations in the accumula

0.93 ngm�3, respectively, and the GMADs for the three modes were 0

respectively.
saltation process in source regions of natural mineral

dust. In conclusion, more research will be needed to

arrive at a firm identification of the origin and sources of

the intermediate mode.

For the elements Cl, Zn, Na, Mn, Ni, Cu, Pb, S, and

Br, the distributions were generally trimodal (as an

example, a trimodal distribution for Ni is shown in

Fig. 4); they contained a coarse mode and separate

submicrometer-sized submodes (instead of a single

accumulation mode). Also the PM often exhibited two

separate submodes in the submicrometer size range; the

upper of these two modes was only observed in half of

the samples, though; the fact that the MOUDI has fewer

impaction stages in the submicrometer size range than

the SDI makes it more difficult to resolve the

submicrometer-sized modes. The mode diameter for

the upper of the two submodes of the elements Cl and

Zn was larger than that of the other elements; it was

actually similar to that of the intermediate mode of the

crustal elements and was therefore placed in the

‘‘Intermediate mode’’ column in Table 1. Furthermore,

the mode diameter for the upper of the two submodes is

clearly lower for S, Br, and the PM than for the other

elements, suggesting different sources and/or source

processes. Two submicrometer submodes were observed

earlier for particulate sulphate, ammonium, and nitrate
1 10 100

 diameter [µm]

daytime period on 25 April 2002. The error bars indicate 71

tion 1, accumulation 2, and coarse modes were 0.57, 0.27, and

.30 mm (GSD: 1.4), 0.78mm (GSD: 1.4), and 3.6mm (GSD: 1.6),
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(Hering and Friedlander, 1982; John et al., 1990; Hering

et al., 1997), and were labelled as condensation and

droplet modes. The formation of the droplet mode is

explained by the activation of condensation mode

particles to form fog or cloud drops followed by

aqueous-phase chemistry and fog or cloud evaporation

(Meng and Seinfeld, 1994; Kerminen and Wexler, 1995).

The upper submicrometer mode for S and possibly also

for Br (and to some extent also for the PM) most likely

corresponds to the droplet mode of the earlier studies

and has the same formation process. It is interesting to

note in this respect that the ratio of the droplet mode to

the condensation mode mass concentration was typically

a factor of 1.5 larger during the first 5 cloudy days of the

campaign than during the last 7 dry days. Cloud or fog

processing can hardly be invoked for the upper

submicrometer mode of the metallic elements, as these

elements are less water-soluble, their mode diameter is

larger than that of S, and the sources are most likely

more local (vs more regional for S), so that there is

insufficient time for such processing. Multiple modes in

the submicrometer size range for the metallic elements

have also been seen in previous studies (e.g., Dodd et al.,

1991; Allen et al., 2001). The lower of our two

submicrometer modes for the metallic elements is likely

mainly due to condensation processes (as is also the case

for S), whereas the upper one probably originates from a

variety of high-temperature dispersion and abrasion
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Fig. 5. Geometric mean aerodynamic diameters as function of moda
processes. The relative intensities (RMC-values in

Table 1) of the two submicrometer modes and the

coarse mode of the elements Cl, Zn, Na, Mn, Ni, Cu, Pb,

S, and Br varied substantially from element to element.

On average, more than half of the elemental mass for Cl,

Zn, Na, Mn, Ni, and Cu was observed in the coarse

mode, which indicates that their main source processes

are disintegration and dispersion, resuspension of sur-

face dust, or abrasion mechanisms (Salma et al., 2002;

Maenhaut et al., 2005). This is illustrated in Fig. 5 by the

map of individual modal concentrations as function of

GMAD for Cu. Automotive break wear emissions are

an important source for Cu and Zn (and also for Pb); for

Zn, tire wear is an important additional source

(Weckwerth, 2001; Pakkanen et al., 2003; Lough et al.,

2005). In the recent study of Lough et al. (2005) on the

emissions of metals associated with motor vehicle

roadways, which was performed in two tunnels, multi-

mode mass size distributions were observed for Cu, Pb,

and Zn, which show some resemblance to these obtained

in this work. The coarse mode was the major one for the

three elements in that study and it was attributed to the

emission of roadway dust that was enriched with

particles from break and tire wears. As indicated above,

the RMCs of the three modes for the anthropogenic

elements varied substantially from element to element.

In addition, there was quite some sample-to-sample

variability in the RMCs of the modes for each element
1 10

rodynamic diameter [µm]

l concentration for Cu in downtown Budapest in spring 2002.
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and the mode diameters of the upper submicrometer

mode were not the same for all elements. All this points

to multiple sources and/or source processes for the

anthropogenic elements listed.

For K, altogether four modes were detected in the size

distributions, but the intermediate mode had a signifi-

cantly larger mean GMAD of 2.2 mm than the other

elements (which had a GMAD of about 0.9 mm). With

regard to the PM mass, in addition to the two

submicrometer modes, also two supermicrometer modes

were observed. The relative intensities of the coarse and

two submicrometer modes were practically equal, while

the contribution of the intermediate mode was some-

what smaller. The GMAD for the lower accumulation

mode (denoted as accumulation1 in Table 1) of the PM

tended to increase with mode concentration (or relative

mode concentration, correlation coefficient 0.75), and a

similar, but weaker correlation was observed for the

elements. It should be noted that the GMADs for the

coarse and intermediate modes of the PM mass were

larger than expected on the basis of the elemental

GMAD values. Possible explanations for this discre-

pancy are inaccuracies in the cut-off diameters for the

first few stages of the SDI and/or MOUDI impactors

used (Maenhaut et al., 1999), the fact that different inlets

were employed, and interstage losses (bounce-off
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Fig. 6. Mass size distribution of Zn in downtown Budapest for the

deviation. The atmospheric concentrations in the Aitken, accumulati

26 ngm�3, respectively, and the GMADs for the four modes were 0.1

3.7 mm (GSD: 1.8), respectively.
effects). It has also to be noted that the detailed size

distributions of the carbonaceous aerosol in particular

and of nitrate, which together made up about 35% of

the aerosol mass in the PM10–2.0 size fraction

(Maenhaut et al., 2005), were not determined, but also

affected the size distribution of the PM.

On the basis of several previous studies (e.g., Berner et

al., 2004), it was expected that an Aitken mode (with a

GMADoE0.15mm) would be detected in the mass size
distributions for our environment which is very strongly

influenced by road traffic. The distributions, however,

did not confirm this anticipation; the Aitken mode was

observed only as an exception for S, K, and Zn (see

Fig. 6 as an example) but, in general, it was missing. This

finding is in accordance with the results for a freeway-

influenced aerosol (Morawska et al., 1999). The

elemental mass contained in the Aitken mode was

usually only a few ngm�3, which is negligible compared

to that in the other modes.

3.3. Daytime period and night differences

Atmospheric concentrations of the elements and PM

in the coarse mode were usually smaller over nights than

over daytime periods, on average by 10–15%. This

points to the significance of the local dust mobilisation
1 10 100

c diameter [µm]

night on 25 April 2002. The error bars indicate 71 standard

on 1, accumulation 2, and coarse modes were 1.6, 7.4, 8.7, and

0mm (GSD: 1.4), 0.29mm (GSD: 1.4), 0.74mm (GSD: 1.4), and
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and resuspension processes for the coarse mode, and to

the short atmospheric residence time for the coarse

particles. The elements S, Ca, Cu, and Zn for the coarse

mode exhibited an even smaller mean night-to-daytime-

period concentration (N/D) ratio of about 0.7–0.8. The

main source for the latter elements is vehicular traffic:

mechanical wear of tires (for S and Zn), of brake linings

(for Cu), and lubricating engine oil (for Ca), which is

linked firstly to daytime periods (Weckwerth, 2001;

Pakkanen et al., 2003). (The mean N/D ratio for the

vehicular circulation was 0.38.) It is worth noting that

the actual change in the intensity of the emission sources

from daytime periods to nights could even be larger than

that inferred from the concentration ratios because its

real effect is partly counterbalanced by decrease of the

mixing height from daytime periods to nights. The

number of data available for the intermediate mode was

rather limited; nevertheless, the concentrations in the

intermediate mode seemed to be usually larger over

nights than over daytime periods by about 20–40%,

which seems to suggest an anthropogenic and regional

origin. For intermediate-mode K, N/D ratios were

smaller than one, which suggests that it had different

source type(s) than the other elements. For intermediate-

mode PM, no significant difference between daytime

periods and nights was observed. The N/D ratio for the

upper accumulation mode of the elements and PM

changed irregularly between 0.6 and 1.4. There was no

systematic difference in the lower accumulation mode of

the PM between daytime periods and nights.

The GMADs of the elements and PM for the two

accumulation modes tended to shift to somewhat larger

values over nights than over daytime periods, presum-

ably due to larger ambient relative humidity during

night (on average 80% vs. 68% during daytime) and

associated hygroscopic growth. In contrast, the GMAD

for the coarse-mode PM appeared to shift to lower

values over nights than during daytime periods, possibly

as a result of lower wind speed and less traffic during the

night. For the coarse mode of the various elements

studied, no significant change in GMAD from daytime

period to night was seen.
4. Conclusions

The cascade impactors with enhanced size resolution

and the inversion algorithm used jointly in the present

study were shown to be valuable and efficient tools for

deriving and investigating the fine structure of the mass

size distributions of the atmospheric aerosol and its

constituents. The resulting quasi-continuous size dis-

tributions displayed a clear modal structure, which is

consistent with our understanding of the main emission

sources and mechanisms. By evaluating the mass size

distributions in detail, an additional (intermediate)
mode located at about 1 mm AD was identified for the

typical crustal elements; this finding confirmed an earlier

observation in an urban environment. The intermediate

mode could be related to fly ash from coal burning in the

region, but road dust dispersal may also have in part

contributed to it. In the submicrometer size range two

different submodes were observed, with the lower one

centred at 0.3170.03mm AD. The mode diameter for

the upper submode was somewhat lower for S, Br, and

the PM than for the other elements (i.e., about 0.60 mm
vs. about 0.75 mm), suggesting different sources and/or

source processes. The variation in the overall size

distributions and RMCs for the various elements

indicated the existence of multiple sources, including

vehicular (both combustion and frictional) and indus-

trial emissions, resuspension of road and soil dust, and

long-range transport of air masses. The significant

coarse mode for some typical anthropogenic elements

(Cu and Zn) and the observed coarse mode concentra-

tion differences between daytime periods and nights

(e.g., for Ca) point to the importance of frictional

sources and road dust resuspension in cities, which are

both primarily related to road traffic.
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