Atmospheric Environment 178 (2018) 191–197

Contents lists available at ScienceDirect

Atmospheric Environment
journal homepage: www.elsevier.com/locate/atmosenv

Comparison of atmospheric new particle formation events in three Central
European cities

T

Zoltán Németha, Bernadette Rosatib,e, Naděžda Zíkovác, Imre Salmaa, László Bozód,
Carmen Dameto de Españab, Jaroslav Schwarzc, Vladimír Ždímalc, Anna Wonaschützb,∗
a

Institute of Chemistry, Eötvös University, Budapest, Hungary
Faculty of Physics, University of Vienna, Vienna, Austria
c
Laboratory of Aerosol Chemistry and Physics, Institute of Chemical Process Fundamentals, Prague, Czech Republic
d
Hungarian Meteorological Service, Budapest, Hungary
e
Department of Chemistry, Aarhus University, Aarhus, Denmark
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Urban environment
Ultraﬁne particles
New particle formation
Particle number concentration
Particle number size distribution
Nucleation strength factor

Simultaneous particle number size distribution measurements were performed in the urban environment of
Budapest, Vienna, and Prague, three Central European cities located within 450 km of each other. The measurement days from the continuous, 2-year long campaign were classiﬁed for new particle formation (NPF)
events using an adapted classiﬁcation scheme for urban sites. The total numbers of NPF event days were 152 for
Budapest, 69 for Vienna, and 143 for Prague. There were 12 days when new particle formation took place at all
three sites; 11 out of these 12 days were in spring and in summer. There were only 2 (Budapest-Vienna), 19
(Budapest-Prague), and 19 (Vienna-Prague) nucleation days, when NPF did not occur on the third site. The main
diﬀerence was related to source and sink terms of gas-phase sulphuric acid. Air mass origin and back-trajectories
did not show any substantial inﬂuence on the atmospheric nucleation phenomena. The relative contribution of
particles from NPF with respect to regional aerosol to the particles originating from all sources was expressed as
nucleation strength factor. The overall mean nucleation strength factors were 1.58, 1.54, and 2.01 for Budapest,
Vienna, and Prague, respectively, and showed diurnal and seasonal variations. The monthly mean NSF varied
from 1.2 to 3.2 in Budapest, from 0.7 to 1.9 in Vienna, and from 1.0 to 2.3 in Prague. This implies that the new
particle formation in cities is a signiﬁcant source of ultraﬁne (UF) particles, and the amount of them is comparable to the directly emitted UF particles.

1. Introduction and objectives
Ultraﬁne particles (UF, d < 100 nm) have the largest contribution
to the total particle number concentrations on a global scale (Kulmala
et al., 2004; Spracklen et al., 2006). Their major sources include direct
emissions (vehicular exhaust, heating, burning) and atmospheric nucleation (Wåhlin et al., 2001; Kulmala et al., 2013). The UF particles
enter into the human body by breathing, and approx. 60% of them can
be deposited in the respiratory system (Geiser et al., 2005; Salma et al.,
2015). They can cause adverse health eﬀects mainly by inﬂammation or
oxidative stress (Oberdörster et al., 2005; HEI Review Panel, 2013).
Concentration of UF particles was recently linked to hospitalization in
cities (Samoli et al., 2016).
New particle formation (NPF) events have been identiﬁed at various
locations from clean, remote sites to polluted environments (Dal Maso
et al., 2002; Holmes, 2007; Manninen et al., 2010; Brines et al., 2015;
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Dameto de España et al., 2017). Urban atmospheric nucleation has been
increasingly investigated due to the superposition of freshly formed
particles on the already existing UF particles resulting in high particle
number concentrations (up to 104–105 cm−3) (Kumar et al., 2014). The
spatial extent of the urban NPF phenomena has been investigated more
recently (Dall'Osto et al., 2013; Zhu et al., 2014). Németh and Salma
(2014) found that the nucleating air mass in regional NPF events may
originate as far as several hundred kilometers away from the measurement location. Urban NPF and particle growth processes can occur
as a part of a regional type NPF event, which leads to comparable NPF
occurrence frequency at various locations within the region (Salma
et al., 2016a).
The Central European cities of Budapest, Vienna, and Prague are
located within 450 km from each other, and are comparable in size,
population, and climate. Atmospheric NPF events in the three cities
were independently studied previously (Řimnáčová et al., 2011; Salma
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In Prague, PNSDs were measured from 1 January 2014 to 1 January
2016 at an urban background station located in the campus of Institute
of the Chemical Process Fundamentals in Suchdol (50°7′36.47″N,
14°23′5.51″E, 277 m a.s.l.) by a Scanning Mobility Particle Sizer (SMPS
3034, TSI, USA) upgraded to the ACTRIS standard (Skrabalova et al.,
2015). The site is located in a suburban area of Prague away from major
roads. The SMPS measured size distributions between 7 and 540 nm
with a time resolution of 5 min (Pfeifer et al., 2014). Meteorological
data were measured with a time resolution of 10 min at the automated
immission monitoring (AIM) station of the Czech Hydrometeorological
Institute (CHMI) located directly in the campus. Air pollutant concentrations (SO2, NO, NO2, CO, O3) were obtained from the same station, also from the CHMI, with a time resolution of 10 min.

et al., 2011; Wonaschütz et al., 2015). Previous studies on the regional
extent of NPF events imply that simultaneous events could be expected
between the locations (Németh and Salma, 2014; Salma et al. (2016a).
UF particle number concentrations in the cities were compared in a
joint paper (Borsós et al., 2012). As a continuation, we focus on the
similarities and diﬀerences of NPF events in the three cities in this
study. The main objectives of the paper are 1) to investigate the possible simultaneous occurrence of NPF events in three cities in the
Central European region, 2) to determine the signiﬁcance and relative
contribution of atmospheric NPF events to UF particles in urban environments.
2. Methods
2.1. Experimental

2.2. Data treatment
The measurements were carried out in Budapest, Vienna and
Prague, three capital cities in the Central European region. Budapest is
located within the Carpathian Basin, Vienna at its northwestern
boundary, whereas Prague is topographically more separated by the
Bohemian Massif and other orographic features. Prague and Vienna are
located about 440 km and 210 km to the northwest of Budapest, respectively, and the distance between Prague and Vienna is 250 km. The
cities are similar in terms of area (525 km2 for Budapest, 415 km2 for
Vienna, and 496 km2 for Prague) and population (1.8, 1.9 and 1.3
million inhabitants respectively). The three cities have continental climate and similar urban characteristics discussed earlier in more detail
by Borsós et al. (2012).
Particle number size distributions (PNSD) were measured continuously in the three cities from 1 January 2014 to 1 January 2016. In
Budapest, the measurements were performed at the Budapest Platform
for Aerosol Research and Training (BpART, 47°28′29.86″N,
19°03′44.76″E 115 m above mean sea level, a.m.s.l.) by a ﬂow
switching-type Diﬀerential Mobility Particle Sizer (Salma et al., 2011).
Particles with an electrical mobility diameter range of 6–1000 nm were
measured with a time resolution of ∼8 min. The location is in the city
centre, near the river Danube and represents well mixed urban air.
Concentrations of air pollutants (SO2, NO, NO2, CO, O3, PM10) were
obtained from the closest station of the National Air Quality Network
located at a distance of 1.6 km in NW direction from the research
platform. Global radiation (GRad) data were measured by the Hungarian Meteorological Service at a distance of 10 km in E direction. The
time resolution of these data was 1 h.
In Vienna, PNSDs were measured at an urban background site at the
University of Vienna (48°14′54″N, 16°21′42″E, 190 m a.m.s.l.). The site
is located on a rooftop, and separated from major traﬃc routes by
courtyards and two infrequently travelled small roads. Situated slightly
above the neighborhood's roof level, the site receives air masses from all
directions. Measurements were performed with two diﬀerent set-ups
during the campaign. A Vienna-type diﬀerential mobility analyzer
(DMA) coupled with a CPC 3775 (TSI, USA) was operated from January
2014 to May 2015. The set-up recorded particles in the diameter range
of 10–926 nm with a time resolution of ca. 10 min (Burkart et al.,
2011). From June 2015 to January 2016, a DMA 3081 (TSI, USA) with
a CPC 3772 or CPC 3775 were operated. Particles were measured in the
electrical mobility diameter range of 10–505 nm and 13–673 nm with
an increased time resolution of 5 min. The comparability of the two setups was tested by running them in parallel from April to June 2015. The
temporal evolution of the size spectra was well comparable and the
total number concentrations agreed within 20%. Meteorological parameters including GRad with 1-h resolution were measured at a distance
of 1 km to the North of the site. The data were provided by the Zentralanstalt für Meteorologie und Geodynamik (ZAMG). Concentrations
of O3, SO2, NOx and NO2 were obtained at a distance of 1.7 km to the
South of the measurement site, and were provided by the Viennese
Environmental Department monitoring network.

Classiﬁcation of the measurement days into diﬀerent nucleation
categories was performed according to a modiﬁed decision scheme
based on Dal Maso et al. (2005). The original classiﬁcation scheme was
developed for clean, remote atmospheric environments without major
pollution sources. The polluted, urban environments have a more
complex character (e.g. rush hours due to traﬃc, ship emissions). This
includes higher concentration levels, which also means larger ﬂuctuation of concentration with spatial and temporal changes than at rural or
remote sites. The Aitken mode and the whole size distribution is usually
shifted to smaller diameters in cities. Special emission sources connected to anthropogenic activities (e.g. burning, grass cutting) in cities
have been shown more recently (Skrabalova et al., 2015; Karl et al.,
2016; Salma et al., 2016b). These features appear in the size distributions and should be taken into account to avoid misclassiﬁcations and
to reduce the uncertainty of the classiﬁcation. The modiﬁcation of the
original scheme was performed with respect to the sub-25 nm particles
resulting the urban classiﬁcation scheme (Fig. 1.). The classiﬁcation
was performed based on daily contour plots according to Kulmala et al.

Fig. 1. Nucleation classiﬁcation scheme speciﬁcally adapted for urban environments.
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(2012). The distinction of the sub-25 nm particles from other sources
was the key step instead of the observation of the mode itself. For instance, a clear traﬃc pattern - peaks in sub-25 nm particles in the
morning and the evening - would be classiﬁed as “non-event”, in spite
of the sub-25 nm mode potentially lasting longer than an hour (an indication for “undeﬁned” according to Dal Maso et al., 2005). As there is
long-standing experience in identifying urban emission patterns in all
three locations, the identiﬁcation of a local source pattern in the daily
contour plots was also occasionally cross-checked with previously used
identiﬁcation methods of traﬃc emissions: patterns in time series of
integrated number concentrations of particles < 30, < 100 and <
300 nm (Prague), black carbon measurement time series (Vienna), and
meticulous logbook entries (Budapest). This results a more reliable
classiﬁcation in urban environments. Thus, non-event days, undeﬁned
events, NPF event days with well-developed and interrupted shape
(Class 1 and Class 2), and missing days were distinguished. The frequency of the diﬀerent classes was calculated with respect to relevant
days, when quantiﬁable data were collected.
Size distributions in a diameter range from 10 to 500 nm as the
overlapping interval for the 3 cities were chosen for the evaluation.
Hourly median particle number concentrations in the diameter ranges
from 10 nm to 100 nm (N10–100), from 100 to 500 (N100–500) and from
10 to 500 nm (N10–500) were generated to calculate the nucleation
strength factor (NSF; Salma et al., 2014). NSF was deﬁned as the particle number concentration ratio of ultraﬁne particles to the regional
aerosol in accumulation mode on nucleation day to non-nucleation
days, respectively:

NSF =

(
(

N10 − 100

N10 − 100

N100 − 500

N100 − 500

)

)

Table 1
Number (n) and relative contribution (f, in %) of NPF event, undeﬁned, non-event, and
missing days for the 2-year long campaign in Budapest, Vienna, and Prague.
Budapest

Nucleation days
Class 1 days
Class 2 days
Non-nucleation days
Undeﬁned days
Missing days

i

[SO2]×GRad
.
CS

f

n

f

n

f

152
118
34
516
48
14

21.2
16.5
4.7
72.1
6.7
–

69
38
31
394
92
175

12.4
6.8
5.6
71.0
16.6
–

143
41
102
136
195
256

30.2
8.6
21.5
28.7
41.1
–

3.1. Classiﬁcation and simultaneous NPF events
Classiﬁcation of the days into the various categories is summarized
in Table 1. The relative nucleation frequency over the 2-year long time
interval was 21% in Budapest, 12% in Vienna and 30% in Prague, respectively. The nucleation frequencies showed a diﬀerent seasonal
distribution. Most NPF events occurred unambiguously in late spring
and in early summer in Vienna and Prague. The monthly distribution of
nucleation frequency in Budapest showed two distinct maxima, one in
spring and one in autumn. The inter-annual variability did not show
substantial diﬀerences in the cities. This enables the joint evaluation of
the 2-year long dataset. The missing days in Prague were a result of
measurement failures and had uniform distribution over the 2 years. In
Vienna, 109 of the missing days occurred in winter, 14 in spring, 20 in
summer, and 32 in fall. The nucleation frequency of 12% for Vienna
reported in this study may therefore be a slight over-estimate, but is
comparable to an earlier study for the same site (Wonaschütz et al.,
2015), where a nucleation frequency of 11.5% was reported. The
number of simultaneous NPF events taking place at all three sites was
12. Five out of the 12 days occurred in April, and 11 out of the 12 days
took place in spring and in summer. There were two consecutive days,
when NPF happened at all sites. Pairwise investigation was also performed, meaning that NPF events took place in 2 cities and there was a
non-event day in the third city. This showed that there were 2, 19, and
19 days with nucleation in Budapest-Vienna, Budapest-Prague, and
Vienna-Prague, respectively (Table 2). Their distribution was inhomogeneous during the 2 years. The number of these pairwise NPF
events is unexpected, as Budapest and Vienna are located closer to each
other than Budapest and Prague.

(1)

(2)

where D is the molecular diﬀusion coeﬃcient of the condensing H2SO4
vapour in the air, ßM is the transition correction factor, dp,i and Ni are
the diameter and number concentration of particles, respectively, for
the size channel i. The condensation sink values were further utilized
for calculating the H2SO4 proxy according to Petäjä et al. (2009):

[H2 SO4 ] α

n

3. Results and discussion

The NSF indicates the relative concentration increment of particles
from NPF with respect to regional aerosol to the particles originating
from all sources on event days. The importance of atmospheric nucleation is negligible if NSF < 1.0. In case of 1.0 < NSF > 2.0, NPF
shows comparable importance to all other sources. When NSF > 2.0,
the NPF has the highest contribution to UF particles than any other
sources.
Hourly averaged meteorological data and air pollutant concentrations were obtained. The hourly median condensation sink (CS) for
vapour molecules condensing onto the surface of existing aerosol particles was computed for discrete size distributions consisting of i
channels according to Dal Maso et al. (2005):

CS = 2πD ∑ βM (dp, i ) dp, i Ni ,

Prague

while the day was unambiguously classiﬁed as a non-event day at the
third site. Moreover, the Hess-Brezowsky catalogue (Hess and
Brezowsky, 1952) was used to investigate the prevailing synoptic
weather types in the region representative for the three investigated
sites.

nucleation days

non − nucleation days

Vienna

3.2. Atmospheric concentrations
(3)

Overall median particle number concentrations of N10–500 were
8889 cm−3 in Budapest, 5395 cm−3 in Vienna, and 5844 cm−3 in

All three cities are in the same time zone, and so all the data were
expressed in local time. This also made it feasible to compare the incidence of the NPF process at the 3 sites.
Air mass back-trajectories were calculated using the Hybrid SingleParticle Lagrangian Integrated Trajectory Model 4 (HYSPLIT_4; Draxler
and Rolph, 2013; Stein et al., 2015) with the Global Data Assimilation
System (GDAS) meteorological database with a spatial resolution of
0.5° × 0.5°. The 60-h long backward trajectories were calculated for
arrival heights of 100 m and 500 m above ground level starting at UTC
12:00. The modelling was performed for those days, when NPF took
place on all three sites, or when the nucleation occurred in two cities

Table 2
Number of days with NPF in all cities, in 2 cities and without NPF.
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City with NPF

City without NPF

Number of days

–
Budapest, Vienna, Prague
Budapest, Vienna
Budapest, Prague
Vienna, Prague

Budapest, Vienna, Prague
–
Prague
Vienna
Budapest

55
12
2
19
19
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Table 3
Statistical overview of daily median concentrations in cm−3 in Budapest, Vienna, and Prague.
Budapest

Min
Median
Max
Mean
St. dev.

Vienna

Prague

N10-25

N10-100

N100-500

N10-25

N10-100

N100-500

N10-25

N10-100

N100-500

367
2096
6093
2170
862

1107
6449
17238
6695
2597

321
2663
9380
2882
1497

10
1058
4423
1137
832

273
3945
16350
4439
2318

124
1414
14953
1756
1590

297
1625
7829
1893
1080

750
4660
14127
5017
2282

138
1298
6967
1505
966

one in the morning and the other one in the late afternoon. This was
associated with traﬃc emissions. The concentration increased around
7:00 and rose again in the late afternoon in accordance with the rush
hours. In the city centre of Budapest, the concentration of UF particles
was higher than in the other two cities. Primary particles emitted by
traﬃc had a more signiﬁcant eﬀect on the diurnal variation. The peak
caused by the UF particles originating from NPF was superposed on the
curve of non-event days. The peak of UF particles from NPF was relatively higher than the two other traﬃc peaks. This is due to the fact that
the source and sink terms of available gas-phase H2SO4 determine together whether nucleation takes place or not (Salma et al., 2016b). The
sink term (surface of pre-existing aerosol) is higher in the more polluted
city centre, and thus a stronger source term is generally needed for the
new particle formation to happen.

Prague. The present choice of N10-500 as total particle number concentration due to the overlapping size distribution range in the 3 cities
was 20% lower compared to N10-1000 (Salma et al., 2011). Budapest
with a measurement site in the city centre had the highest total particle
concentration, while the other two locations, characterized as urban
background, showed moderate concentrations (Table 3). Signiﬁcant
seasonal variations of the concentrations were not observed at any of
the sites. The contributions of UF particles to the total particle number
concentration (expressed as N10–100/N10–500) were rather high, 0.71 in
Budapest, 0.73 in Vienna, and 0.78 in Prague, and did not seem to have
signiﬁcant temporal variation. This can be explained by the phenomenon that primary emissions and NPF take place in an alternating way
in the urban air: NPF occurs usually on days having smaller condensation sink values and thus cleaner air mass than days dominated by
primary emissions. This leads to a more or less constant level of UF
particles (Salma et al., 2011).
The diurnal variation of UF particles showed complex characteristics (Fig. 2). Two distinct peaks occurred in Prague on non-event days,

3.3. Relevance of atmospheric nucleation in cities
Overall mean nucleation strength factors of 1.58, 1.54, and 2.01
were obtained for Budapest, Vienna, and Prague, respectively. This
implies the considerable contribution of atmospheric nucleation to
urban particle sources. The NSF values in Budapest varied from 1.31 to
1.73. They followed the occurrence of NPF frequency pattern, except in
winter. The latter diﬀerence is partially caused by the usually low
number of NPF events in winter. The other cause was two very strong
nucleation events, when the monthly mean NSF reached the value of
2.8 (2014 Dec), and 4.1 (2015 Dec) due to the unusually low background particle number concentrations on those particular days. The
seasonal NSF values had the same pattern in Vienna and Prague
(Fig. 3.), they vary from 1.14 to 1.62 (Vienna), and from 1.25 to 2.09
(Prague). This is connected to the seasonal dependence of the NPF
frequency for these cities. It is worth noting that the NSF calculation
with N100-500 instead of the usual N100-1000 resulted in a 5% increase in
the NSF values. This means that the NSF is not very sensitive in the
particle diameter range from 500 nm to 1000 nm, which allows using it
as a quantifying parameter by instruments with diﬀerent upper cut-oﬀ
sizes.
The diurnal variation curves of the NSFs had similar shapes for the
three cities (Fig. 4.). The peaks can be assigned to NPF events. All the
three NSF curves have a monotonously increasing start after 9:00 in the
morning. This feature can be also seen on the contour plots or by examining the particle number concentration time series. The diurnal NSF
curves can be aﬀected by special types of banana curve as well, including multiple-onset NPF events, shrinkage of the newly formed
particles, broad onsets when the formation process takes place for
several hours, or nocturnal events (Skrabalova et al., 2015; Salma et al.,
2016b; Salimi et al., 2017). The particles originating from NPF become
the dominant source of UF particles in the time interval of 11–17 h. This
is the typical time interval for NPF events, which underlines the importance of characteristic time parameters. These characteristic time
parameters and their determination were introduced in a previous work
for Budapest (Németh and Salma, 2014).

Fig. 2. Diurnal variation of UF particles for the Budapest, Vienna, and Prague.
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Fig. 3. Nucleation strength factors for various seasons in Budapest, Vienna, and Prague.

Fig. 4. Diurnal variation of the nucleation strength factors for Budapest, Vienna, and Prague.

with NPF in all cities were similar and indicated northerly and northwesterly air mass origins. On the other 7 days the back-trajectories
showed no clear trend. Investigation of air mass back-trajectories for
the days, when NPF occurred in 2 out of 3 cities was also performed. On
the 2 days, when Budapest and Vienna (but not Prague) had NPF
events, there was no clear diﬀerence in air mass origins for all three
cities. In the case of simultaneous NPF in Budapest and Prague (but not
Vienna), only 1 day featured similar back-trajectories for Budapest and
Prague that clearly diﬀered from the one for Vienna. There were also 19
days, when NPF occurred in Vienna and Prague, and Budapest had nonevent days. On 5 of them, the air mass origins (mainly originating from
the North) were comparable for Vienna and Prague, and clearly different to those for Budapest. Therefore, the diﬀerences among sites
could not clearly be explained by air mass trajectories.
The local meteorology related to NPF was investigated on an hourly
basis. The median gas-phase H2SO4 proxy showed substantial diﬀerences for event, undeﬁned and non-event days for the 2 year-long interval (Table 4.). The median diurnal variations of the proxy for nucleation and non-nucleation days were calculated as well (Fig. 5.). The
maximum of the curves varied substantially, and was 125 × 103 W m−2
μg m−3 s in Budapest, 202 × 103 W m−2 μg m−3 s in Vienna, and
79 × 103 W m−2 μg m−3 s in Prague on non-event days. On event days,
the peak of the diurnal proxy curve was 324 × 103 W m−2 μg m−3 s in
Budapest, 471 × 103 W m−2 μg m−3 s in Vienna, and
269 × 103 W m−2 μg m−3 s in Prague. The main driver of the higher
proxy values in Vienna, as compared to Prague and Budapest, are the
consistently higher global radiation values. Similarly, the low proxy
values for Prague mostly reﬂect the consistently lower solar radiation.

Table 4
Median gas-phase H2SO4 proxy on nucleation, undeﬁned and non-nucleation days in
Budapest, Vienna, and Prague.

Nucleation days
Undeﬁned days
Non-nucleation
days

Budapest

Vienna

Prague

Proxy × 10−3 [μg
m−5 W s]

Proxy × 10−3 [μg
m−5 W s]

Proxy × 10−3 [μg
m−5 W s]

134
122
56

190
98
82

106
52
34

3.4. Simultaneous new particle formation events
The general weather situation over the region was examined using
the Hess-Brezowsky typization method. On 5 days (04 April 2015, 29
April 2015, 10 July 2015, 11 July 2015 and 26 July 2015) of the 12
nucleation days, when NPF occurred at all sites (Table 2.), high pressure systems prevailed. The other 7 days (20 April 2014, 24 May 2014,
26 May 2014, 20 June 2014, 09 April 2015, 21 April 2015 and 30
December 2015) were diverse, showing low as well as high pressure
situations. The full analysis of the 2 years showed that there was no
preferred Hess-Brezowsky synoptic type on NPF event days compared
to non-events days. The analysis also revealed clear inter-annual variations of synoptic types. Therefore, the general weather situation over
Central Europe does not seem to play a crucial role for NPF events in the
three cities.
Air mass back-trajectories on the above mentioned 5 out of 12 days
195
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Fig. 5. Median diurnal variation of gas-phase H2SO4 proxy for NPF event and non-event days in Budapest, Vienna, and Prague.

Fig. 6. Diurnal variation of gas-phase H2SO4 proxy expressed as a diﬀerence between the mean proxy of the days when nucleation took place only in Budapest and Prague, and the 2 yearlong mean proxy for non-event days.

143 (Prague) days in the 2 year-long period. There were 12 days, when
NPF occurred in all three cities. On 2 (Budapest-Vienna), 19 (BudapestPrague), and 19 (Vienna-Prague) event days, NPF did not occur at the
third site. Regional and local diﬀerences in the atmospheric environment played signiﬁcant roles as far as NPF is concerned. The diﬀerences
in NPF occurrence in the 3 cities were explained mainly by the diurnal
variation of gas-phase H2SO4 proxy.

Median CS values are lower in Prague and Vienna than in Budapest.
Median SO2 concentrations for non-event days in Vienna are lower than
those in Prague and Budapest, whereas on event days, median SO2 for
Vienna is comparable to that of Budapest. Due to the diﬀerent proxy
values in the 3 cities, the proxy was expressed for comparative purposes
as a diﬀerence between the mean proxy of the days when nucleation
took place only at 2 sites and the 2 year-long mean proxy on non-event
days. When Budapest and Prague had NPF event and Vienna had nonevent days, Budapest and Prague exhibited high proxy values which
were favorable for NPF (Fig. 6.). On these days, Vienna still had photochemically more active air mass than on the other non-event days,
when NPF did not occur simultaneously in Budapest and Prague. This
pattern was recognized for the other 2 cases (when only BudapestVienna and Vienna-Prague had NPF event days) as well. The diﬀerence
of proxy values was higher by a factor of approx. 2.0 on event days
compared to non-event days. The shape of the curves was similar for all
cities.
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4. Summary and conclusions
Particle number size distributions were measured in 3 Central
European cities continuously for 2 years. The total particle number
concentrations were found to be of similar order of magnitude, but the
city centre environment (Budapest) showed elevated levels compared to
the urban background sites (Vienna and Prague). The contribution of
UF particles to the total aerosol population was more than 70% in all
three cities. NPF events occurred on 152 (Budapest), 69 (Vienna), and
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