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Abstract. Aerosol number distribution measurements arel Introduction

reported at San Pietro Capofiume (SPC) statiorf 34N,

11°37 E) for the time period 2002-2005. The station is lo- The formation and growth of atmospheric aerosols has re-
cated in Po Valley, the largest industrial, trading and agri-cently received increasing attention as a potentially impor-
cultural area in ltaly with a high population density. New tant source of aerosol particles affecting climate and human
particle formation was studied based on observations of théealth (e.g. Charlson et al., 1987; Donaldson et al., 1998;
particle size distribution, meteorological and gas phase paPenner et al., 2004; Kovats and Haines, 2005; Davidson et
rameters. The nucleation events were classified according t8l-, 2005). The freshly formed aerosols become climatically
the event clarity based on the particle number concentrationdmportant only if they are able to grow to sizes of 50nm
and the particle formation and growth rates. Out of a total ofand larger. Particles in this size range can act as cloud con-
769 operational days from 2002 to 2005 clear events were dedensation nuclei, and therefore they may contribute to the
tected on 36% of the days whilst 33% are clearly non-eventndirect aerosol cooling effect of the climate (e.g. Twomey,
days_ The event frequency was h|gh during Spring and sum1974; Pirjola et al., 2002; Laaksonen et al., 2005; Kaufman
mer months with maximum values in May and July, whereaset al., 2006). Furthermore, if the particles grow to sizes above
lower frequency was observed in winter and autumn months100 nm, they scatter light very efficiently, and have thereby a
The average particle formation and growth rates were estidirect cooling effect on the climate (Coakley, 2005).

mated as~6cn3s 1 and~7nmh L, respectively. Such Until recently, particle nucleation was assumed to be lim-
high growth and formation rates are typical for polluted ar- ited to clean areas of the atmosphere where it has been
eas. Temperature, wind speed, solar radiationz; &@ G observed frequently; for example, nucleation events have
concentrations were on average higher on nucleation dayBeen observed in continental locations such as boreal forests
than on non-event days, whereas relative and absolute hiMakek et al., 1997; Kulmala et al., 1998, Dal Maso et. al.,
midity and NG concentration were lower; however, seasonal 2005), the Arctic and Antarctic regions (e.g. Wiedensohler
differences were observed. Backtrajectory analysis sugges®t al., 1996), and remote areas (e.g. Weber et al., 1997), as
that during majority of nucleation event days, the air massedvell as in a coastal background site in west coast of Ireland
originate from northern to eastern directions. We also study(O’'Dowd et al., 1998; O'Dowd et al., 2002). Particle nu-
previously developed nucleation event correlations with en-cleation has been expected to be less favoured in the urban
vironmental variables and show that they predict Po Valleyatmosphere than in the rural atmosphere due to a higher con-
nucleation events with variable success. densation sink formed by pre-existing particles, causing con-
densation of non-volatile species onto existing particles to
be more favourable than particle formation by homogeneous
nucleation (Minkkdnen et al., 2005). However, a number of
recent studies conducted in urban atmospheres show that nu-
cleation events occur frequently also in urban and polluted
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356 A. Hamed et al.: Nucleation and growth of new particles in Po Valley, Italy

Fig. 1. Map of northern lItaly, the long arrow points to the San Pietro Capofiume (SPC) station. Yellow to red colours indicate increasing
population density (white — brown: not populated mountaintops).

Short term measurements have been conducted for study- Recently, we have analyzed a two-year data set of parti-
ing nucleation in polluted areas during some campaignsgle size distribution measurements conducted at San Pietro
e.g. in Mexico City (Dunn et al., 2004), in lower Fraser Val- Capofiume (SPC) station in the Po Valley area, Italy (Laak-
ley (Mozurkewich et al., 2004), in eastern England (Harri- sonen et al., 2005) focusing on cloud condensation nuclei
son et al., 2000), in Athens, Greece, Marseille, France andCCN) formation following the events. The results show that
New Delhi, India (Kulmala et al., 2005), in Milan, Italy (Bal- the nucleation events occur frequently with rapid growth in
tensperger et al., 2002) and in Atlanta, Georgia (McMurry etSPC suggesting that they can be an important source of CCN
al., 2005). These measurements have mainly been short tereven in a polluted environment with strong primary particle
but also longer data series have been recorded in urban loca&missions. In this paper, we report results for three-year (24
tions, including Atlanta, Georgia for 13 months (Woo et al., March 2002—23 March 2005) observations of new particle
2001), Birmingham, UK for one year (Alam et al., 2003), formation at the SPC station. The nucleation events observed
St. Louis, Missouri for one year (Shi and Qian, 2003), Pitts- at the SPC station are described in more detail. We anal-
burgh, Pennsylvania for about one year (Stanier et al., 2004a;se the measured particle size distributions, study the fea-
b), Beijing, China for one year (Wu et al., 2007) and Fresnotures of particle formation and growth, and present nucle-
Supersite, Central California, for almost two years (Watsonation event statistics. The gas phase concentrations and me-
etal., 2006). teorological conditions associated with nucleation are also

Long term data series from rural continental sites includediscussed. Moreover, the source and transport pathways of
an eight year series from Hyg@a, Finland (Dal Maso et al., the air masses arriving to SPC station during our measur-
2005), a 1.5 year series from Melpitz, Germany (a rather poling period were also investigated by using back trajectories
luted area) (Birmili and Wiedensohler, 2000) and 2.5 year se-analysis. This work was part of QUEST (Quantification of
ries from Hohenpeissenberg, Germany (rural area) (BirmiliAerosol Nucleation in the European Boundary Layer) project
et al., 2003) and a 1.5 year series from Lombardy region infunded by the European Commission.
northern edge of Po Valley, Italy (Rodriguez et al., 2005).

It is evident that nucleation events occur frequently in the
atmosphere in both clean and polluted environments. It i2 Site description and instrumentation
not, however, yet possible to predict, a priori, rates at which
particles are formed and grow, or even to know with certainty2.1  Study area
which chemical species are involved (Kulmala et al., 2004).

Therefore, nucleation remains an active area of scientific reParticle size distribution measurements in diameter range
search and better understanding of the processes that goveftom 3 to 600 nm were started at the San Pietro Capofi-
the formation and growth of new particles has certainly be-ume (SPC) measurement station@4 N, 11°37 E) on 24

come important. March 2002. The station is located about 30 km northeast
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Table 1. Summary of measured gas and meteorological parameters, instruments, measuring ranges and detection limits together with the

number of days of observations.

Parameter Instrument Measuring ranges Detection limit Numb. of obs. (days)

SO, Monitor Labs model 8850 205

NO, API model 200A 0-50 ppb/0-20 ppm 0.5ppb RMS 186

O3 API model 400A 0-100 ppb/0-10ppm <0.6 ppb 256

Temperature Vaisala HMP45D —40—FED 331

RH Vaisala HMP45D 0-100% 314

Wind direction Vaisala WAV151 0-360 296

Wind speed Vaisala WAA151 anemometer 0.4-75m/s 331

Global radiation  Kipp&Zonen CM6B 2000 W/n 331
(305-2800 nm)

Precipitation SIAP-UM7525 4+0.1mm (5 mm/h) 331

+2% (>5 mm/h)
Pressure Milos board DPA50 500-1100 hPa 268

from the city of Bologna, in the Po Valley, the largest in- DMPS system is operated at room temperature (aba@R5
dustrial, trading and agricultural area in Italy with a high One measurement cycle lasts for ten minutes. From the mea-
population density. The station itself is in a sparsely inhab-sured data, particle size distributions were determined using
ited area open to Adriatic Sea to the east side (represented im Tichonov regularization method with a smoothness con-
green colour in the Fig. 1), but enclosed by densely populatedtraint (see Voutilainen et al., 2001). The CPC counting effi-
areas, on its southern, western and northern sides. Themdency and diffusional particle losses in the tubing were taken
are power plants and industrial areas along the Po Rivemnto account in the data analysis.

and close to the harbours of Venice and Ravenna. In addi- In addition to particle size measurements, several gas and
tion, the northern Adriatic is also rather crowded of ships meteorological parameters are being measured at SP£;: SO
(Zanini et al., 2005), which can be important sources ofNO, NO,, NOy, Oz, temperature, relative humidity, wind di-
SO,. High levels of pollutants are therefore reported for this rection, wind speed, global radiation, precipitation, and at-
region (“Provincia Bologna, Pianificazionee gestione dellamospheric pressure. Water vapour concentrations were cal-
qualita’ dell'aria nella provincia di Bologna, parte prima: culated from relative humidity and temperature data. We
Valutazione della qualita‘ dell’aria, 2003, availablettp: utilized these parameters in our analysis of particle forma-

[lwww.provincia.bologna.it/ambiende/ tion and growth processes: Table 1 summarizes measured
parameters, instruments, measuring ranges, detection limits
2.2 Measurements and the collected data together with the number of days of observations for different

) ] o ] parameters. Gas and meteorological parameters were typ-
The particle size distribution measurements were carried Oui'cally measured at every hour or they were one-hour aver-

using a twin Differential Mobility Particle Sizer (DMPS) sys- ages. Gas and meteorological data was provided by ARPA
tem: the first DMPS measures particle size distributions beseapyizio 1dro Meteo Italy.

tween 3—20 nm and the second one between 15-600 nm. The

first DMPS consists of a 10.9 cm long Hauke-type differen-

tial mobility analyzer (DMA, Winklmayr et al., 1991) and 3 Results and discussion

an ultrafine condensation particle counter (CPC, TSI model

3025) whereas the second DMPS consists of a 28 cm long.1  Classification of the new particle formation events
Hauke-type DMA and a standard CPC (TSI model 3010).

The first DMA is operated with aerosol and sheath flows For the data analysis, days are classified in different cate-
of 1.5 and 101 min?, respectively, and the second one with gories, i.e., event and non-event days. The day is considered
flows of 1.0 and 6.7 Imin’. In both DMAs, the sheath and a nucleation event day if the formation of new aerosol par-
excess flows are controlled by a closed-loop flow arrangedicles starts in the nucleation mode size range and the mode
ment with a critical orifice and dried with a silica gel dryer. is observed over a period of several hours showing signs of
The aerosol sample is taken at about 3 m above the groungrowth. In practice, a new particle formation event can be
and neutralized with a radioactiye-source (Ni-63) before seen as an increase of the particle concentrations in the small-
the DMAs. Before 9 October 2002, the sample aerosol wasest channels of the DMPS system. These newly formed par-
taken without any drying and afterwards it has been driedticles then experience subsequent growth that can be seen to
with a Nafion drier (Permapure, MD-110-48SS). The twin occur typically at a rate of few nanometres per hour during

www.atmos-chem-phys.net/7/355/2007/ Atmos. Chem. Phys., 733852007
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the rest of the day. If the aerosol size distribution for a given3.2 Nucleation events

day exhibits these signs, the day can be classified as a typical

new particle formation day (event day). We have analyzed 3 years of data obtained until 23 March
2005. During this period, the DMPS instrument was opera-

After selection of event days, the days are classified ac-

1 i 0
cording to the clarity of events. Class 1 events are char-tlonal on 769 days. This amounts to about 70% of all days

acterized by high amounts of 3-6 nm particles: with only during the 3 years of measurements, and during the rest of

small fluctuations of the size distribution and no or little pre- _the days the data is e|tr_1er completely missing or of bad qual-
. From those operational days, the data includes 279 nu-

existing particles in the smallest size classes. Class 1 event . . 0
show intensive and clear formation of small particles with cleation event days (meaning that about 36% of the data are

- 0, i
continuous growth to large particle sizes that lasts from seve \{(g/nt criays) int?] 2tS4nnoVn szﬁm dary;(ssn/o tok]: tr\1/e ?aktazl, V\llh”e
to ten hours with an average of about eight hours. Class o are such that an eve ay ormay not have faken place.

events show the same behaviour but with less clarity; for ex- a}ble i szumrga;zes tthe nlumb%r ’c\>lf nchIeattlc(Jjn evels'ltzdayz
ample, with larger fluctuations of the size distribution even (class 1, 2 and 3 events), class 0, Non-Event days (NE) an

though the formation of new particles and their consequen{[\g'ssIng Data (MD) throughout the 3 years measurements at

growth to larger particle sizes can be clearly observed. Fur- (\aNSPC statlo?. the table that the DMPS inst t mal
thermore, the growth lasts on average about five hours, some- € can see from the taple that the DM instrument mal-
what less than for class 1 events. However, in those two nu_unctloned during some months, especially during autumn

cleation event classes, it was easy to follow the trend of themonths. Thus, September months are left out of nucleation

nucleation mode and observed growth; hence, the calculagVent frequency analysis since there are only a few data

tions of formation and growth rates of newly formed particles points for thesei) months throughout the whole period (19 out
were determined with a good confidence level. of 90 days~21%). For the other autumn months, October

and November, the ratios were about 56% and 66% respec-
Class 3 events include cases where there is enough evfely and thus we retain them in our present analysis.
dence of new particle formation but one of the stages was Figyre 3 illustrates the monthly frequency of nucleation
not clearly observed. For example, on some days, the forgyents in different classes. The maximum event frequency

mation of new particles and their growth to larger particle 5ccyrs during May—July, being over 60% of all days for May
sizes may have started for a short time but it was then interyg july and over 40% for June. A large number of inten-

rupted by change in one or more parameters (e.g. drop in thgjye nycleation events (classes 1 and 2) can be noticed dur-
intensity of solar radiation, rain). In addition, we classified jnq those months (about 30% of all days). During late winter

in that category the formation days which were characterized;,q spring (February—April), the frequency of event days is
by weak growth and those few cases where the growth of th%]uite high at about 35 % of all days whereas it is clearly

new mode formation cannot be obviously shown. Classifi-jower during autumn (October—November). The minimum
catlon_of nucleation eve_znts is s_tlll, however, subjective andys ihe event frequency occurs in December—January but even
sometimes an overlapping within the classes may occur. Tqnen it is about 15%, i.e., on average there is more than one
minimize the uncertainty of the classmcat.mn m(_athod We ré-event per week. Furthermore, no class 1 events have been ob-
ferred to class 1 and c_Igss _2 events as intensive nuclgatlogerved during October—January. In general, the results show
events, where all classification stages were clearly fulfilled,inat nucleation events take place throughout the whole year
whilst class 3 events are referred to as weak events. and the overall frequency of nucleation event days (classes
As well as event days, also the days with no particle for-1-3) is about 36% of all days. The highest frequencies for
mation observed are of interest. Those days are classified awicleation events were observed from late spring to summer,
non-event (NE) days, due to the absence of particles in nucleke. from April to August. In contrast, the monthly distribu-
ation mode size range. However, a large number of days didion of non-event days exhibits inverse behaviour compared
not fulfill the criteria to be classified either event or NE; these to nucleation event days, with maximum during winter and
undefined days were classified as class 0. In that class, it waautumn and minimum during summer months.
difficult to determine whether a nucleation event has actually A high seasonal event frequency in spring has been ob-
taken place or not. The classification method of nucleationserved in different environmental locations as well; e.g. in
events we used here is based on the methods described Ioyral central Europe, Hohenpeissenberg station, in south Ger-
Makeh et al. (2000) and Dal Maso et al. (2005). Figure 2 many (Birmili et al., 2003); at a clean area, Boreal forest site,
gives examples of new particle formation and their classifi-Hyytiala, in southern Finland (Dal Maso et al., 2005); in ur-
cations. In the resulting analysis and due to the subjectivban areas, (Stanier et al., 2004a, b; Watson et al., 2006); in
ity of the event classifications, as we described above, cleaa rural polluted area, Melpitz, in east Germany (Birmili and
nucleation events and non-events were only taken into con¥iedensohler, 2000); and in a highly polluted area, Beijing,
sideration. That also gives a good opportunity to investigateChina (Wu et al., 2007).
the reasons leading to nucleation events when compared with In contrast to other sites, the winter event frequency was
non-events days. somewhat higher at SPC, close to 20%. Only at the Hohen-
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Fig. 2. Examples of new particle formation and event classification.
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Table 2. Numbers of nucleation events days (Class 1, 2 and 3 events), class 0, Non-Event days (NE), and Missing Data (MD) throughout the
3 years of measurements for San Pietro Capofiume station. (Operational Days=DMPS instrument was operational).
Note that the September month is not statistically reliable.

Month Operational Classl Class2 Class3 ClassO NE MD

Days
1 90 0 3 10 33 44 3
2 82 6 8 15 27 26 3
3 91 9 9 13 28 32 2
4 69 4 11 14 21 19 21
5 49 7 11 14 10 7 44
6 39 3 7 7 14 8 51
7 86 13 24 21 17 11 7
8 62 2 7 15 19 19 31
9 19 1 1 11 0 6 71
10 52 0 7 6 20 19 41
11 59 0 0 7 23 29 31
12 71 0 3 10 24 34 22
Sum of days 769 45 91 143 236 254 327
0% - B Class 3 cated at a rural area in Lombardy region northern Italy. This
. 0 Class 2 is in contrast to the SPC station, where the event frequency
0% W Class 1 was somewhat lower during autumn months. The seasonal
60% - trend of nucleation events in the northern edge of Po Valley

thus seems to be different compared to the eastern part of Po
Valley. The difference between SPC and Ispra is not very
40% - surprising; even if they are both rural sites in the Po Valley,
similar climatology of the aerosol and trace gases can not
be expected since Ispra is very close to the big Milan conur-
20% - bation, so that the breeze between the very populated and
polluted plains and the Alps (Dosio et al., 2002) controls the
concentrations of trace gases and aerosol and henceforth ef-

50%

Frequency

30%

10%%

0% fects the event frequency distribution. Such mountain breeze
1 2 3 4 5 6 7 2 3% 10 11 12 circulation does not affect the SPC site, which is therefore
Months characterised by a different aerosol climatology with respect

. . ~ to Ispra. In general, nucleation can occur in very diverse
* Note that the September nucleation data is statistically poor (segatistics of nucleation events hint that different processes are
Table 2). controlling the particle formation events at different environ-

ments.

peisenberg station (Birmili et al., 2003) a comparable winter3,3 Total particle number concentrationsdiN

event frequency (about 25%) has been observed. However,

at Hohenpeissenberg, a summer minimum was observed iNucleation events observed at SPC station ranged from
the event frequency (around 0.075 events per day), and theneeak events, where the total particle number concentrations
were no intensive nucleation events at all during summer(Ny) varied between 1.510° (minimum value at start of
which is very different to the SPC observations (see Fig. 3).events) and ¥10* particles cnT® (maximum peak concen-
Particularly, for urban area, St. Louis, Shi and Qian (2003)tration during events) to intense nucleation events where the
observed a minimum frequency around 5% during midwin- Niot variation was from 1.8 10° to 2.8x 10° particles cn?.

ter and the highest values of above 30% were during AprilDuring non-event days, the observed maximum value of
and July, similar to the SPC station. On the other hand, RoNit was about 4 10* particles cnm® with a mean value of
driguez et al. (2005) observed a maximum number of evenBx 10° particlescn®.  The average total particle concen-
days during autumn months at the Ispra station, which is lotration from all days of the study (769 days) was about
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Fig. 4. Hourly means of total particle concentratiorfo[\l(cm*3) during events and on non-event days for different season over the whole
period.

1.2x10% cm3, which is a value more typical for urban rather ation events (Birmili and Wiedensohler, 2000). This is quite
than rural environments. Hourly averages of the total par-similar to SPC station. At the Ispra station in the northern
ticle concentrations in different seasons for events and foredge of the Po Valley Italy, the mean value of_Ngp nm
non-events have distinguishable differences (see Fig. 4). Agluring the formation days was abouflx 10* cm~3 ranging
expected, Ny is significantly higher for event days espe- from 2x10%cm™3 to 2x10* cm3 (Rodriguez et al., 2005).
cially for frequent event months, spring and summer, whereThe values observed at Ispra station were slightly lower than
the maximum values have been observed around noon tthe values observed at SPC station. The mean values of about
be ~2.7x10*cm=2 and ~3x10*cm 3 respectively. For 8.7x10?cm~2 and 7 10% cm 3 have been observed at two
winter and autumn seasons, the maximum values gf N clean locations in northern Finland (Komppula et al., 2003;
during event days are slightly lower1.8x10*cm=2 and Lihavainen et al., 2003). However, the same seasonal varia-
~2.4x10* cm~3, respectively. In contrast, during non-event tion, with higher particle concentrations for spring and sum-
days, Not was between (0.7-1.5)10% cm3 throughout the  mer and lower concentrations for autumn and winter have
different seasons. Clear increases in the total particle conalso been observed at Pallas, in north Finland (Lihavainen et
centrations were observed during morning and evening rustal., 2003).

hour. Those rush hour peaks can be also found around 9 and

19 o'clock for winter, spring and autumn seasons for non-3-4 Nucleation event characterization

events. During spring and summer season, the rush hour i i o )
peaks cannot be clearly observed on event days due to in‘[he aim of .thIS section is to study the features assougted
tensive new particle formation. with nuclegtlon events such as the start_ and_ CL_Jt-off (end time)
of the particle bursts above the detection limit of 3nm, and

During nucleation events, the number concentration of ul- : .
. . . : he nucleation event duration. Furthermore, the growth rate
trafine particles (3—50 nm) increases so that it always exceeds

8 10° particles cnm® around the event start time. Moreover, and fqrmation rates, together with condensation sink are also
) o : described.
it takes at minimum three hours before the particle concentra-
tion again decreases below this level, irrespective of seasong 4 1 Events start and end times

In Pittsburgh, the average number concentration for
N(—500 Was about 2.2 10* cm3 (Stanier et al., 2004b), Nucleation event start and end times as well as the duration
which was higher than the observed values in SPC while inof the event are among important characteristics. However,
the Melpitz station in Germany, concentrations of particlesto define starting and ending times of the nucleation events is
with diameters between 3—11 nm have been observed to exsometimes difficult because of the fluctuation in the smallest
ceed 18 cm=2 for over four hours and more during nucle- size classes due to measurement uncertainties. Only particles

www.atmos-chem-phys.net/7/355/2007/ Atmos. Chem. Phys., 733852007
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o Eventstart time 1999). Weber et al. (1999) estimated FR by comparing data

o Eventendtime from various sites. Those estimates were based on change

zr Sumset . of the particle concentrations over the nucleation event dura-
T . o RN ° tion. In this work, we have estimated the formation rate at
B g N 2L X ° S 3 nm from the increase of 3—20 nm particle number concen-

_ o5t o %09"";% e o & ) tration between the event start time and the time when the
& e, S 3, . particle concentration exhibits a maximum during the event.
S 1} N ° ex .3 » . Weber et al. (1997) estimated the growth rate of nucleation
E ol 2 ;';, L taneee O . - mode from the spatial evolution of the measured particle size
o o f TR . e ;“3 . distribution in clean air at a continental site. They estimated
o Cos : > the GR of nucleation mode particles from the time taken be-

L N e NS N tween the increase in gas phase sulphuric acid concentration

b1 o4 o7 20 o0 04 07 10 017 M4 07 10 01 o and the increase in 3nm particle concentrations. The ob-

Month
served growth rates of 1-2 nmhwere approximately ten

Fig. 5. Start and end times for nucleation events together with thetimes faster than those calculated assuming condensational
sunrise and sunset curves. growth caused by sulphuric acid and water. In our calcu-
lations, since sulphuric acid concentrations were not mea-
sured, we were not able to use Weber's method to calculate
larger than about 3 nm in diameter, that is the minimum de-GR. Instead, we determined the growth rates visually from
tectable size for current aerosol instruments, can be observehe DMPS data plots. The minimum growth time we used
(Kulmala et al., 2004). Newly formed particles (about 1 nm for estimation of the GR was three hours, and if the growth
in diameter) need time to grow to 3nm size and this timelasted for long enough, the GR was estimated from a period
varies under different atmospheric situations. However, beof about eight hours. Figure 6 gives an example of a typ-
cause the exact growth time is not known, the observed staiital nucleation event day (class 1), where the fitted growth
and the cut-off of the particle formation will be used as nu- rate and estimated formation rate, together with start and end
cleation start and nucleation end throughout this paper. Irtime of the event is shown.
practice, we used a MATLAB program to determine visually  In order to check the reliability of our methods, we used
the start and end times. The duration of particle formationthe procedure described by Dal Maso et al. (2005) to cal-
was estimated as the time difference between the start angulate the formation and growth rates for clear nucleation
the end times. Figure 5 shows the obtained nucleation stavents for one complete year. The estimated values for GR
and end times for all events from 2002 to 2005 together withand FR using both methods are very similar. Therefore, we
the sunrise and sunset curves. Alltimes are local winter timeslid not repeat the GR and FR analysis for the remaining two
(UTC +1). years but kept to the results obtained with the method pre-
Nucleation typically starts after sunrise near midday. Thatsented above.
feature seems common with other locations where nucle- Monthly means for formation and growth rates for the
ation has been observed (e.g. Woo et al., 2001; Birmili andthree-year period of nucleation events at the SPC station are
Wiednsohler, 2000; Birmili et al., 2003; Boy et al., 2003; given in Table 4. Based on our calculations, the estimated
Alam et al., 2003; Mozurkewich et al., 2004; Kulmala et al., mean value for FR was about 5.9tcAs 1. This value is
2004). The time difference between sunrise and nucleatiotomparable to typical values observed in urban areas. Over-
event start is shorter in summer compared to other seasonsjl, the FR values varied between 0.24 and 36.89%sn?.
however, somewhat surprisingly the duration of the new par-During winter and autumn, the FR values were slightly
ticle formation was the shortest during summer as well (sedower than the mean value. That is in contrast to spring
Table 3). That could be due to the high afternoon temperaand summer, where the mean values were over the aver-
tures in SPC during the summer as there might be an uppesige value in May-July with a maximum value observed in
temperature limit above which nucleation is inhibited. May (36.89 cnt3s71). In general, the trend of the formation
rate in different seasons was almost the same as the nucle-
3.4.2 Particle formation rate and growth rate (FR and GR) ation event frequency trend (see Table 4). The total num-
ber concentration of new particles produced during the parti-
Some features associated with the nucleation events were esle formation events, on average, was>219* cm~3 with a
timated from the measured particle size distributions, suchmaximum value of 1.3810° cm~2 and a minimum value of
as the particle formation rate, FR (particlescts1) and  2.8x10°cm 3.
particle growth rate, GR (nnTH). For coastal nucleation The mean growth rate of the nucleation mode particles
events, for example, the estimations were based on showas ~6.82nmhl. It is known that low growth rates are
timescale variation of ultrafine particle formation, where the a clear feature for clean areas (Birmili et al., 2000; Weber
estimated FR was in order3010*cm—3s 1 (O'Dowd etal., et al., 1997; Dal Maso, et al., 2005); whilst high values
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Table 3. Monthly means of event start time, event end times, event duration, Sunrise and Sunset for nucleation events from (2002—2005)
together with the Minimum (Min), Maximum (Max), Mean and Median for the whole study period.
Note that the September month is not statistically reliable.

Month Event starttime Eventendtime Duration Sunrise Sunset
1 10:29 16:53 06:23 07:50 16:53
2 12:17 18:41 06:23 07:21 17:33
3 11:14 17:18 06:04 06:30 18:14
4 11:30 16:50 05:20 05:34 18:52
5 10:21 15:31 05:09 04:50 19:29
6 9:05 14:51 05:46 04:34 19:53
7 9:43 14:25 04:41 04:50 19:48
8 9:57 15:37 05:40 05:24 19:10
9 11:00 16:27 05:27 06:01 18:15
10 11:57 17:37 05:40 06:39 17:18
11 12:05 18:30 06:24 07:19 16:38
12 12:03 18:35 06:32 07:49 16:29
Min 09:05 14:25 04:41 04:34 16:29
Max 12:17 18:41 06:32 07:50 19:53
Mean 10:58 16:46 05:47 06:13 18:12
Median 11:07 16:51 05:43 06:15 18:14

100 L | | I I I
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x 10° Time (h)
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Fig. 6. Typical nucleation day (class 1 event on 25 March 2002). The thin blue and green vertical lines show the start and end of the particle
bursts above the detection limit of 3nm. The thin white line is the fitted curve for the growth of the nucleation mode. On this day, the
estimated formation rate (FR) was 12.9tfs 1 and growth rate (GR) was 8.8 niith. The lower plot shows total particle concentration

(Ntot) for the same day.

have been reported for more polluted areas (e.g. Kulmala eparticles would be scavenged before growing into measur-
al., 2005; Birmili and Wiedensohler, 2000; Verheggen andable size range above 3 nm.
Mozurkewich, 2002; Birmili et al., 2003). The high value

of the growth rate in SPC station might possibly be due to : . . .
; : : “the whole period, with the maximum GR observed in May
the large degree of pollution. Since the evolution of the nu (22.9nm %) and minimum in February (2.9 nrh). Dur-

cleation mode size distribution results from competition be- int d aut th i GR val
tween growth and scavenging onto background aerosols, fa%l?g winter and autumn, the monthly mean values were

growth is needed for particle formation; otherwise, nucleated ower than the total mean value (_2002_2005) whilst during
spring and summer they were higher than the total mean

The estimated GR values were relatively high throughout
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Table 4. Monthly Minimum (Min), Maximum (Max), Means and Median of formation rate FR (cs~1) and growth rate GR (nmh)
calculated for nucleation events from (2002—-2005). (NC means no intensive nucleation events have been observed in that month.)

FR (cni3s1) GR (nmh1

Month  Min Max Mean Median| Min Max Mean Median
1 1.80 4.56 3.18 3.18 | 3.90 6.40 5.27 5.50
2 1.25 6.78 3.34 2.20 | 2.90 9.80 6.27 6.20
3 0.39 12.92 3.42 3.04| 3.10 12.90 6.18 5.40
4 1.13 15.71 4.25 3.06 | 3.50 13.70 5.87 5.40
5 1.72 36.89 9.54 4.61| 3.50 22.90 7.53 6.75
6 1.32 21.58 7.38 4,38 | 3.20 12.70 7.19 7.40
7 0.24 30.13 7.57 3.94| 3.00 13.50 7.43 7.60
8 0.72 9.81 3.03 2.16 | 4.60 11.70 6.93 6.50
9 8.04 10.50 9.27 9.27| 7.10 8.90 8.00 8.00
10 0.49 4.08 1.50 1.03| 4.20 13.00 6.28 5.15
11 NC NC NC NC NC NC NC NC
12 1.26 1.65 1.45 1.45| 4.00 4.40 4.20 4.20

Total 0.24 36.89 5.89 3.31| 2.90 22.90 6.82 6.45

value (see Table 4). The identification of the condensingimum in the Ligurian sea) bringing precipitation, especially
species behind the large observed growth remains uncertaiin fall, or by strong dry easterlies (“bora” winds) which bring
Weber et al. (1997) concluded that while nucleation mightlittle precipitation (usually snow on the Apennines). In both
depend upon sulphuric acid and water, particle growth rate€ases, a partial replacement of the air masses takes place in

required another, probably organic component. the lower troposphere and dry air from the free troposphere
can be advected to the lower levels. Due to horizontal and
3.4.3 Condensation Sink (CS) vertical mixing, the PM concentration decreases markedly at

the ground, and so does the condensation sink. This provides
The aerosol condensation sink (CS) determines how rapidiyan explanation why the fall-winter nucleation events in clear
molecules will condense onto pre-existing aerosols and desky days are associated with dry air intrusions (i.e., are not
pends strongly on the size distribution (Kulmala et al., 2005).only characterised by low relative humidity but also by low
To quantify condensation processes during new particle forspecific humidity). This will be explained below in more de-
mation, we calculated the condensation sink by using theail.
method described by Pirjola et al. (1998) and Kulmala et o ] )
al. (2001). In practice, the vapour was assumed to have very During intensive nuc_leatlon events that occur frequently
low vapour pressure at the surface of the particle, and molecl the summer and spring months, the CS values tend to be

ular properties were assumed similar to those of sulphuriclightly higher than during winter and autumn events. How-
acid. ever, no significant differences in CS values at event start and

during the event were observed during summer and spring

According to our calculations (Table 5), the condensation
onths (see Table 5).

sink values are lower on event days than on non-event day<"
Low condensation sink values have been found favor to nu-
cleation also in Hyy#la, Finland (Kulmala et al., 2005).
Significant differences were observed between the CS val3.5 Discussion of different parameters
ues at event start time and during the events especially for
winter months where the values of CS during the events
were often more than two times the values at event start. IrnThe aim of this section is to investigate the trend and cor-
the months of frequent events, those differences were muckelations between different parameters (meteorological and
smaller. The lowest CS values at the event start time ocgas phase concentrations) and new particle formation. Fur-
cur in December and January, which can be explained by théhermore, comparisons between intensive event days (class 1
fact that the main feature of the SPC fall-winter weather isand class 2) and non-event days for different seasons of the
the occurrence of persistent fogs and low-level stratus cloudgear are presented. Particularly, we are interested in finding
under high-pressure conditions. They are dissipated by theut what are favourable conditions for the new particle for-
passage of fronts (usually occluded fronts with pressure minmation events.
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Table 5. Monthly variations of condensation sink CS{y at event start time, during the event and for non-events together with the Minimum
(Min), Maximum (Max), Mean and Median for the whole study period. (NC means no intensive nucleation events have been observed in
that month.)

Month  CS (at event start time) 18s~1  CS( during the events) 18s~1  CS(non-events) 107 s1

1 0.694 1.61 2
2 1.05 1.8 1.89
3 1.05 1.47 2.04
4 1.81 1.96 1.17
5 1.14 1.25 1.42
6 0.99 1.22 1.4
7 0.97 1.18 1.22
8 0.86 1.06 1.17
9 0.98 1.24 1.47
10 0.92 1.19 2.07
11 NC NC 2.41
12 0.38 0.9 2.66
Min 0.38 0.90 1.17
Max 1.81 1.96 2.66
Mean 0.99 1.35 1.74
Median 0.98 1.24 1.68

3.5.1 Effect of meteorological parameters on new particle The relative humidity was lower, on average, on event days
formation than on non-event days. For winter, spring and autumn sea-
sons remarkable differences between event days and non-
To study the relationship between nucleation events ancvent days was observed, but again the smallest difference
numerous meteorological parameters, we have analysed @as observed during summer (Fig. 7b). Low relative humid-
three-year set of meteorological data for the SPC station. They, frequently down to 50% (towards the middle of the day),
meteorological parameters considered here are shown in Tayas observed during nucleation events for all seasons. Sim-
ble 1. ilar behaviour was observed in north Italy (Rodriguez et al.,
The hourly mean temperature (Fig. 7a) was higher on2005), in the polluted continental boundary layer (Birmili
event days than on non-event days, except for the summegind wiednsohler, 2000), in rural area (Birmili et al., 2003)
months. The daily variation between nighttime minimum and also in clean areas, for example in different stations in
and daytime maximum temperature is larger on event dayinland, Hyytala station (Boy and Kulmala, 2002), Pallas
during all seasons. During winter, spring and autumn seastation, in sub arctic area in northern Finland (Komppula et
sons, the noontime event temperature is higher than nona|., 2003) and in ¥rri6 in Finnish Lapland (Vehkaéki et
event temperature, which reflects the fact that nucleation oca|., 2004). This is a strong indication that the particle for-
curs mostly during clear sky conditions. Somewhat surpris-mation is negatively correlated with relative humidity. This
ingly, the noontime event and non-event temperatures argould be explained by the fact that relative humidity is higher
similar in the summer; however, the nighttime event temper-on cloudy days with less solar radiation to produce OH rad-
atures are lower than non-event day temperatures. The olcals and further condensable vapours and/or that the high
served diurnal temperature behaviour is quite different fromhum|d|ty causes the pre-existing aerosols and thereby the CS
clean areas, as observed at different locations in Finland (Boyo grow so that more surface area is available for vapour con-
and Kulmala, 2002; Komppula et al., 2003; Vehkddaetal.,  densation.
2004), where it was found that the average temperatures for Water vapour concentrations (F|g 7c) were lower during
event days were colder than for non-events days. Contrarilyeyent days than in NE days, which shows that water vapour
higher temperatures have been associated with the nucleatiafbncentration was anti-correlated with particle formation, as
events in east and south Germany (Birmili and Wiednsohlerhas also been observed in Hyfi (Boy and Kulmala, 2002)
2000; Birmili et al., 2003), and in Atlanta (WOO etal., 2001). and in Varrio (Vehkanak| et al, 2004)_ Bonn and Moortgat
At the moment, we have no explanation for the apparent 0p(2002) have suggested that water vapour inhibits ozonolysis
posite effect of temperature on nucleation in different envi- reactions producing condensable organic species involved in
ronments. nucleation events.
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Fig. 7. Hourly means ofa) temperature T9C), (b) Relative Humidity RH (%){c) Water vapour concentration (Molecules®) and(d)
Global radiation (W m2) on event and on non-event days for different seasons.

Global solar radiation (Fig. 7d) was on average higher onproduces the nucleating and/or condensing species involved
event days than on non-event days. This suggests that nearly new particle formation.
all nucleation events occur on sunny cloudless days. As ex- Atmospheric pressure values are on average higher on
pected, the maximum solar radiation at noon was higher orevent days. This is no surprise as low pressure systems are
event days than on NE days in winter, spring and autumroften associated with precipitation, which prevents particle
seasons, with clear difference approximately of 50%, whilenucleation.
slightly smaller difference has been observed during summer Precipitation, as expected, was found to be higher during
months. Finding higher solar radiation during event daysnon-event days than during event days: the value was on av-
than non-event days has been the main feature found in albrage about 0.05 mm during event days and twice as high,
long term nucleation studies, from clean areas in Finlandabout 0.1 mm, for non-event days. This clearly supports the
(Boy and Kulmala, 2002; Komppula et al., 2003;ak&B  notion of clear sky conditions and the important role of solar
et al., 1997; Kulmala et al., 1998; Vehkaki et al., 2004;  radiation in particle formation processes.
Vakew et al., 2000) to industrial agriculture regions in Ger-  Wind speed (Fig. 8) was, on average, higher on event days
many (Birmili and Wiednsohler, 2000; Birmili et al., 2003), than on non-event days. In winter and autumn, the observed
Birmingham, UK (Alam et al., 2003), Pittsburgh, Pennsyl- average midday wind speed values (5Thand 4 ms?, re-
vania (Stanier et al., 2004), urban Atlanta (Woo et al., 2001)spectively) were clearly higher than the total mean value
and rural environment in north Italy (Rodriguez et al., 2005). (~2.3ms1), and there is a remarkable difference between
This clearly shows that photochemistry most probably dueevent days and non-event days. On the other hand, during
to formation of the hydroxyl radical (Harrison et al., 2000) spring and summer, the average midday wind speed values
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Fig. 7. Continued.

were about the same as the total mean value and got highdry east and north directions) while west to northwest direc-
around 18:00 to reach value of 3 m's In addition, the event  tions were more frequent on non-event days. This may have
and non-event day wind speeds show very little difference into do with the fact that the lower values of CS are associated
spring and summer. The correlation between event frequencwith the east to northeastern directions (Fig. 10). Typically,
and wintertime high wind speeds can be explained by the facthe aerosol concentrations in the Po Valley exhibit a gradient
that strong winds promote mixing and breaking of the stableof decreasing concentrations from the Milan. Apparently, as
stratification which is responsible for large CS values in theit can be seen from the map shown in Fig. 1, the network of
cold season. Higher event day wind speeds were observebig and small cities in the valley (in bright red in the map) can
also at Ispra station, north Italy, where nucleation events havée considered hot spots for the Bl@oncentrations. Longer
been associated with NorttdRn meteorology when relative living species, such as aerosol, have apparently a more ho-
warm and dry down slope wind from the Alps flows over the mogeneous horizontal distribution, but with a gradient of de-
area (Rodriguez et al., 2005). In contrast, for different mea-creasing concentrations from the Milan area towards the sea
surements stations in Finland, wind speed showed no differ{Chu et al., 2003). In Emilia Romagna, the region of Bologna
ence between event and non-event days (Komppula et aland SPC, extending between the boundary with Lombardy
2003; Lihavainen et al., 2003; Boy and Kulmala, 2002). (50km south east to Milan) and the Adriatic Sea, the aver-
Figure 9 illustrates the local wind direction distribution for age PMo concentrations are higher in the mainland than in
event and non-event days in different seasons. A clear differthe coastal zone (see Fig. 11). This gradient is more pro-
ence can be observed in wind direction between event anfiounced when the wind is from the east (generally because
non-event days. During event days, the wind was mainlyof a pressure minimum in the mid- southern Adriatic, or in
from eastern direction (from southeast to northeast, passinghe lonian Sea). Conversely, when the wind is from the west-
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Fig. 8. Hourly averages of wind speed (Mm% over all seasons on event and on non-event days for the whole period.

ern sector (e.g., under anti-cyclonic conditions), the pollu-between event days and non-event days were observed dur-
tion haze occupies the entire valley and is exported offshoreng winter and autumn seasons for both&d NG concen-

over the Adriatic Sea (Petritoli et al., 2004). This supportstrations while only slight differences in S@oncentrations

our hypothesis that the difference in event frequency betweemvere noted during those seasons. In contrast, for summer and
western and eastern air masses is at least partially due to thepring seasons, SCconcentrations show clear differences
different CS concentrations associated with the different aibetween event days and NE days whilst far@d@ncentration
masses. no clear differences were observed.

To investigate the source and transport pathways of the air These observations suggest that ozone could be a limiting
masses arriving to SPC station during our measuring periodactor for nucleation event occurrence in winter and autumn
we analyzed back trajectories from clear event and non-evenwhen its concentrations are in general lower than in spring
days. The analysis was done by using HY SPUITHybrid and summer. Ozone is responsible for the formation of con-
Single-Particle Lagrangian Integrated Trajectory) model de-densable species directly through reactions with VOCs, and
veloped by NOAA Air Resource Laboratory (ARL) (Draxler indirectly by forming other oxidants (OH) upon photolysis.
and Hess, 1998). Back trajectories arriving at 10:00 with Although condensable organics might not be involved in the
100 m arrival height were calculated one day backward inactual nucleation, they may be important in speeding up the
time. Figure 12 shows the position of the air parcel at 24 hgrowth of newly formed molecular clusters so that the clus-
back in time for event and non-event days respectively. Theers survive to detectable sizes before being scavenged by
air masses associated with nucleation events arrive mostlgoagulation with larger particles.
from the north to east directions, while the distribution of the  Wwijth SO,, the indication from Fig. 13 is that when its over-
non-event day air mass directions is more even. Notably, they| average midday concentration is below aboutgdn—3
southern direction is associated with a fair amount of non—(i_e_ spring and Summer), it becomes a ||m|t|ng factor for
events, but very few events. event occurrence. The natural interpretation is thag 80

needed for production of sulphuric acid, which participates
3.5.2 Effect of gas concentrations on new particle forma-in the nucleation and growth of stable nm-sized clusters.

tion The concentration of N®was lower for event days than
for non-event days for all seasons. However, during summer,
Hourly averages of @and SQ concentrations (Fig. 13) were NO, concentrations were usually high before the event and
observed to be higher on event days than on non-event daydepleted during the event. Nevertheless, during the events
while concentrations of N©@were clearly observed to be the NGO, concentration was observed to be lower than on the
lower on event days than on NE days. Significant differencessame time on non-event days but the difference was small
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Fig. 12. The distribution of air mass locations at 10:00a.m. the
(g m~3) at the stations belonging to the regional network of Emilia pr.evious day prior to arrival to SPC. 24 later. Events are indicated
Romagna. The concentration values are grouped into three rangéfg't_h red colour_and non-events with green. The back trajectory
(<50, 50-100, and-100gm-3). The vertical axis shows the attude at SPCis 100m.

number of observations during three years of measurements. The

distribution is shown for the stations in the western part of the re- | . h he distri . . "
gion (i.e., towards Milan) (in gray), for those in the middle/eastern power plants. Figure 14 shows the districts (“province”) lo-

part, where Bologna and SPC are located (in white), and for thec@ted northern to the Apennines chain, having an annugl SO

stations along the Adriatic coast (in black). Data source: Quadern@mission higher than 10000 Mg¥ (the Bologna district,
Tecnico ARPA-SMRA10/2002. where SPC is located, has got an emission of 1500 Mg.y

All but one of the biggest S©emitters are in the eastern Po

Valley. The biggest of all (with more than 90 000 MgY)
in comparison with the other seasons. Apparently, the coris the Rovigo district, which is only 50 km North East from
relation of nucleation events with ozone during winter and SPC. This is due to the power p|ant of Porto Tolle located
fall can be linked with the blg difference in the solar radi- there. The S@ p|umes from the power p|antS, as well as
ation between cloudy/foggy conditions and clear-sky condi-those from the Mantua district, have been shown to spread
tions during the cold season (see Fig. 7d) The same differpyer the Po Valley during recent aircraft experiments (Wang
ence is probably responsible for the low NEbncentrations et al., 2006). During the hot season, turbulent diffusion can
found on nucleation days in winter, spring and autumn asensure high S@levels in a vast area outside the plumes. The
the increase in solar radiation promotes the decay 0f NO emijssion inventory reported in Fig. 14 regards only national
concentration via reaction with OH. This is supported by theterrestrial sources, and does not account for other potential
fact that on (clear-sky) nucleation days, the Né@ncentra-  sources, e.g., maritime traffic in the Adriatic Sea, and trans-
tion exhibits a pronounced minimum after noon. In autumn, port from central and east European countries, which are, ac-
when non-events days are characterised by very low solar raording to EMEP emission inventories, large SS@nitters.
diation (probably due to fogs), the concentrations obN@  Overall, emissions from power plants and ships and trans-
very high and do not show any minima in daytime, while they port from central and eastern Europe are responsible for high
show the typical pattern for urban stations, i.e., two weakso, burdens in the air masses reaching SPC from east. This
maxima at rush hours. For these reasons, the apparent neggr-turn, together with the lower average CS concentrations,

tive effect of NG on nucleation can be partly explained by characterises such air masses as the most favourable for event
the anticorrelation between the concentration obN@d so-  gccurrence.

Fig. 11. The frequency distribution of PM, concentrations

lar radiation.
Considering the origin of the SQits average diurnal be- 3.6 Correlation of nucleation events with environmental
haviour is very interesting. Since the oxidation of Sy variables

OH is very slow compared to NQ we do not expect the

same dependence with solar radiation. Indeed, during winteAs current nucleation theories are rather unreliable, it would
and fall, when nucleation and non-nucleation days differ a lotbe useful to find reliable correlations with environmental
with respect of the cloud cover, we do not find significant dif- variables that could be used in predicting whether a nucle-
ferences in the S©concentrations. In addition, there are no ation event occurs on a given day. Such correlations have
daytime minima in the S@concentrations. On the contrary, been presented in several recent papers (Boy and Kulmala,
the concentrations double during the day with respect to the002; Stanier et al., 2004a; Hymen et al., 2005). Many
night, on average. This suggests that at least a half of theecent studies of particle formation at different atmospheric
SO, does not come from long-range transport, and originatesnvironments have pinpointed solar radiation as the main key
in an area of ca. 70—100 km of radius around SPC (assumingariable behind nucleation events while other factors, such as
a wind speed of 2-3n14). Possible sources of $an the lower temperature, lower relative humidity, and lower con-
eastern Po Valley are ceramic industries, and, most likelydensation sink have also been shown to favour the occurrence
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ronmental variables should include, beside the condensation
sink, some other pollutant concentrations.
Italy Studies in Pittsburgh, Pennsylvania suggest that
favourable conditions for nucleation can be described
o~ using a product of UV radiation and sulphuric dioxide (its
@:000 SO, increase indicates increase of sulphuric acid concentration),
2 2288 emissions and the condensation sink (Stanier et al., 2004a). Figure 15c

¢ 120 shows that the Stanier et al. (2004a) parameters work as

= well as for the Pittsburgh data as most nucleation event
\ days lie to the right of the diagonal line drawn in Fig. 15c
AL 2 (note, however, that we use global radiation rather than UV).
Although the criterion of Stanier et al. (2004a) indicates that
low enough CS value is needed together with high enough
are positioned on districts having an annual emission higher thar"F“UIphurIC acid productlon, in agreement with our findings
10000 Mg (the area of the circles is proportional to the, &@is- presented above, it does not separate event and NE days.

sion) (data for 2000; source: APAT (ltalian Agency for environment This is a further indication that other factors, such as produc-

protection and technical services)) (+ refers to SPC station). tion of condensable organics capable of speeding up particle
growth, are needed to produce a successful parameterization

of the occurrence probability of SPC nucleation events.

Ligurian Sea

%
gjm

Fig. 14. Annual emissions of S@in northern Italy. The red circles

of new particle formation. However not all studies of new
particle formation agree on the necessity of all these factors.
Here, we consider three different parametrizations applied td

SPC. The needed parameters are calculated from the event . th ¢ " ts f 24
start until the event end times for event days. For non-evenPurmg ree years ol continuous measurements from

days, we considered only time range from (08:00-16:00) a%:/Iarch 2002-23 March 2005, clear particle formation events
this is the time of day when nucleation is expected to occur. 1ave been identified at the San Pietro Capofiume (SPC) sta-

.. tion. We found that 36% of the days were event days whilst
Boy and Kulmala (2002) proposed tha_t solar rad|at|0n,33% were clearly non-event days. In contrast to most of
te_mperatur“e , and water vapour C(”)nce_ntratlons could be comypq gy reported sites, the event frequency was somewhat
bined to a "nucleation parameter” which can be used t0 preygner close to 20% in winter at the SPC station. The event
d'Ct_ new parycle formation gvents. As shown in F'Q- 15a, frequency was higher during spring and summer months with

their nucleation parameter is not a very good predictor of o ... o\ o1esin May and July while the minimum was in
SPC nucleation events (if this was the case, event days Shou@inter and autumn months. Such high seasonal event fre-
exhibit consistently higher nucleatior! parameter values tha uency in spring has been observed quite often in clean and
NE days). The main reason for this seems to be the ef'polluted areas as well. However, the high event frequency in
fect of temperaturg; as dls_cusged above, SPC event days ABmmer contrasts with the observations performed in other
on average associated with higher temperatures than norEuropean rural sites (Birmili et al., 2003), which shows a
even.t“q.ays, which is opposite to the behaviour opsgrveq a}5ronounced minimum in the summ'er (0.0%5 events per day
Hyytidk. Note, _however, that we used global radlafuon - at Hohenpeissenberg). Most notably, the seasonal pattern of
stead of UV (which was not available for our calculation). the event frequency observed at SPC is completely opposite
Hyvoénen et al. (2005) showed that a yet simpler set oftg that found at Ispra, in a rural area at the northern edge
parameters could be used to predict the Hlgitihew par-  of the Po Valley, where a maximum frequency of event days
ticle formation dayS. i.e. relative hUm|d|ty and condensation has been observed during autumn months (Rodriguez et al.,
sink. Figure 15b shows that Hgmen et al. (2005) method 2005). The difference in monthly event frequency suggests
does not separate SPC nucleation events and non- events dayt different processes are controlling the particle formation
quite as well as it does for Hyytia. Specifically, our studies  events in different sectors of the Po Valley itself. The mean
(Mikkonen et al., 2006) indicate that criterion of Hyven et yajues of the growth and formation rates of the nucleation
al. (2005) predicts SPC nucleation event days rather well, bupnode particles were 6.8 nnth and 5.9cm3s™1, respec-
it also predicts a high number of false events (i.e. predicts &jvely. The formation rate and growth rate values are rather
non-event day to be an event day). high because of high pre-existing particle concentrations at
Both these studies of Boy and Kulmala (2002) and polluted conditions, thus high growth rates are needed for
Hyvonen et al. (2005), considered nucleation events at rathethe nucleated particles to grow to the measurable range. Oth-
clean conditions, very different from those at the highly pol- erwise, they would be scavenged before reaching the 3nm
luted Po Valley area. At SPC, it is expected that a successdetection limit. The effects of meteorological parameters
ful method of correlating the nucleation events with envi- and gas phase concentrations on new particle formation were

Conclusions
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studied. Temperature, wind speed, solar radiationa@d  wind direction distribution shows that easterly winds were
SO, concentrations were all on average higher during eventsonnected with events while westerly winds were connected
than non-event days while relative humidity, water vapourto non-event days. This is in agreement with the back trajec-
concentrations, precipitation and M@oncentrations were tory analysis, showing that eastern air masses are frequently
found higher during non-event days than event days. Locahssociated with new particle formation events at SPC. Such
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air masses were characterised by relatively low condensation over land from the Earth Observing System-Terra Moderate Res-

sinks concentrations and high $6urdens. olution Imaging Spectroradiometer (MODIS), J. Geophys. Res.,
An examination of various nucleation parameters and cri- 108(D21), 4661, doi:10.1029/2002JD003179, 2003.

teria for event prediction developed for other sites revealed-0akley, J: Reflections on aerosol cooling, Nature, 438, 1091-1092,

that while some of the criteria work moderately well, none

of th?m can be used for re"‘f"b'e prediction of whether a n.u- Aalto, P. P,, and Lehtinen, K. E. J.: Formation and growth of fresh

cleation event occurs_ on agiven day. In futu_rg work, we W'_" atmospheric aerosols: eight years of aerosol size distribution data

focus on understanding the nucleation conditions better with ¢ sMEAR Il, Hyytiala, Finland, Boreal Environ. Res., 10,

the goal of developing parameterizations of nucleation events  373_336, 2005,

that can be utilized in large scale models. Davidson, C. I., Phalen, R. F., and Solomon, P. A.: Airborne par-

ticular matter and human health: a review, Aerosol Sci. Technol.
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