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Abstract

Due to the presence of diffusive anthropogenic sources in urban areas, the spatio-
temporal variability of fine (diameter <1 um) and ultrafine (<0.1 um) aerosol particles
has been a challenging issue in particle exposure assessment as well as atmospheric
research in general. We examined number size distributions of atmospheric aerosol
particles (size range 3—800 nm) that were measured simultaneously at a maximum of
eight observation sites in and around a city in Central Europe (Leipzig, Germany). Two
main experiments were conducted with different time span and number of observa-
tion sites (2 years at 3 sites; 1 month at 8 sites). A general observation was that the
particle number size distribution varied in time and space in a complex fashion as a
result of interaction between local and far-range sources, and the meteorological con-
ditions. To identify statistically independent factors in the urban aerosol, different runs
of principal component analysis were conducted encompassing aerosol, gas phase,
and meteorological parameters from the multiple sites. Several of the resulting prin-
cipal components, outstanding with respect to their temporal persistence and spatial
coverage, could be associated with aerosol particle modes: a first accumulation mode
(“droplet mode”, 300—800 nm), considered to be the result of liquid phase processes
and far-range transport; a second accumulation mode (centered around diameters 90—
250 nm), considered to result from primary emissions as well as aging through conden-
sation and coagulation; an Aitken mode (30-200 nm) linked to urban traffic emissions
in addition to an urban and a rural Aitken mode; a nucleation mode (5—-20 nm) linked to
urban traffic emissions; nucleation modes (3—20 nm) linked to photochemically induced
particle formation; an aged nucleation mode (10-50 nm). A number of additional com-
ponents were identified to represent only local sources at a single site each, or infre-
quent phenomena. In summary, the analysis of size distributions of high time and size
resolution yielded a surprising wealth of statistical aerosol components occurring in the
urban atmosphere over one single city. Meanwhile, satisfactory physical explanations
could be found for the components with the greatest temporal persistence and spatial
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coverage. Therefore a paradigm on the behaviour of sub-um urban aerosol particles
is proposed, with recommendations how to efficiently monitor individual sub-fractions
across an entire city.

1 Introduction

Atmospheric aerosol particles have been acknowledged to play a key role with respect
to the global balance of climate (Haywood and Boucher, 2000; Stott et al., 2000; Ra-
manathan et al., 2001). Several aerosol effects, including optical absorption, scattering
and cloud-activation are more sensitive on total particle surface area and number than
total particle mass. Understanding the properties and the life-cycle of the entire particle
size distribution is therefore required to assess aerosol-driven climate effects.

Besides climate, aerosol particles have been recognised as a potential adverse fac-
tor for human health (Pope et al., 2002; WHO, 2002; Oberddster, 2005). While many of
the health-related evidence has been based on PM,, mass concentrations as a particle
metric, specific questions have arisen which particular aerosol types might be respon-
sible, and how the exposure risk for the population may be reduced in a cost-efficient
way. Specific sub-groups in the environmental aerosol that are suspected to cause
adverse health effects are, among others, carbonaceous aerosols, insoluble particles,
traffic-related aerosols, metal aerosols, and ultrafine particles (diameter<100 nm) (HEI,
2002). A current trend in air quality monitoring is to refine the measurement techniques
and thus identify the abundance (and later the possible health effects) of these aerosol
sub-fractions.

A frequent observation is that atmospheric aerosol particles occur in particle modes,
i.e. populations of similar size and chemical composition. Modes manifest themselves
by a peak in the physical or chemical particle size distribution. Whitby (1978) popu-
larised the tri-modal scheme including the coarse, the accumulation, and the “nuclei”
(i.e. Aitken) mode, and this scheme has ever since been confirmed for different envi-
ronments, refined and expanded (Ondov and Wexler, 1998; Makela et al., 2000; Birmili
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et al., 2001; Hussein et al., 2004; Heintzenberg et al., 2004; Morawska et al., 2008). In
a remote background atmosphere these modes reflect the age and the life-time of the
particles (Jaenicke, 1993), while in urban environments, they can reveal the proximity
and/or activity of anthropogenic sources. Examples of tropospheric aerosol particle
modes are the nucleation mode (Kulmala et al., 2004), the Aitken mode, the accumu-
lation mode, the droplet mode resulting from liquid-phase processes (John, 1993), or
the sea-spray mode in the coarse particle size range.

Being able to detect and describe aerosol particle modes can provide insight into the
relevance of different aerosol sources and generation processes relevant in a particu-
lar section of the atmosphere. Knowledge on the spatio-temporal behaviour of aerosol
modes could greatly simplify the description of aerosol-related processes and effects,
and also particle exposure assessment. On the other hand, we always need to keep
in mind the complex structure of the atmospheric aerosol - each single particle usually
contains a different and complex mixture of chemical substances after a few days of
residence in the atmosphere (Ebert et al., 2004), which means that any paradigm of
particle modes can only be an approximation of the reality. The temporal and spa-
tial variability of ambient aerosols has been the subject of many atmospheric studies.
Sioutas et al. (2005) came to the conclusion that for ultrafine particles (UFPs; diame-
ter <100 nm), measurements independent from total particle mass (PM,,, PM, 5, and
even PM,) are needed to characterise their full impact on human health. While PM
mass concentrations appear to be less variable in time and space, this is not true for
particle number concentration, or the concentration of ultrafine particles.

Puustinen et al. (2007) studied in 4 European cities the correlation between ambient
particle number and mass concentrations at a central site and a number of residential
houses; their conclusion was that a central site measurement can be representative for
a wide part of a city when referring to PM, 5 and PM,, mass concentration, but not for
particle number. Hussein et al. (2005) showed for three pairs of sites that the number
of ultrafine particles were less correlated between the sites than the number of bigger
particles (>100nm). Tuch et al. (2006) showed that the inter-site correlation within a
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city can go to values near zero when comparing UFP concentrations at sites whereof
one site is traffic-influenced. In western cities, emissions from motor traffic are one
of the main reasons for this lack of spatial correlations of UFPs (Ketzel et al., 2004;
Bukowiecki et al., 2003).

A characterisation of the spatial distribution of exposure to ambient fine and ultrafine
particles in a particular city requires, in any case, spatially-resolved UFP measure-
ments and/or a coupled emission and transport modelling of UFPs across an urban
landscape. Up to now, however, multiple-point measurements of UFPs have been
scarce, time series limited, and dispersion models mainly been available for local mi-
cro environments, at rough spatial resolution, or without a treatment of ultrafine particle
dynamics.

In this work, we studied the temporal and spatial variations of sub-um particle size
distributions across a city in Central Europe (Leipzig, Germany) with the aid of multiple-
site observations. Specific effects of urban and regional particle sources as well as
urban meteorology are illustrated. Principal component analysis (PCA) is used to sta-
tistically isolate the main source/meteorological factors governing the particle number
size distribution (PNSD) observed at the ensemble of sites. Particular emphasis is
directed towards the dependency of temporal and spatial variations on particle size,
and the consequences of the observations on spatial particle exposure. The paper
concludes with a general paradigm on the behaviour of sub-um particle modes in the
area under study, and a recommendation how to efficiently monitor these particle sub-
fractions across an entire city.

2 Experimental

2.1 Field experiment and data

Two main resources of atmospheric aerosol particle size distributions were used for
this work:
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A first data set (long-term experiment) includes long-term ambient particle size dis-
tribution measurements at three observation sites in the Leipzig area. Particle size
distributions (size range 3—800 nm) were recorded continuously during 2005 and 2006
at a rural, an urban background, and a street canyon site.

A second data set (intensive spatial experiment) comprises simultaneous size dis-
tribution measurements at a maximum of eight observation sites. Six out of the six
fixed measurement sites were within a distance of 3 km in the downwind plume of
Leipzig’s city centre (Fig. 1). The sites included two roadside sites (i.e. sampling points
downwind a major road), four urban background sites, one rural background site, and
an additional mobile site. The short-term spatial experiment lasted about two months
between March and May 2005, and its data are introduced here for the first time.

Figure 1 shows the location of the measurement sites on simplified maps of Leipzig
(population ca. 500 000) and its surroundings, with major urban geographical features
indicated through lines and symbols. The main characteristics of the sites are sum-
marised in Table 1a while Table 1b compiles measurement-specific information. The
numbering of the sites follows their alignment from west to east, which is the prevailing
wind direction.

2.2 Measurement sites

Site S1 (urban background). the temporary measurement site S1 was located in
Leipzig’s suburb “Schleussig”, 4 km south-west of the city centre (Fig. 1, right box).
To the west, the site borders a residential area with a dense pattern of four-storey resi-
dential buildings. A wooded area of 2 km depth separates the site from the city centre
on its eastern side. The site can be considered representative of urban background
conditions in south-western Leipzig.

Site S2 (urban background): the temporary measurement site S2 (“Inselstrasse”)
was located in a residential area approximately 1 km east of Leipzig’s city centre (Fig. 1,
lower left box). Site S2 can be taken representative of urban background conditions in
the area between the city centre’s high-trafficked ring road and the B2 national road,
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which crosses the eastern suburbs in a north-to-south direction.

Site S3 (roadside): the temporary observation site S3 (“Listplatz”) was located near
the crossing of several major roads, including the four-lane B2 national road. About
50 000 vehicles pass by the site per day (Fig. 1, lower left box). S3 was therefore the
site most influenced by road traffic among all observation sites used in our work. The
sampling inlet was mounted on the third floor of an office building, facing a small park
area eastward. Free atmospheric flow is warranted for the wind directions Southeast,
East, North and Southwest, while for westerly winds, a vortex is expected to develop
in the lee of the five-storey building block.

Site S4 (urban background): the temporary measurement site S4 (“Rabet”) was lo-
cated in a park, about 1.5 km distant from Leipzig’s city centre (Fig. 1, lower left box).
The site was singular in that an undisturbed advection was possible from almost all
directions. The surroundings of the site were plain grassland, with only a few scattered
trees. The nearest street was Eisenbahnstrasse street, about 200 m to the north, which
is also the approximate distance to Site S5 (below). The measurements at the site S4
can be considered the best approximation of undisturbed urban background conditions
in the eastern suburbs of Leipzig. The aerosol observations were supplemented by
NO and NO, measurements as well as wind speed and direction measurements by a
sonic anemometer, 6 m above the ground.

Site S5 (roadside, also long-term measurements). site S5 “Leipzig-Eisenbahn-
strasse” is a permanent observation site in a street canyon about 2 km east of Leipzig’s
city centre (Fig. 1, lower left box). Particles are sampled at a height of 6 m above
street level on the northern border of a regular street canyon (Voigtlander et al., 2006).
The canyon is traversed by a moderately trafficked arterial street carrying about 10 000
vehicles per working day. Vehicles are counted continuously by an automated video
detection system. The aerosol measurements are supplemented by nitrogen oxide
(NO and NO,) measurements as well as wind speed and direction measurements by
a sonic anemometer, 4 m above roof-top level.

Site S6 (urban background, also long-term measurements). the sampling site S6
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“Leipzig-IfT” is situated on the roof of IfT’s institute building, at a distance of about
1.5 km east of site S5 (Fig. 1, right box). Aerosol particles are sampled at a height of
16 m above the ground. Highly-trafficked roads touch the area only at distances of at
least 100 m. Leipzig-IfT can be regarded as a location with a spatially homogenised
urban background aerosol (Wehner and Wiedensohler, 2003). The aerosol measure-
ments are supplemented by measurements of nitrogen oxide (NO and NO,), sulfur
dioxide (SO,) and temperature.

Site S7 (rural background, also long-term measurements): in this work the atmo-
spheric research station Melpitz serves as a rural background site, i.e. a site where
urban influence is far. The station is located 50 km northeast of Leipzig (Fig. 1, upper
left box). Flat grass lands, agricultural pastures and woodlands dominate the surround-
ings of the site within several tens of kilometers. The ambient particle size distribution
measurements correspond to those documented in Engler et al. (2007).

Sites S8a-d (additional locations): a mobile laboratory inside a van was deployed
during the short-term spatial experiment to characterise further sites (S8a-d; cf. Fig. 1,
lower left box). These included three roadside sites and an additional urban back-
ground site (Tab. 1b). These measurements lasted between one and three weeks per
site. Due to the short duration of the data collected at the sites S8a-d they were not in-
cluded in any statistical analysis and served only for the illustration of the case studies.

Official monitoring sites LFUG (Saxonian Office for the Environment and Geology):
The body of particle size distribution data at the sites S1-8 was complemented by rou-
tine observations from four additional stations of LfUG (L1-4). The parameters mea-
sured there include PM;, mass concentration, the mixing ratios of NO, NO,, SO,, Og,
and CO, BTX (benzene/toluene/xylene) and basic meteorological parameters. The par-
ticular sites used were L1 (“Leipzig-Mitte”, roadside), L2 (“Leipzig-West”, urban back-
ground), L3 (“Collm”), L4 (“Delitzsch”, all regional background), and are depicted in
Fig. 1. This body of data served primarily to characterise the large-scale pollution
situation in Leipzig.
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2.3 Instrumental

Particle number size distributions (PNSD) were determined at multiple sites using par-
ticle mobility spectrometers. The designs used were a) the custom-built twin differential
mobility particle sizer (TDMPS) on the basis of Vienna-type differential mobility analy-
sers and using dry sheath air (Birmili et al., 1999), (b) the scanning mobility analyser
(SMPS) — similar to (a) but using a closed-loop sheath circulation and operating in
scanning mode, and (c) the commercial SMPS, model 8085 (TSI Inc., St. Paul, MN,
USA). The deployment of the eight instruments is keyed after site in Tab. 1b. Andersen
PM,, sampling inlets were deployed at each site to remove coarse particles.

In order to achieve a maximum comparability of the size distribution measurements
at different sites, frequent instrumental intercomparisons were conducted. As a mat-
ter of convenience, site S5 was selected as the central comparison site during the
short-term spatial experiment in 2005. Before and after deployment of the mobility
spectrometers at the sites S1—4, S6 and S8, the corresponding instruments were com-
pared against the TDMPS at site S5 for a period of at least three days using ambient
aerosol. From these intercomparison experiments, particle losses (due to diffusion) in
each instrument were quantified as a function of particle size, and taken into account
in the final version of the measurement data. After the corrections, we expect the
measurements at all sites to be comparable within £10% with respect to total particle
number concentration and volume.

3 Data analysis

The data-sets from both the long-term and the intensive spatial experiment were pro-
cessed by Principal Component Analysis (PCA). PCA is a classical technique for di-
mensionality reduction, which has found plenty of environmental applications including
atmospheric aerosol research (Chan and Mozurkewich, 2007; Huang et al., 1999).
To avoid confusion we will use the term “STA” (statistical analysis) instead of “PCA”
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hereafter when referring to a particular PCA analysis run rather than to the method in
general.

Table 2 describes the five different analyses (STA) described in this paper. To make
a wider use of the existing body of data, different analyses were conducted making
varying compromises between the length of the data set analysed, and the number of
observation sites included in one analysis. In a particular analysis STA/, / indicates the
number of sites whose data were combined and co-analysed. STA1/STA3 and STA7
can be seen as extremes, since STA1/STA3 use two years of simultaneous data at
three sites, and STA7 uses 17 days of simultaneous data at seven sites. The notable
difference between STA1 and STAS3 was that in STA1 a PCA was carried out for each
site individually, while in STA3 the data from all sites were combined and co-analysed.
In STA4, STA6 and STA7 the data from all / sites were generally co-analysed.

In practice, the particle size distribution data in dN/dlogD,, were first log-normalised,
and then standardised to a zero mean and unit standard deviation. The normalised
values (simply N hereafter) were arranged in five matrices, N1, N3, N4, N6, N7. In
analogy to STA/, the number indicates the number of measurement sites whose data
were combined into a single analysis. In a matrix N/, each of the p columns represents
a standardised concentration value N, varying with site as well as particle diameter,
and each row represents the combined 30-min average observations at all sites simul-
taneously.

Subsequently, the data matrices were transformed by PCA into a representation
based on a new set of orthogonal variables, i.e. principal components (PCs). De-
tailed descriptions of the PCA method have been given in a number of textbooks (e.g.,
Gnanadesikan, 1977; Morrison, 1976; Mulaik, 1972). Briefly, the variable transforma-
tion is achieved by rotating the existing system of orthogonal coordinates N;. . .N,, into
a new system of orthogonal, uncorrelated variables (PCs) with their associated eigen-
vectors. The PCs were obtained by Varimax rotation, i.e. a fraction as large as possible
of the total variance in the data set shall be attributed to a number of PCs as little as
possible. A major asset of PCA is that large environmental data sets with many input
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variables can often be reduced drastically to a simplified description using only a few
PCs without the loss of relevant information.

Several criteria have been developed to identify the number of PCs (q) that should
be retained as relevant for the description of the data set. In our work we used a com-
bination of the Kaiser criterion (i.e. retention of PCs whose eigenvalue is greater than
0.65—1) (Pugatshova et al., 2007; Eder, 1989) as well as scree plot criteria (e.g., Chan
and Mozurkewich, 2007) to determine the final number of PCs to retain. Also, the re-
tained PCs PC, ... PC, were arranged in decreasing order of their variance explained
(14), i.e. PC1 is the component exhibiting the largest single variance. 1, is also called
the eigenvalue of PC,. Each eigenvector is composed of scalar coefficients, which
describe the new PCs as a linear combination of the original variables N...N,. The
coefficients thus represent the relative weight of each original variable in each PC. The
so-called “factor loadings” represent the coefficients for PC, scaled by the amount of
variance 1, explained by this PC (eigenvalue). They thus represent the relative weight
of each variable in each PC re-scaled by the amount of variance explained by the PC.

Since the variables N had different scales, we decided to work with correlations
instead of covariances. Hence, it was possible to directly link the loadings to the cor-
relations among the original variables within each PC. Also, the eigenvectors with the
largest eigenvalues corresponded to the dimensions with the strongest correlation in
the data set.

Finally, the time scores of the new PCs — estimated by the loadings and the stan-
dardised values of N, were used as an input for a consecutive principal component
analysis (STAc) including additional variables, i.e. pollutant concentrations, meteoro-
logical parameters and traffic volume. The goal of STAc was to relate the new PCs
with these environmental variables and hence to provide some evidence on the at-
mospheric processes or particle sources associated with the new PCs. In STAc, the
additional parameters were again log-scaled and standardised to zero mean and unit
variance whilst the scores from STA1, STA3, STA4, STA6, and STA7 were not stan-
dardised again.
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4 Results
4.1 Basic phenomenology
4.1.1 Mean particle number size distribution

To illustrate several basic features of our experimental data, mean size distributions as
well as selected meteorological case studies are introduced. Figure 2 shows the mean
size distributions of the two main data sets. The upper part of the figure presents 2
years of measurements at 3 sites (i.e. the long-term experiment) while the lower part
shows the overall statistics of almost 2 months of measurements at 7 sites (i.e. the
intensive spatial experiment).

It is very apparent that the mean particle number concentrations increase with de-
creasing distance to the main anthropogenic source, motor traffic. Below 300 nm par-
ticle diameter, the mean concentration at the traffic site is up to one order of magnitude
higher than at the rural site Melpitz, which is located 50 km off Leipzig. Above 300 nm,
however, the differences become minor, since these particles represent to a greater
extent the long-lived regional aerosol.

The standard deviation of the data (i.e. the square root of the sample variance) is sim-
ilar, but less obvious with respect to the proximity to the traffic sources. It is common to
all sites that the highest variance in the data occurs in the UFP size range, particularly
below 40 nm. Not unexpectedly, the traffic sites (S3 and S5) feature the highest vari-
ances, with wide local maxima in two modes between 10—-20 and 50-100 nm, respec-
tively. At both urban background and rural sites (S1, S2, S4, S6, and S7) the variance
exhibits one local maximum around 20, and 70 nm, and another around 200 nm. The
concentration variance is the lowest at the rural site with the exception of the size range
below 20 nm.
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4.1.2 Multiple-site case studies

High spatial homogeneity of aerosols under sunny conditions
Figure 3a illustrates the particle number size distributions measured during the inten-
sive spatial experiment on 3 April 2005. Size distributions were measured at 6 sites
in Leipzig concurrently. (Two sites included in the full set-up were not operational yet.)
Since the day was a Sunday, the influence of traffic was low compared to weekdays.
The levels of solar radiation indicate a cloudless day under relatively constant and slow
south-easterly winds. The day started with PM,, mass concentrations up to 40 ug m~3
in the rural background (sites L1 and L3), and up to 50 ug m~2 within the city (sites
L2 and L4). SO, concentrations (not shown) were around 6 ppbV. After 10:00 h LT,
PM,, concentrations started to decrease significantly, most likely as a result of vertical
dilution with cleaner air aloft. This decrease can also be clearly seen in all particle
size distributions in the shape of a decrease of Aitken and accumulation mode par-
ticle number concentrations (Fig. 3a). The minimum in accumulation mode number
concentration was reached at all sites simultaneously after 15:00 h.

In the contour diagrams, it can be seen that new secondary particles — suggested
to originate from photochemical processes, were formed at all sites. The “banana’-
shaped events were characterised by an increase in particle number concentrations
below 10 nm around 10:00 h. It can be seen very clearly that this increase happened
simultaneously at all sites, including the rural site Melpitz (S7), which is at a distance of
50 km from Leipzig. The smooth evolution of the size distributions (particle formation
and subsequent growth) on 3 April 2005 at all sites suggests a very high spatial homo-
geneity of the aerosol across the entire city and its surroundings. This homogeneity
can be observed despite the sites not being aligned on this day with respect to the
prevailing southerly wind direction (cf. Fig. 1). The case of 3 April 2005 demonstrates
that under sunny conditions and the reduced impact of traffic emissions (Sunday) the
particle size distribution can be distributed very homogeneously in space over at least
50 km, even including urban zones.
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High spatial homogeneity of aerosols under cloudy conditions

Figure 3b illustrates, like the previous example, a case of high spatial homogeneity of
the particle number size distribution as well as PM,, concentration across the entire
Leipzig area. (From here, particle size distribution measurements were operational at
8 sites simultaneously.) In contrast to Fig. 3a, this day (24 April 2005) was cloudy, with
north-east being the prevailing wind direction. Generally, relatively smooth changes
can be seen throughout the day in the particle nhumber size distribution; between
midnight and the afternoon (14:00 h), a nearly constant Aitken mode dominates the
size distribution. Its mode diameter slowly shifts from 40 nm to about 70 nm during
the morning. Between 14:00 and 17:00 h, an event of secondary particle formation
(<20nm) can be seen, which is evidenced by the slow growth of its nucleation mode
(Fig. 3b). Its peak concentrations were, however, much lower than on the case shown
in Fig. 3a. This second week-end case demonstrates that the particle size distribution
can be homogeneously distributed in space under various wind directions and in the
presence of clouds as well.

A week-day with secondary new particle formation
Figure 3c illustrates the dynamics of the particle number distributions on a week-day,
20 April 2005. Like in Fig. 3b, the wind direction was north-easterly, but the wind
speed was considerably higher and intensive solar radiation prevailed. PM;, mass
concentrations were very similar across the entire region (25 ug m‘s) except at the city
centre site L2 (up to 100 ug m’s), which suffered from exceptional local contamination
by construction activities at the time. In Fig. 3c, a clear impact of traffic emissions can
be seen in the morning between 06:00 and 10:00 h at the traffic site S5. It can be
recognised as a size distribution peak around 20 nm. (It is worth mentioning that the
street canyon at site S5 is oriented in east-west direction, and that the northerly winds
place the sampling inlet there in the leeward position of the traffic — this is the supposed
reason for the high concentrations here.)

A “banana’-shaped event of new particle formation and growth starts around 12:00 h
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across the entire city. The start time can be determined with confidence at those sites
with 3 nm as a lower cut-off diameter of the measurement (S1, S5, S6, and S7); at the
sites with 10 nm cut-off, the event can only be detected with a noticeable delay. The
rural site makes an exception in that the formation event starts earlier, before 10:00 h,
which indicates a certain spatial inhomogeneity of the formation event. It is worth
mentioning that around 14:00 h the particle mode originating from the traffic emissions
in the morning disappears almost completely, and at all the urban sites (Fig. 3c).
This disappearance is again interpreted as the impact of vertical mixing rather than
the decrease of traffic emissions because real-time traffic counts suggest a nearly
unchanged traffic volume until 18:00 h. The case of 20 April 2005 demonstrates urban
and regional spatial homogeneity of the aerosol again, however, with limitations at the
traffic sites and the distant rural site.

A week-day with limited pollution impact
Figure 3d illustrates a week-day case under slow westerly winds. In contrast to the
previous cases, PM,, concentrations are quite inhomogeneous across the entire re-
gion. Low background aerosol concentrations can be seen best in PM;, at site L3,
and in low accumulation mode concentrations at the sites S7 (rural), S1 and S4 (both
urban background). The influence of motor traffic manifests itself throughout most of
the day, starting just before 05:00 h, and highly evident at S3, S5, and S8a, which are
all roadside observation sites. The impact of traffic can also be seen in high levels
of NO, (not shown). The highest traffic-induced concentrations occurred at site S5.
Fluctuations in the traffic signal can be best seen at the temporary site S8a, which had
measurements at a high time resolution of 6 min. Individual peak concentrations could
also be detected at site S2, which was therefore considered as the urban background
site influenced most directly by traffic sources.

The pattern of fluctuating signals caused by traffic sources are overlayed by a
secondary particle formation event starting at 13:00 across the entire city (S1-S6,
and S8a). This occurred under sunny conditions when the horizontal wind speed (not
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shown) reached a minimum. Like the previous cases, and as in many examples in the
literature, vertical mixing was a factor associated with the formation event. As can be
seen especially for site S5 in Fig. 3d, the signal of the secondary particles overlays
with the traffic-derived particles after 16:00 h. Both cannot be distinguished any more.
At the rural site S7, the particle formation event appears not to be the same as in
the city, with lower concentrations and a significant time delay, which indicates spatial
inhomogeneity. In summary, Fig. 3d demonstrates a very inhomogeneous spatial
distribution of nearly all aerosol components, with the single exception of a secondary
particle formation event that occurred across the entire city.

A week-day with high pollution impact

Figure 3e illustrates another case — 12 April 2005, when the impact of local sources
can be clearly seen across the entire city of Leipzig. Several features were similar to
Fig. 3d, such as the slow winds, the great regional inhomogeneity of PM,,. However,
the solar radiation was even lower, thereby providing less convective forcing to
facilitate vertical atmospheric mixing. As a consequence, the impact of local sources,
most of all traffic, can be seen throughout almost the entire 24 h. Very high particle
concentrations (more than 50000cm™ in dN/dlogD,,) could be seen over several
hours at the traffic sites S3, S5, and S8a, while this value was reached briefly at the
background sites S2 and S6 as well. In summary, this day demonstrates the possibility
of high anthropogenic aerosol concentrations at many sites across the entire city of
Leipzig. Poor mixing prevailed, which is also symptomatic in the way that no secondary
particle formation could be observed on this day.

A week-day featuring several aerosol types
Figure 3f shows a last case study, featuring the succession of several aerosol types
across the city during relatively warm weather on 15 April 2005 (up to 27°C). The
impact of traffic emissions in the morning can be seen at all sites, sharply delimited
between 06:00 and 12:00 h. On this morning, the highest particle number concentra-
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tions occurred at site S3, which illustrates that the ultimate amplitudes of the signals
at the traffic sites S3 and S5 are not scalable with each other but likely depend on the
micrometeorological factors (wind) in their immediate surroundings. Between 02:00
and 05:00, a local plume of particles centered around 30 nm could be detected ex-
clusively at the neighbouring sites S2 and S3. This example shows that multiple-site
measurements are needed if such local plumes of a scale of a few 10 or 100 m should
be resolved.

In the afternoon, a double-peaked plume could be detected across the entire city
between 15:00 and 19:00. It shows two subsequent and distinguished modes centered
around 20 and 30 nm, respectively. It is intriguing that such a plume of relatively
moderate concentration (compared, e.g., to the particle formation events shown above)
can be detected across the entire city. The most persistent aerosol mode, both in time
and space, was an accumulation mode centered around 150 nm. It prevailed after
08:00 h, and could be seen in almost pure shape at the sites S1, S2, S3, S4, and the
low-trafficked roadside site S8b, while it was masked by local emissions especially at
site S5. This last case study reveals some unexpected spatial correlations of aerosol
components across the entire city, but also several small-scale phenomena which could
be seen at a maximum of two sites.

In general, the discussion of the case studies reveals a wide spectrum of size-
segregated aerosol components that occur across the entire urban atmosphere under
study. In order to capture the wealth of information contained in such an atmosphere,
spatially resolved measurements are clearly advisable. Meanwhile, clear correlations
between different observation sites were found for particle populations across the en-
tire sub-um particle size spectrum. Such correlations concerned the biggest particles
in the accumulation mode (also seen in total particle mass), but also the smallest de-
tectable particles in the nucleation mode. To establish the relative relevance of the
many phenomena described, the data sets need to be analysed statistically; this is
provided in detail in the following.
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4.2 Multiple-site principal components in the particle size distribution

In the previous Section we showed the existence of large-scale components (i.e. such
being representative for a larger spatial scale) of the PNSD. Here, the results of the
principal component analysis (PCA) at single (STA1) and multiple sites (STA3, STA4,
STA6, and STA7) are presented, which characterise co-variations in the PNSD both in
space and time.

4.2.1 Single-site principal component analysis

Figure 4 shows the results of principal component analyses carried out for the long-
term particle size distribution data at each of the three sites S5, S6, and S7 separately.
These analyses correspond to STA1, described in Table 2. Importantly, STA1 is able to
extract all the modes identified above in terms of local maxima in the size distribution
of the particle number variance. 6 very similar principal components (PCs) could be
extracted from each data set. The loadings of PC2 peak in the nucleation mode (5—
25nm), of PC3 in the Aitken mode (20-60 nm at the urban background and rural sites,
and 20—100 nm at the roadside), and of PC5 in the accumulation mode (70-300 nm).
Additional components with loadings peaking in the accumulation and nucleation mode
range were found, which will be discussed later. The basic outcome is that the single-
site STA was able to reproduces the major features of the temporal variability of the
PNSD. With the single-site STA, however, no information can be retrieved on possible
covariations of the PNSD in space.

4.2.2 Components in the spatial data set

In addition to several “noise” PCs — explaining the lower part of the variance — STA7
(Fig. 5a) reveals three “signal” PCs — features always present — and four “mixed” PCs
— features present in part of the dataset. The first signal PC represents large-scale
PNSDs with a distinct accumulation mode (>200nm), and likely refers to regional
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aerosols. The second and third signal PCs represent PNSDs with aged nucleation
(PC2) and Aitken modes (PC3) — their very high spatial correlations suggest new par-
ticle formation and growth events. Two similar mixed PCs (PC4 and PC5) show then
a very wide Aitken mode characteristic of the two traffic sites - they probably hence
represent urban traffic.

Notably, no significant difference is found when the rural site is not included in the
STA (Fig. 5b). The three signal PCs and the two mixed PCs before mentioned are still
the same indeed, and changes are only found in the noise PCs. This result implies
the spatial scale of the before mentioned signal and mixed PCs to be as big as the all
study area.

On the other hand, STA4 (Fig. 5¢) showed, in general, similar signal and mixed PCs
related to the accumulation, Aitken, and nucleation modes. However, the wider size
range of the measurements (cf. Table 2) produced apparently much more complex
results — two further PCs in the Aitken and accumulation mode size range, and an
even more complex nucleation mode. This fact is better discussed in the following
paragraph.

4.2.3 Components in the long-term data set

STA3 (cf. Table 2) reveals three “signal” PCs (Fig. 5d) with modes in the size range (cf.
Table 3) of 300-800 nm (PC1), 90-250 nm (PC3), 4-20 nm (PC2 - we will call it “traffic”
type since it loads highly at the roadside). An additional signal component (PC8, 30—
200 nm) is found, quite similar to the before mentioned PC4 and PC5 of STA7. Further
“mixed” PCs in the nucleation mode range have higher loadings at the rural (PC4,
5-20 nm) and the urban background sites (PC6, 3—15 nm).

To put these findings into perspective, we compared the results of the various STAs:
In STA1, the nucleation mode PC2 is a signal PC at all of the sites (Fig. 4); however,
only at the roadside PC2 of STA1 exhibits also a correlation with bigger particles up
to 100nm. This correlation manifest itself by the right tail of the loadings curve of
PC2 of STA1, and is similarly found in PC2 of STA3 (Fig. 5d). Moreover, a PC4 with
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mode diameter <5 nm appears in all the STA1; however, because of its low variance no
related PC is extracted by the multi-site STA3. Remarkably, the PC4 with the highest
variance is extracted by STA1 at the urban background site. As well, PC6 of STA3
(Fig. 5d), which mainly loads at the urban background site (we will call it “urban” type),
has the lowest mode diameter. We will discuss this point later as indications of either
different nucleation processes or nucleation processes with low correlations in space.

In the Aitken mode range, STA3 extracts three mixed PCs (PC5, PC13 and PC7,
Fig. 5d). Both PC5 and PC13 have higher loadings at the urban background sites
(“urban Aitken”), but the mode of PC13 is shifted towards larger values (30—90 nm)
— same as the signal PC3 of STA4, STA6, and STA7 (Fig. 5a). PC7 of STAS has
instead higher loadings at the rural site (“rural Aitken”) with a smaller mode diameter
(20-70nm) — as PC8 of STA4 and PC14 of STA7.

In the accumulation mode, the two signal PC1 and PC3 of STAS3 (Fig. 5d) are prob-
ably connected with the “droplet mode” (John et al., 1990; Meng and Seinfield, 1994)
and the “condensation mode” (Seinfeld and Pandis, 2006). Contrary to PC1, which
has the highest spatial correlation, the spatial scale of PC3 depends on the distance
from traffic sources. The larger the distance, the higher the loadings. Interestingly, the
Aitken and accumulation mode PC1, PC3 and PC5 of STA1 (Fig. 4) are clearly sepa-
rated only at the non-traffic sites. (Note that PC5 is not a signal PC at the site No. 5).
It is probably PC8 of STA3 (Fig. 5d) which explains this difference. PC8 correlates not
only 30—200 nm particles at the traffic sites, but also 80—100 nm particles at the urban
and rural background sites. Hence, PC8 seems to be an urban-scale component (we
will call it “urban traffic”), rather than local traffic emissions. (Local traffic emissions are
better represented by the PC3 of the roadside STA1, Fig. 4).
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4.3 Dependencies of size distribution components: diurnal behavior and correlations
4.3.1 Temporal cycles

A general observation was that the presence of high scores was limited to a couple
of hours for all nucleation PCs, in the order of several hours for the Aitken, and to
days for the accumulation mode PCs. Weekly cycles may be seen for the all PCs with
modes below 30nm (PC2, PC4, PC6, PC5) and for the “urban traffic’ PC8 (Fig. 6).
This suggests common traffic source dependance.

All UFP-related PCs, including the “condensation mode” PC3, have both diurnal
and seasonal cycles (Table 3). The scores are always higher in summer but for the
droplet mode, the long-range transport, and the urban traffic PC8; nucleation (PC2,
PC4, PC6) and condensation (PC3) mode PCs have generally higher scores at day-
time, and Aitken mode PCs (PC5, PC7, PC13) in the late evening/early morning or the
night-time. This probably reveals the relative importance of photochemically induced
factors.

4.3.2 Inter-correlation

The consecutive STAc (cf. Sect. 3) calculated for all STAs gave similar results in terms
of inter-correlations with meteorological and air pollution variables, as well as intra-
correlation between PC scores (see Sect. 4.3.3). Table 3 lists these correlations.

Meteorological variations alone showed very weak correlations with the extracted
PCs. However, remarkable inter correlations were found in connection with air pollu-
tants.

Notably, of all the investigated parameters only PM,, has no more than one signifi-
cant correlation. It is with the accumulation mode PC1 of STA7 (Fig. 5a), and with SO,
and benzene concentrations, suggesting this PC1 to represent long-range transport
particles. This finding indicates extremely different behaviours of PM,;, and UFPs.

Oppositely, the relative humidity seems to correlate with all the retained PCs. The
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correlation with the droplet mode PC is always positive and quite considerable. The
anti-correlations with the UFP-related PCs are, instead, perhaps connected with global
radiation, temperature, and ozone. At daytime, for higher light-duty vehicle flows, an
interesting time correlation at the background sites was revealed between nucleation
mode PCs (inverse correlation), Aitken and condensation mode PCs (direct correla-
tion), ozone (direct correlation), and benzene and NO, (inverse correlation) (cf. Ta-
ble 3).

The results also indicate time correlation between the measured SO, concentrations
and the nucleation mode PCs at the urban background sites (cf. Table 3). Perhaps it
should be noted as this correlation was probably masked by the fact that higher SO,
concentrations at daytime occurred during two different situations of high pressure:
long-range transport due to winds from E/NE, and urban plumes with south-westerly
winds. Only the second case was not correlated with bigger particles. For the first case,
a higher condensation sink can be expected, and thus a much lower or no nucleation
at all.

It should be noted that UFPs were always inter-correlated at the traffic sites. In STA3
(Fig. 5d), in addition to the high correlation with PC8, traffic flows correlate directly
with the the traffic- and urban-type nucleation PC2 and PC6, and the condensation
mode PC3 during the rush hours, and inversely with the urban Aitken mode PC13
and rural type nucleation PC4. The correlation with the traffic-type nucleation PC2 is
somehow interesting. In STA1 (Fig. 4) it is the PC4 (mode <5 nm) that only correlates
with traffic flows and (upwards) vertical wind speeds — PC2 also correlates with other
meteorological parameter. PC2 increases together with traffic flows, but with rates of
increase anti-correlated with it — the correlation being direct with LDV, and inverse with
HDV at daytime. This point will be later discussed as a possible evidence that only PC4
(mode <5nm) of STA1 represents traffic emitted particles.
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4.3.3 Intra-correlation

The above introduced inter-correlations were always quite weak, and surely weaker
than the intra-correlations among the PC scores themselves (according to STAc, cf.
Table 3). These time correlations were always notably higher than 0.5.

As a general finding, the highest scores of fresh, aged nucleation and Aitken mode
PCs followed each other in time, and were all strongly anti-correlated with the scores
of the larger particles. Interestingly, these relations were more clear during large-scale
events of new particle formation and growth (for lower scores of the accumulation mode
and urban traffic PCs). Perhaps it is worth noting that the “urban traffic’ PCs (e.g. PC8
in STA3) correlated with the other PCs in a way similar to what previously discussed
for traffic flows.

4.4 Signature size distributions

“Signature size distributions” were calculated on the basis of the PCA coefficients, and
are displayed in Fig. 7. Three analyses, STA7, STA4 and STA3 are covered.

During the intensive spatial experiment in spring time 2005 — analysed by STA7, the
signature PNSDs at urban background sites are dominated by long-range transport
(PC1 in Fig. 7a) and new particle formation and subsequent growth events (PC2 and
PC3 in Fig. 7a). Particles in the nucleation mode range at the traffic sites S3 and S5
are naturally influenced by direct local emissions as well (PC4 and PC5 in Fig. 7a).

It is interesting that the nucleation mode component PC2 in Fig. 7a shows a very
similar size-dependent profile across all sites, whether urban background or roadside.
It has therefore been a conclusion that PC2 represents a size distribution component
that is spatially homogeneous. We assume that this particle component with a concen-
tration maximum just below 20 nm has its origin, in part, from direct traffic emissions
present over the whole city, which are mixed downwind the sources into the urban
roughness layer and, secondly, from gas-phase nucleation and subsequent growth
processes across the whole city as well. Within STA7 it was not possible to distinguish
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these two likely processes due to the limited size range of the data, starting only at
10 nm diameter, and maybe to the limited duration of this particular data set. It seems
that particles originating from both processes overlap in the size spectrum of that com-
ponent and, owing to the mixing processes in the urban boundary layer, these pro-
cesses cannot be distinguished any more at true urban background site, i.e. sufficiently
downwind of the traffic sources themselves.

At the rural site, new particle formation and related particle aging (PC6 and PC14 of
STA7) have a more important effect than in the urban area. A condensation mode (PC3
of STA4, cf. Fig. 5c) is clearly an other important factor particularly at the background
sites (Fig. 7b), where its effect is probably not masked by the local traffic emissions.
Significant variations are still produced in the droplet mode (PC1 of STA4).

When considering the long-term experiment (Fig. 7c), the new particle formation
at the rural site (PC4 of STAS3, Fig. 5d), and the accumulation mode particles (both
droplet and condensation mode PC1 and PC3 of STA3) still dominate the PNSD. How-
ever, “urban traffic” (PC8 of STA3) appears to be more relevant than during the spring
campaign, and produces noteworthy variations even at the rural site. Aged nucleation
mode particles considerably affect the PNSDs at both the urban and rural background
sites (PC5 and PC7 of STAS3), whilst fresh nucleation mode particles reveal very pecu-
liar signatures, which will be discussed in the following section.

5 Discussion
5.1 A critical look at PCA: what can it provide? What does it mean?

Given sufficient data, PCA is theoretically the optimal linear scheme, in terms of least
mean square error, for compressing a set of high dimensional vectors into a set of lower
dimensional vectors, and finally reconstructing the original set (e.g., Gnanadesikan,
1977; Morrison, 1976; Mulaik, 1972). However, the results provided by PCA are limited
by the assumptions made in its derivation, which are the linearity of original variables,
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the orthogonality of principal components, the statistical importance of mean, standard
deviation and correlation, as well as the assumption that large variances have relevant
dynamics. These assumptions require probably particular consideration.

On one hand, the last assumption would imply that only if the observed data have a
high signal-to-noise ratio, the larger variance PCs correspond to interesting dynamics
and the lower ones to noise. By making use of both the Kaiser and scree plot cri-
teria, we retained only PCs representing critical features in the dataset — the higher
variance or “signal” PCs, and events that happened in a relevant portion of the data
set, the “mixed” PCs. This means that rare and/or local features are not included in the
scope of our analysis. In fact, “noise” PCs should not explain long-term and large-scale
tendencies of PNSD variability.

On the other hand, each PC extracted by the multi-site PCA represents an indepen-
dent statistical deviation of PNSD from its average value in both space and time. This
deviation was found to be uniquely characterised by one higher statistical variance of
one particular size range (i.e., the mode). This was probably also influenced by the
calculation of loadings in terms of correlations. Hence, each PC-discriminating fac-
tor is probably linked to a common process, which correlates in both space and time
distinctive PNSD “states”. In the single-site STA1, the word “state” can probably be
explained in terms of the PNSD temporal variability (cf. Fig. 2 and Sect. 4.1). This
approach would agree with earlier uses of a “measurement variability” to understand
timescales of PNSD (Junge, 1974; Jobson et al., 1998), where the “states” could iden-
tify “typical” size distributions (Tunved et al., 2004), or sources (Chan and Mozurkewich,
2007). However, in this work, the multi-site PCA contemporary considers both the spa-
tial and the temporal correlations. In this sense, even if the different PCs are not truly
Lagrangian in that one always follows the other in time, the analysis of the states rep-
resented by these PCs might likely help to understand how the different aerosol aging
processes are related to each other in a Lagrangian perspective. With this in mind, a
deeper discussion of the results is provided in the followings.
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5.2 Spatio-temporal variability of the size distribution

The spatio-temporal variability of PNSD in the urban and suburban atmosphere of
Leipzig was found to be a complex phenomenon. The mean size distributions at differ-
ent sites were observed to vary greatly notably with respect to the proximity of traffic
sources. When examining the Pearson rank correlation coefficients between different
sites we found the highest correlations (0.85—-0.95) for diameters above 100 nm, in the
accumulation mode, between urban background sites, and the lowest ones (0.2-0.3)
below 20 nm, in the nucleation mode, between rural and traffic sites. This finding is
in obvious agreement with previous experimental studies covering the same subject
(Wehner et al., 2002; Ketzel et al., 2004; Hussein et al., 2005; Tuch et al., 2006; Pu-
ustinen et al., 2007; Mejia et al., 2008).

However, we could identify several large-scale factors in the aerosol size distribution.
Importantly, these independent statistical factors seem to be present not only in the
accumulation mode, but also in the UFP size range. In the following we discuss the
behaviour of these factors in time and space in more detail, and draw connections to
the established particle modes.

5.2.1 Statistical factors in the accumulation mode range

The statistical factor covering the highest variance in the overall data set resides in the
accumulation mode (PC1 in each of STA7, STA4 and STA3). Meanwhile this factor rep-
resents the one with the lowest spatial variation observed in our experiment. Low tem-
poral and high spatial homogeneity also imply a long life-time of these particles. These
features are also a consequence of the accumulation mode being the least affected by
aerosol dynamical processes, including coagulation and sedimentation (Hinds, 1999;
Seinfeld and Pandis, 2006). Wet deposition seems essentially to be the limiting factor
for the life-time of continental accumulation mode aerosol (Andronache, 2004).

An interesting because slightly unexpected result is the obvious separation of the
variance of the accumulation mode into two distinct factors (PC1 and PC3 in STA3;
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cf. Fig. 5). We speculate that these two factors correspond to two aerosol particle pop-
ulations identified before, the “condensation mode” (Seinfeld and Pandis, 2006), i.e.
accumulation mode particles containing aged secondary aerosol and also direct an-
thropogenic emissions, and the “droplet mode” (John et al., 1990; Meng and Seinfield,
1994), i.e. particles that underwent fog or cloud activation and increased their size by
liquid phase chemical reactions.

Notably, the spatial and temporal variability of the droplet mode (centered around
400 nm) is lower than that of the condensation mode (centered around 150 nm). In
fact, the droplet accumulation mode is the aerosol factor that is most homogeneous in
space and time. As the droplet mode was positively correlated with relative humidity (cf.
Table 3), we interpret this mode being controlled by the large-scale synoptic weather.
Humid air masses that have the potential for cloud activation are apparently required
to produce this mode (Hering and Friedlander, 1982).

In contrast to the droplet mode, the condensation mode state was shown to have the
higher factor loadings the farther the site was from traffic sources. Positive correlations
occurred with temperature, global radiation, and ozone, but not with NO, (cf. Table 3).
Consistent with the observations of McFiggans et al. (2005), it also correlated with gas
phase CO and benzene, which are good markers for traffic-related emissions. Mass
spectrometric analyzes have frequently identified a mass mode composed mainly of or-
ganic material at diameters of about 100—200 nm at observation sites affected by fresh
pollution or urban air masses (McFiggans et al., 2005; Drewnick et al., 2004; Jimenez
et al., 2003). We speculate that these observations correspond to the aerosol mode
identified as the “condensation mode” in our analysis. An immediate consequence is
that the condensation mode part of the accumulation mode cannot be regarded as a
purely long-range transported aerosol but is influenced by primary particle emissions
and secondary aerosol formation within the urban and suburban atmosphere.
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5.2.2 Statistical factors in the Aitken mode range

Aitken mode particles (around 30—-90 nm) were represented by more than one PC,
more specifically such representing urban (PC3 in Fig. 5¢, and PC5 and PC13 in
Fig. 5d) and rural observations (PC8 in Fig. 5¢c, and PC7 in Fig. 5d).

The urban types scores were higher during the early morning, while the rural types
scores higher in the late evening (cf. Fig. 6). Though different, some time correlations
were found between these components that obviously belonged to similar sources or
processes (cf. Sect. 4.3.3.). In the rural area, less affected by traffic emissions, smaller
Aitken particles (PC7 of STA3) could have been grown mainly due to coagulation and/or
condensation processes from locally nucleated particles (PC4 of STA3). Contrarily, in
the urban area Aitken particles (PC13 of STA3) could have also started their atmo-
spheric life as primary traffic particles (PC5 of STA3), growing then by coagulation
and/or condensation (during periods of lower emissions, as suggested by the lower
scores at daytime).

The analysis hence reveals the urban Aitken mode particles to have a spatial scale
as large as the city, to result from the complex interaction of both primary and sec-
ondary sources, and to be more persistent and have larger diameters in the urban than
in the rural area.

5.2.3 Statistical factors in the nucleation mode range

Our size distributions of the nucleation mode could be broken down into three size in-
tervals corresponding to different behaviors: <5nm, 3-20 nm, and >10 nm (cf. Table 3).
The highest spatio-temporal correlation occurred in the size interval > 10 nm (cf. PC2
of STA7, Fig. 5a). However, the identification of this nucleation mode component was
not the same during all individual PCAs: in STA4, which encompasses less sites than
STA7 but a longer time period and wider size range as well as in STA3, which cov-
ers two years, this component is less evident because it is split among components
characterizing single sites only. Another perturbation can naturally be the constraint of
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10nm as the lower cut-off size in STA7 compared to 3nm in STA4. It is possible that
the dominating role of PC2 in STA7 was caused by the high frequency of regional new
particle formation events during the measurement period covered here. Similar results
were found by a previous study, in the same region, during sunny conditions (Wehner
et al., 2007).

The analysis of the long term data set provided statistically more robust results.
The three components governing the 3—20 nm size range (PC2, PC4, PC6 in STAS;
cf. Fig. 5d) represent particle formation processes characteristic of each of the three
sites. We attribute this split-up mainly to different levels of exposure at the three sites,
representing roadside, urban background, and rural conditions — but in the case of the
rural site also to the spatial distance (50 km).

To better differentiate the nucleation mode components, average diurnal cycles of
their scores are indicated in Fig. 8. On week-ends, the three components show very
similar diurnal cycles peaking around mid-day. This is an argument for the components
describing mainly the photochemically induced particle formation. (It has to be noted
that the traffic emissions reach a maximum during mid-day on week-ends as well.)
During weekdays, in contrast, the cycles show a multiple-peaked shape, most evident
in PC2: afirst peak (06:00-08:00) coincides with high traffic volumes in the rush hour. A
second peak occurs after mid-day, which coincides with the cycle seen on the weekend.
This mid-day peak is therefore associated again with secondary particle formation. In
the case of PC8, i.e. the component most strongly related to traffic volume, a third peak
can be seen around 16:00-18:00. This is interpreted as the evening rush hour.

Interestingly, PC2 exhibits a high temporal variability (see Fig. 2) and a clear cor-
relation with larger particles (up to 100 nm), which point out to vehicle exhausts like
for PC8. However, we believe that PC4 (mode <5nm) of STA1 at the roadside (cf.
Fig. 4a and Table 3) better represents engine related nucleation mode particles (Kittel-
son, 1998). It is “localised” (i.e., noise PC), and only correlates with traffic flows and
vertical wind speed. In the case of PC2 there are both a much larger dependency on
meteorology, and a much larger spatial correlation — up to 0.7 in the urban area and still
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>0.3 with the rural site. We attribute this “signal” PC2 to urban traffic emissions which
have already undergone processing on the time-scale of several tens of minutes. Also
Chan and Mozurkewich (2007) found, at a single site only, similar results. As well, the
existence in urban and suburban environments influenced by traffic emissions of an
additional nuclei mode has been emphasized in previous works (e.g., Sioutas et al.,
2005).

The “rural” type PC4 (Fig. 5d) has the lowest correlations both in space (0.2-0.4)
and in time. This can be possibly explained by the twofold argument that the rural site
is the farthest one from the urban area, and that the spatial scale of PC4 is likely lower
than the distance from the urban sites. Notably, its signature (cf. Fig. 7b and Fig. 7c)
indicates nucleating sources comparably much larger over rural than over the urban
environment. One finding which is probably surprising are the higher scores during the
week days. Traffic emissions seem to have enhanced the nucleation mechanisms even
in the rural area.

The urban-type PC6 (see Fig. 5d) has the highest time correlation and an interme-
diate spatial variability (0.4—-0.7). This is probably due to its smaller distance from the
closer urban sites. It has higher scores at midday like the rural type PC4, but it is still
modulated by the typical structure of the urban traffic PC8 (Fig. 8). Like the rural type
PC4, it is higher during large-scale new particle formation and growth events (e.g.,
Fig. 3a), and is directly time correlated with temperature and global radiation, as well
as with Aitken mode PCs. Like the traffic type PC2, it is enhanced by higher concentra-
tions of gaseous pollutants (cf. Table 3). The highest scores occur for the observation
site downwind of the city. More interestingly, this is the only urban-scale and long-term
nucleation mode PC with a mode peak diameter below 8 nm (see Fig. 5d), and the
only one with a significant correlation with SO, at daytime. Previous works pointed out
to photochemical production in either urban (Kerminen and Wexler, 1996) or industrial
plumes (Brock et al., 2002) containing SO,. In fact, SO, oxidation products such as
H,SO, have long been considered precursors for newly formed particles (Doyle, 1961).
It is probable that in the case of the rural type PC4, this correlation is masked by the
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fact that SO, was measured only far from the rural site. Previous studies in rural at-
mospheres in Germany suggested mixed statistical effects of both, SO, mixing ratios
as well as solar radiation for the onset of photochemically-induced particle formation
(Birmili and Wiedensohler, 2000; Birmili et al., 2003).

In summary, the nucleation mode in the urban area tends to be more variable in time
and space the smaller the particle diameters are. Particles below 5 nm appear to vary
according to spatio-temporal scales smaller than the ones considered in this study.
The growth of these smaller particles (<5nm) to a larger sizes (8—10nm) seems to be
driven by factors with larger spatial and temporal scales — the temporal scale of hours,
the spatial scale of few kilometers (<ca. 6 km, i.e. the distance between the urban
background sites S1 and S6 here considered, cf. Fig. 1). Nucleation mode particles
in the size range >10nm apparently have the largest spatial scale varying from few
kilometers (>6 km, i.e. including all urban sites) to more than 50 km (i.e. including all
sites).

5.3 “Paradigm” of spatio-temporal variability of urban aerosol particles

The observed PNSD variations in space and time reflect obviously several pro-
cesses, such as aerosol dynamics, meteorological changes, mixing and dilution with
clean/polluted air, atmospheric chemistry, and proximity to traffic emissions. Their rel-
ative contribution is, however, not straightforward to determine.

On one hand, our data show relevant correlations with traffic volume and gaseous
compounds (Table 3). The former does not only appear to be a major source of UFPs
at the roadside, but also to influence the sub-um particles in the all region. In addition
to the correlation with SO,, we found at the background sites interesting correlations
between the newly formed particles and ozone (and an anti correlation with NO, and
benzene) (cf. Table 3). In fact, ozone is known to be an oxidising agent for VOCs
affecting thus the production of condensable organic species (Kulmala et al., 2003). It
could have hence been relevant for a “photochemical aging” of new particles up to a
certain diameter, and far enough from direct traffic emissions (i.e., PC2, PC4 and PC5
of STA3).
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On the other hand, all the PC intra-correlations are ultimately higher than any other
observed correlation (cf. Sect. 4.3.3 and Table 3). We interpret this as an argument for
the PNSD variability to be primarily governed by intra-dynamic large-scale processes of
aerosol aging, in agreement with the aerosol general dynamic equation. A paradigm of
urban aerosol evolution is in turn proposed in Fig. 9. It shows the extracted persistent
PNSD components in terms of their spatial and temporal variability (or correlations)
calculated here.

In summary, in the urban area the larger the diameters, the higher the correlations
(and the lower the variability) in both space and time. Notably, when comparing sim-
ilar diameters, primary particles have lower variability than secondary particles have.
Obviously, larger particles appear to scavenge the smaller ones. Less obvious, pri-
mary particles seem to reduce the secondary particles with similar diameters, and to
increase the particles with larger diameters. Remarkably, the two border lines of the
urban aerosol (i.e., the separation urban/regional, and urban/local) are represented by
the condensation mode particles on one side, and the fresh nucleation mode parti-
cles on the other side. This implies the urban-aged aerosol to be mainly formed by
condensation mode particles. It also implies that the fresh nucleation mode particles
potentially have in an urban area the highest spatio-temporal variability.

5.4 Implication for exposure and monitoring of ultrafine particles

We here draw some remarks for the exposure and monitoring of UFPs. Notably,
the high variance PCs extracted by STA1 (single site) were always parts of the high-
variance PCs extracted by the multi-site STAs (cf. Fig. 4 and Fig. 5a). This indicates
both the relevance of PNSD large-scale and persistent components, and the difficulty
to analyze them by monitoring at a single site alone. This finding also suggests that
multiple observation sites are needed even to characterise the PNSD variability at a
single site (i.e., all its principal components). We found, indeed, that (cf. Sect. 4.4 and
Fig. 7a) traffic sites are poorly representative of Aitken and condensation mode parti-
cles, too masked by local emissions. We also found that the pure secondary Aitken
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mode particles (i.e. rural Aitken) are inadequately measured in the urban area. This
is not the case for the droplet mode particles whereof all sites are equally represen-
tative. Hence, the characterization of all persistent and large-scale components of
PNSD urban variability seems to require a minimum of four observation sites: one
roadside, two urban background, and one rural (cf. STA4). (Obvious, this is expected
for an urban area with no local industrial sources.) In fact, the Aitken and accumulation
mode components were found to require only three representative sites (roadside, ur-
ban background, and rural, cf. STA3). However, we speculate that both the “traffic’ and
“urban” nucleation mode components require more than the three urban measurement
spots (down to 3 nm) used in this study (cf. STA4).

6 Conclusions

Number size distributions of atmospheric aerosol particles (maximum size range 3—
800 nm) were measured simultaneously at a maximum of eight observation sites in
and around a city in Central Europe (Leipzig, Germany) during two main experiments
(2 years at 3 sites; 1 month at 7 sites).

A general observation was that the particle number size distribution varies in time
and space in a complex fashion as a result of interaction between local and far-range
sources, and the meteorological conditions. To identify statistically independent factors
in the urban aerosol, a principal component analysis was conducted encompassing
aerosol, gas phase, and meteorological parameters from the multiple sites. Several
of the resulting principal components, outstanding with respect to their temporal per-
sistence and spatial coverage, could be associated with aerosol particle modes. Their
analysis yielded a surprising wealth of statistical aerosol components occurring in the
urban atmosphere over one single city. Meanwhile, satisfactory physical explanations
could be found for the components with the greatest temporal persistence and spatial
coverage.

A first accumulation mode (“droplet mode”, 300—800 nm) is considered to be the
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result of liquid phase processes and far-range transport. A second accumulation mode
(“condensation mode”, 90-250 nm) is considered to represent urban aerosols resulting
from primary emissions as well as aging through condensation and coagulation.

The Aitken mode (30—90 nm) is split-up in an urban and a rural component. The
urban one has a spatial scale as large as the all city resulting from the interaction of
primary and secondary sources. It is more persistent in time and with larger mode
diameters than the rural one.

The nucleation mode could be broken down into three size intervals corresponding
to different behaviors: <5nm, 3-20nm, and >10nm. The larger the diameters, the
higher the spatio-temporal correlations. The 3—20nm could be separated in further
components: traffic type (4—20nm) linked to the atmospheric processing of primary
emissions, and urban and rural types (3—15 and 5-20 nm) linked to photochemically
induced particle formation in the urban and rural area, respectively.

Even if these PCs are not truly Lagrangian in that one always follows the other in
time, their analysis could help in understanding the aerosol evolution in a Lagrangian
perspective. A paradigm on the behaviour of sub-um urban aerosol particles is in
turn proposed, showing the urban PNSD to be primarily governed by intra-dynamic
processes of aerosol aging with a larger scale. Based on the results of the study,
recommendations can be drawn on how many measurement sites are necessary to
monitor individual aerosol components across the entire area of a city.

This study provides information on both, the overall spatial variation of particle num-
ber size distributions in an urban area, and the occurring inter-site correlations, which
might be useful for particle exposure assessment, atmospheric process identification,
and for the validation of numerical models describing aerosol emission, formation, and
transport.
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Table 1. Description of atmospheric PNSD measurements in Leipzig: (a) measurement sites
and their characteristics, (b) measurement periods during the short-term spatial experiment in
2005 and instrumental parameters. The location of the sites is depicted in Fig. 1.
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Site No. Name Type Description Traffic volume Inlet height
S1 Schleussig urban background in a backyard - ~18m
S2 Inselstrasse urban background high above a low-trafficked street  — ~18m
S3 Listplatz roadside near a highly trafficked square >50000 vehday ~10m
(a) S4 Rabet urban background in a public park - ~5m
S5 Eisenbahnstrasse roadside inside a street canyon >10000 veh/day ~6m
S6 IfT urban background on the roof of the institute building - ~16m
S7 Melpitz rural background surrounded by pastures - ~Bm
S8a-d  mobile roadside/urban background variable variable ~5m
Site No. Name Measurements period  Size spectrometer type Dp size range Time resolution
S1 Schleussig 18 March-31 May Twin DMPS-IfT 3-800nm 10 min
S2 Inselstrasse 7 April-9 May SMPS-TSI 8085 10-500 nm 6 min
S3 Listplatz 29 March-9 May SMPS-IfT 10-900 nm 6 min
(b) s4 Rabet 23 March-17 May SMPS—IfT 10-900 nm 6min
S5 Eisenbahnstrasse 1 March-31 May Twin DMPS-IfT 3-800nm 20min
S6 IfT 1 March-31 May Twin DMPS-IfT 3-800nm 20 min
S7 Melpitz 1 March-31 May Twin DMPS-IfT 3-800nm 20 min
S8a—d mobile 7 April-27 May SMPS-TSI 8085 10-500 nm 6 min
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Table 2. Description of the 5 multivariate analyses (STA1, STA3, STA4, STA6, and STA7)
presented in this work. In “STA/” the index indicates the number of sites included in each

principal component analysis.
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Observation Measurement Measurement Particle
Name sites used duration period size range  Comment
STA1  S5-S7 2 years 2005 & 2006 3-800nm 3 sites individually, long-term
STA3  S5-S7 2 years 2005 & 2006 3-800nm 3 sites combined, long-term
STA4 S1,S5-S7 70 days March—-May 2005 3-800nm 4 sites combined, wide size range
STA6 S1-S6 33 days April-May 2005 10-470nm 6 urban sites combined, limited size range
STA7 S1-S7 17 days April 2005 10-470nm 7 sites combined, largest spatial coverage
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Table 3. Principal components in the atmospheric PNSD: characteristics and correlations.

ACPD
8, 18155-18217, 2008

Type1 Description  Modal Likely sources Spatial Sites Temporal scale and Intra correlations*® Inter
size scale predom-  characteristics correlations*®*®
range2 inantly
(nm) affected®
NM fresh, <5 traffic emissions  local all hours urban AkM, urban traffic”, T, WS, LDV, HDV, NO,
roadside droplet mode” NO,, NO,, P*,RH"
NM fresh, <5 photochemically local all hours urban AkM, urban traffic’, GR, T, LDV, HDV,
back- induced particle droplet mode” SO,, NO, NO,, NO,,
ground formation and CO, benzene, RH"
traffic
NM urban 3-15 photochemically localto  UB& hours; T at daytime, ~ NM-rural, urban AkM, GR, T, MLH, WS,
back- induced particle urbanto RB midday peak, 1 in urban traffic, droplet WD, SO,, NO, NO,,
ground formation regional summer mode’, nucleation-traffic’, NO,, O, benzene”,
aged nucleation” RH"
NM roadside 4-20 nucleation of localto RS hours; T at daytime,  aged NM, urban traffic, GR, P, T, MLH, WS,
emitted gases urban three daily peaks, NM-urban®, NM-rural’ WD, LDV, NO, HDV*
weekly cycle, 1in
summer
NM rural 5-20 photochemically localto RB hours; T at daytime,  nucleation-urban, GR, WD, O, RH",
induced particle  regional midday peak, 1 in aged nucleation, urban AkM,  benzene”, NOj
formation summer rural AkM , droplet mode”,
NM-traffic*, urban traffic”
NM aged-urban 10-50 aging of NM urbanto UB& hours; T at daytime, ~ NM-rural, NM-urban’, P, T, LDV, Og, RH",
particles and regional RB two daily peaks, urban AkM" benzene’, NO;

traffic emissions

weekly cycle, higher
in summer
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Table 3. Continued.

Type' Description Modal Likely sources Spatial ~ Sites Temporal scale and Intra correlations*® Inter
size scale predom-  characteristics correlations*®*®
range2 inantly
(nm) affected®
AkM  urban 30200 traffic emissions urbanto RS 1 at daytime, two daily condensation mode, T, LDV, HDV
traffic regional peaks, weekly cycle NM-traffic, NM-urban,
NM-fresh”, NM-aged",
NM-rural®, urban AkKM*
AKM  urban 30-90 aging of NM urbanto UB& <1day; NM-fresh, condensation P, RH, LDV, HDV,
particles and regional RB 1 at nighttime, mode, rural AkM, urban  SO,, benzene, WD,
traffic emissions 1in summer traffic’, NM-urban’, GR', T
NM-rural’,
urban traffic AkM*
AkM rural 20-70 aging of NM local to RB 1 in the evening, urban AkM, NM-urban®, P, O, WD,
particles urban 1in summer NM-rural” , AcM" benzene®, NO
AcM - >200 long range regional  all - NM-urban®, NM-rural® GR, T, PM,,, WD,
transport S0O,, benzene, NO,,
RH’, WS", O
AcM  “condens-  90-250  aging of urban urbanto all <1day; T in summer droplet mode, GR, P, T, WD, O,
ation particles, traffic  regional urban traffic benzene®, NO;,
mode” RH"
AcM “droplet 300-800 cloud & fog regional  all >1day; T in winter nucleation-fresh®, LRT RH, WS, WD, LDV,
mode” processing HDV, GR", T

'NM: nucleation mode, AkM: Aitken mode, AcM: accumulation mode. 2The modal size range
was defined as the area around the peak in the curve of the factor loading as a function of parti-
cle size, delimited by the positions of 2/3 of the peak value on both sites. 3RB: rural background,
UB: urban background, RS: roadside. *Only correlations >0.3 are shown. °The asteriks (") indi-
cates anti correlation. °RH: relative humidity, T: temperature, GR: global radiation, P: pressure,
WS: wind speed, WD: wind direction, LDV: light duty vehicles, HDV: heavy duty vehicles, LRT:

long range transport, MLH: mixing layer height.
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[ LAUG rural background station @9 Ift rural background station

Fig. 1. Location of the atmospheric measurement sites during the experiment. Upper left map:
region around the city of Leipzig, Germany, with the three regional background sampling sites
S7, L3 and L4. Right map: area of the city of Leipzig including the urban background sampling
sites S1, S6, and L1. Lower left map: the main urban area under investigation in eastern
Leipzig, including the urban background sites S2, S4, and S8d, and the roadside sites S3, S5,
S8a, S8b, S8c, and L2. Insets into the next bigger scale are indicated by red rectangles. The
sites S1-8 were operated by IfT whereas the sites L1-4 represent routine observation sites by
the Saxonian Office for the Environment and Geology.
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Fig. 2. Average concentrations (left) and standard deviation (right) of the PNSD measured at
the sites S5—-S7 during the long-term experiment, and at the sites S1-S7 during the intensive
spatial experiment.
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Fig. 3. Particle number size distributions on April 3, 2005 (Sunday), measured simultaneously
at 6 sites in Leipzig. PM,, mass concentrations are taken from the LfUG network. Meteorolog-
ical parameters originate from site S6 except wind direction, which was measured 4 m above
the roof-top level of site S5. The scales of the meteorological parameters are: wind direction
in 1° (left axis), temperature in 10°C (left axis), global radiation in 10Wm
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relative humidity in % (right axis). For the location of the sites, see Fig. 1.
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Fig. 3. Particle number size distributions on 24 April 2005 (Sunday), measured simultaneously
at 8 sites in Leipzig. PM,, mass concentrations are taken from the LfUG network. Meteorolog-
ical parameters originate from site S6 except wind direction, which was measured 4 m above
the roof-top level of site S5. The scales of the meteorological parameters are: wind direction
in 1° (left axis), temperature in 10°C (left axis), global radiation in 10Wm™2 (right axis), and
relative humidity in % (right axis). For the location of the sites, see Fig. 1.
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Fig. 3. Particle number size distributions on 20 April 2005 (Wednesday), measured simulta-
neously at 8 sites in Leipzig. PM,, mass concentrations are taken from the LfUG network.
Meteorological parameters originate from site S6 except wind direction, which was measured
4 m above the roof-top level of site S5. The scales of the meteorological parameters are: wind
direction in 1° (left axis), temperature in 10°C (left axis), global radiation in 10Wm™2 (right axis),
and relative humidity in % (right axis). For the location of the sites, see Fig. 1.
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Fig. 3. Particle number size distributions on 11 April 2005 (Monday), measured simultaneously
at 8sites in Leipzig. PM,, mass concentrations are taken from the LfUG network. Meteorolog-
ical parameters originate from site S6 except wind direction, which was measured 4 m above
the roof-top level of site S5. The scales of the meteorological parameters are: wind direction
in 1° (left axis), temperature in 10°C (left axis), global radiation in 10Wm™2 (right axis), and
relative humidity in % (right axis). For the location of the sites, see Fig. 1.
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Fig. 3. Particle number size distributions on 12 April 2005 (Tuesday), measured simultaneously
at 8 sites in Leipzig. PM,, mass concentrations are taken from the LfUG network. Meteorolog-
ical parameters originate from site S6 except wind direction, which was measured 4 m above
the roof-top level of site S5. The scales of the meteorological parameters are: wind direction

in 1° (left axis), temperature in 10°C (left axis), global radiation in 10Wm

-2 (right axis), and

relative humidity in % (right axis). For the location of the sites, see Fig. 1.
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Fig. 3. Particle number size distributions on 15 April 2005 (Friday), measured simultaneously at
8 sites in Leipzig. PM,, mass concentrations are taken from the LfUG network. Meteorological
parameters originate from site S6 except wind direction, which was measured 4 m above the
roof-top level of site S5. The scales of the meteorological parameters are: wind direction in 1°
(left axis), temperature in 10°C (left axis), global radiation in 10Wm™ (right axis), and relative
humidity in % (right axis). For the location of the sites, see Fig. 1.
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Fig. 4. Results of the principal component analysis STA1, covering the long-term experiment:
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Fig. 5. Factor loadings of the nine most significant principal components (PC) in STA7 (cf.
Table 2). Only those PCs are shown whose variance exceed 2.0 % of the variance of the total
data set. The variance 1 is given for each PC as both eigenvalue and relative percentage. (The
number of components and the 2.0 % threshold results from the application of the Kaiser and
Scree plot criteria.)
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Fig. 5. Factor loadings of 8 most significant principal components (PC) in STA6 (cf. Table 2),
i.e. excluding the rural site S7. Only those PCs are shown whose variance exceed 2.2% of
the variance of the total data set. The variance 1 is given for each PC as both eigenvalue
and relative percentage. (The number of components and the 2.2% threshold results from the
application of the Kaiser and Scree plot criteria.)
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Fig. 5. Factor loadings of 11 most significant principal components (PC) in STA4 (cf. Table 2).
Only those PCs are shown whose variance exceed 2.3% of the variance of the total data set.
The variance 1 is given for each PC as both eigenvalue and relative percentage. (The number
of components and the 2.3% threshold results from the application of the Kaiser and Scree plot
criteria.)
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Fig. 5. Factor loadings of 10 most significant principal components (PC) in STAS3 (cf. Table 2).
Only those PCs are shown whose variance exceed 1.7% of the variance of the total data set.
The variance 1 is given for each PC as both eigenvalue and relative percentage. (The number
of components and the 1.7% threshold results from the application of the Kaiser and Scree plot
criteria, as explained in Sect. 3.)
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Fig. 6. Diurnal cycles of the principal component scores calculated in STA3 (cf. Table 2). Me-
dian values across the entire data set are compared against week-day and week-end average

values.
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Fig. 7. Signature particle size distributions in STA7 calculated according to the principal com-

ponent coefficients (cf. Table 2).
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Fig. 7. Signature particle size distributions in STA4 calculated according to the principal com-

ponent coefficients (cf. Table 2).

18214

ACPD
8, 18155-18217, 2008

Principal
components of
particle size
distributions

F. Costabile et al.

S

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/18155/2008/acpd-8-18155-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/18155/2008/acpd-8-18155-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

5 Nucleation mode 5
3X105 (‘traffic) Aitken mode ("urban traffic") 3X105
1074 1074 . Aitken mode ("urban”)
Accumulation mode Nucleation mode Accumulation made
("droplet mode") ((urban’) (“droplet mode")
10" 10"
10% 10%
10% 10%
10'4 , : \ 10 ,
Site No.5 - traffic Site No.6 - urban background
3x10° 3 10 100 1000 3 10 100 1000
105_ ! Diameter (nm)
Nucleation ) Accumulation mode
Aitken mode ("condensation mode”) .
mode ('rural”) Accumulation mode
1 04 ] ("rural”) ("droplet mode")
—PCl——PC2 ——PC3——PC4

3 PC5 ——PC6 PC7——PC8
1075 ——PC9——PC13
10%

1
10 Site No.7 - rural

3 10 100 1000
(C) Diameter (nm)

Fig. 7. Signature particle size distributions in STA3 calculated according to the principal com-
ponent coefficients (cf. Table 2).
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PC2, PC4, and PC6, and the urban traffic PC8 extracted in STA3 (cf. Tab. 2).
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Fig. 9. Paradigm of aerosol particle modes and their evolution in space and time in the coor-
dinate systems of variability (black axis) and correlation (grey axis). The PCs shown refer to

those derived from STA3 (see Fig. 5d).
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