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ABSTRACT
‘We examine the meteorological conditions favourable for new particle formation as a contribution to clarifying the
responsible processes. Synoptic weather maps and satellite images over Southern Finland for 20032005 were examined,
focusing mainly on air mass types, atmospheric frontal passages, and cloudiness. Arctic air masses are most favourable
for new aerosol particle formation in the boreal forest. New particle formation tends to occur on days after passage of
a cold front and on days without frontal passages. Cloudiness, often associated with frontal passages, decreases the
amount of solar radiation, reducing the growth of new particles. When cloud cover exceeds 3—4 octas, particle formation
proceeds at a slower rate or does not occur at all. During 20032005, the conditions that favour particle formation at
Hyytidld (Arctic air mass, post-cold-frontal passage or no frontal passage and cloudiness less than 3—4 octas) occur on
198 d. On 105 (57%) of those days, new particle formation occurred, indicating that these meteorological conditions
alone can favour, but are not sufficient for, new particle formation and growth. In contrast, 53 d (28%) were classified
as undefined days; 30 d (15%) were non-event days, where no evidence of increasing particle concentration and growth

has been noticed.

1. Introduction

Atmospheric nucleation events receive increasing attention as
a potentially important source of aerosol particles affecting cli-
mate and human health (e.g. Charlson et al., 1987; Donaldson
etal., 1998). In the last few decades, the climatological aspects of
new particle formation are of great interest because of the incon-
testable effect of aerosol particles on the Earth’s energy balance
via direct and indirect effects (IPCC, 2007, http://www.ipcc-
wg2.org/). The direct effect is due to scattering and absorption
of solar and infrared radiation in the atmosphere, whereas the
indirect effect is caused by changes in optical and physical prop-
erties of clouds. After its initial formation due to nucleation,
an aerosol particle may grow to several hundreds of nanome-
tres in diameter and act as a cloud condensation nucleus. Since
Aitken (1891, 1897) first reported evidence for new particle
formation in the atmosphere, new particle formation has been
observed across the world in different environments (Kulmala
et al., 2004a, and references cited therein).
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Despite these abundant observations of new particle forma-
tion and growth, the mechanism remains largely unknown.
Existing theories for this mechanism include binary water—
sulphuric acid nucleation theory (Kulmala and Laaksonen, 1990)
and its improvement for tropospheric and stratospheric condi-
tions (Vehkamiki et al., 2002), ternary water—sulphuric acid—
ammonia nucleation theory (Napari et al., 2002; Merikanto
et al.,, 2007), cluster activation theory (e.g. Kulmala et al.,
2004b, 2006), Criegee intermediate reactions (Ryzhkov and
Ariya, 2006) and reactions between biogenic stabilized Criegee
intermediates and sulphuric acid (Kurtén et al., 2007). For the
binary water—sulphuric acid system, Chan and Mohnen (1980)
estimated a stable ion cluster distribution and a relative crit-
ical cluster population using the Thomson drop model. Mod-
elling studies on ion-induced nucleation have been performed
by Laakso et al. (2002). The role of ion clusters and different
vapours in the growth of newly formed particles to detectable
sizes has been studied, for example, by Kulmala et al. (2004c).
Recently atmospheric nucleation and the effect on ions on it
have been observed in Hyytiéld, Finland (Kulmala et al., 2007).
Within this multitude of theories for new particle formation,
several important factors affect nucleation, such as the chemical
composition of the atmosphere, water content, and the amount
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of solar radiation. By investigating these effects on the formation
of aerosol particles in the atmosphere, we hope to learn more
about the processes that trigger new particle formation.

Several previous studies have investigated the effects of air
masses and synoptic weather on aerosol particle formation
at Hyytiéld, Southern Finland. During the BIOFOR 1, 2 and
3 campaigns, Buzorius et al. (2001) showed that large down-
ward particle-number flux, intensive turbulent mixing in the
vertical, strong net radiation and high sensible heat flux were
observed during new particle formation. During the BIOFOR
3 campaign (11 March-30 April 1999), Nilsson et al. (2001a)
reported that nucleation was favoured in Arctic, and, to some
extent, Polar air masses. Nilsson and Kulmala (2006) expanded
this analysis to 5 yr of data corroborating that aerosol formation
was most favoured in Arctic air. For an 8-yr period (1997-2003),
Sogacheva et al. (2005a) used back trajectories to confirm that
new particle formation occurs more frequently in air masses
transported to Hyytiédld from over the Arctic and North Atlantic
and to explain the results of long-term aerosol particle size dis-
tribution measurements as a consequence of air mass transport.
Hellmuth (2006) investigated new particle formation and growth
in a modelled convective boundary layer, confirming the conclu-
sion of Hyvonen et al. (2005) that the probability of new particle
formation is anticorrelated with the condensation sink, which
determines how rapidly molecules condense onto pre-existing
aerosols (Pirjola et al., 1999), and is anticorrelated with relative
humidity.

Solar radiation, which regulates the intensity of photochem-
ical reactions (and the formation of OH) in the atmosphere,
also plays an important role in aerosol particle formation (e.g.
Clement et al., 2001; Boy and Kulmala, 2002a, b; Shupe and
Intrieri, 2003). New particle formation is linked to the forma-
tion of OH radicals via photolysis (e.g. Berresheim et al., 2002;
Arakaki et al., 2006). However, Nilsson et al. (2001b) showed
that that the onset of turbulence in the morning hours was better
correlated with the observation of new nanometre sized parti-
cles than the increase in UV-B was with the aerosol formation.
This underlines the fact that fluctuations in radiation change
not only photochemistry but also fundamental properties of the
atmosphere that may in their turn influence particle formation
even more than photochemistry. The amount of solar energy
absorbed by the Earth depends, besides season and local time,
on the fractional coverage and the optical properties of clouds.
More clouds decrease the amount of radiation received by the
Earth’s surface, inhibiting new particle formation.

The purpose of this paper is to compare the synoptic condi-
tions on days when new particles formed to days when particles
did not form. Specifically, we examine the air masses, fronts,
and cloudiness at Hyytiidléd for the 3 yr 2003-2005, which in-
clude also other seasons than spring as investigated by Nilsson
et al. (2001b). We compare how the air mass types and new par-
ticle formation events vary over the course of the year. Synoptic
maps are also examined for the period of interest to classify

the synoptic situation of each day. Finally, satellite images are
analysed over Southern Finland to estimate the cloudiness con-
ditions during nucleation events, undefined and non-event days.
Having determined the favourable synoptic and cloudiness con-
ditions for new particle formation at Hyytidld, we analyse the
days when at favourable conditions the formation of new par-
ticle does not happen. Using the monthly averaged cloudiness
conditions we aim to explain the monthly distribution of the
frequency of nucleation events occurring at Hyytiéld and year to
year differences in the frequency of nucleation events during the
spring, which is the period when nucleation occurs most often
at Hyytidld (Dal Maso et al., 2005).

2. Methods

The particle number concentration and size distribution were
measured at the SMEAR II station at Hyytiéld, Southern Finland
(61°51'N, 24°17'E). The SMEAR 1I station is located 220 km
northwest from Helsinki, 180 m above sea level in a homogenous
Scots pine stand (Hari and Kulmala, 2005). Local pollution from
the station buildings (0.5 km) and the city of Tampere (60 km),
both located west—southwest from the station, occasionally af-
fect the air quality at the SMEAR II station. Aerosol particle
size distributions are measured with a Differential Mobility Par-
ticle Sizer (DMPS) system (Aalto et al., 2001), which consists of
two Differential Mobility Analyzers (DMAs) producing overlap-
ping size distributions and two Condensation Particle Counters
(CPCs) to detect the selected particles. The system can observe
particle sizes 3—600 nm in diameter with a time resolution of
10 min.

A particle formation event is registered when a mode of fresh
particles appears, manifested as a sudden increase in the num-
ber concentrations in the nucleation mode, with sizes less than
25 nm in diameter. In this work, we used the Hyytidld event
classification database. The classification method used in the
creation of the database is based on the flowchart published in
Dal Maso et al. (2005), which classifies a day into one of five
classes: non-event, undefined or event (class Ia, Ib or II). In this
study we applied these rules as follows. To classify as an event a
day had to fulfil the following criteria: (1) particles smaller than
25 nm had to be present; (2) these particles had to form a mode
that had not existed before; (3) this mode had to persist at least
1 h and (4) the particles in the new mode had to grow in size
with time. Failure to fulfil the criteria (1), (2) and (3) resulted
in a classification to the non-event class, and a failure to fulfil
criterion (4) resulted in a classification to the undefined class.
The classification was performed so that the probability of false
positives for events was minimized, even if this would mean an
increased amount of false negatives for events.

When a day was classified as an event day, it was further
classified according to the possibility of further analysis. If it
was possible to obtain the formation and growth rate of new
particles, the day was classified as a class I event. For some
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days, while it was clear that the day was an event day, it was
not possible to obtain these characteristics, due to for example
strong fluctuations in the particle concentration. Such days were
classified as class II events. Class Ia events are event days during
which the new mode is clearly distinguishable from the pre-
existing particle population for the whole duration of the event,
making these days good candidates for modelling case studies
(Korhonen et al., 2004, Boy et al., 2006). On these days, the
size distribution is dominated by the new particles. The rest of
the class I events were classified as class Ib; it contains events
during which the growing mode of new particles is at some time
obscured by or superimposed to the pre-existing distribution.

To classify the types of the air masses arriving at Hyytidld
and the passages of the atmospheric fronts over Southern Fin-
land, synoptic maps of the surface and 850-hPa levels were
examined from the Berliner Wetterkarte maps (http://www.
berliner-wetterkarte.de/) from the German Weather Service
(Deutscher Wetterdienst, DWD) together with the satellite im-
ages from the Advanced Very High Resolution Radiometer
(AVHRR). The AVHRR is an imager (http://www2.ncdc.noaa.
gov/docs/klm/html/c3/sec3—1.htm) that can be used for deter-
mining cloud cover. Synoptic charts with a time resolution
of 12 h were examined for the occurrence of fronts and for
air mass classification in the lower troposphere (Bissolli and
Dittmann, 2001). We used the air mass classification made
daily at Berliner Wetterkarte for 0000 UTC. Local time at
Hyytiéld is UTC plus 2 h, and UTC plus 3 h during daylight
savings time in the summer. The air mass classification recog-
nizes Arctic, Polar and Subtropical air masses, each divided into
marine, continental, and transition from marine to continental
(those which lose moisture while travelling over the continent.)
(Beilage zur Berliner Wetterkarte, http://www.met.fu-berlin.de/
~manfred/luftmassen.html). Our approach was similar to that
of Nilsson et al. (2001a), Birmili et al. (2001), Tunved et al.
(2005) and Nilsson and Kulmala (2006), but we added much
more details on the cloudiness and related this to the air masses
and frontal systems.

The synoptic situation was classified according to the position
of the surface atmospheric front passages over Southern Fin-
land and specifically over Hyytidld. All days have been divided
into five groups (Table 1): no atmospheric fronts over Hyytidld
(group 1), “prior to front’ (group 2), ‘under front’ (group 3), ‘af-
ter front’ (group 4), several atmospheric fronts per day (group 5).
Groups 2—4 have been divided into subgroups a, b and ¢ with
the respect to the type of the front: warm, cold, and occluded,
respectively.

Fronts are defined as a change in air mass origin and may also
be associated with changes in meteorological parameters such
as temperature and relative humidity. Both of these may affect
the aerosol properties (e.g. Van Eijk and De Leeuw, 1992). A
warm front is the warm edge of a transition zone where an ad-
vancing warm air mass replaces a cold air mass (e.g. Locatelli
and Hobbs, 1987; Hanesiak et al., 1997; Wakimoto and Bosart,
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Table 1. Classification of synoptic situations at Hyytidld with respect
to atmospheric frontal passages

Group Frontal situation Subgroup  Frontal situation
1 No atmospheric fronts
2 Prior to front 2a Prior to warm front

2b Prior to cold front

2¢c Prior to occluded front
3 Under front 3a Under warm front

3b Under cold front

3c Under occluded front
4 After front 4a After warm front

4b After cold front

4c After occluded front
5 Several fronts per day

2001). Warm fronts generally move from southwest to northeast
and the air behind a warm front is warmer and moister than
the air ahead of it. A cold front is the warm edge of a transi-
tion zone where an advancing cold air mass replaces a warm air
mass (e.g. Sanders, 1955; Schultz, 2005, 2008, and references
therein). Cold fronts generally move from northwest to south-
east. Behind a cold front, the air tends to be noticeably colder
and drier than the air ahead of it. An occluded front (e.g. Schultz
and Mass, 1993, and references therein) is formed during the
process of cyclogenesis when a cold front overtakes a warm
front. Synoptically, the pre-frontal environment of an occluded
front resembles a warm front and the postfrontal environment
resembles a cold front.

Because surface and 850-hPa level analyses were only avail-
able every 12 h, the position of the atmospheric fronts on an
hourly basis was defined more exactly using the satellite images
(Bader et al., 1995, especially Sections 4 and 5) and ground-
based measurements at the SMEAR II station (i.e. wind shift,
temperature and relative humidity change). Although consider-
able variation existed from the satellite imagery, such imagery
was useful for more precisely determining the timing of the
frontal passage at Hyytidla.

Cloudiness over Southern Finland was analysed from the
AVHRR imagery in one of two time intervals. On event days,
cloudiness was estimated for approximately 4 h around the event
starting time, whereas, on non-event days, cloudiness was esti-
mated in a time window 0800-1400 Local Time, which is the
average start time of particle formation event at Hyytidld (Dal
Maso et al., 2005). However, when the event started at early
morning or late evening, the time for estimation of the synop-
tic situation and cloudiness was chosen accordingly. Thus, the
days were classified according to the sky cover for the selected
time period into the following groups: clear sky, 1-2 octas (near-
clear sky), 3—4 octas (isolated clouds), 5-6 octas (broken clouds),
7-8 octas (nearly unbroken cloudiness) and overcast (unbroken
cloudiness).
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3. Results and discussion

No significant yearly differences in the frequency of the differ-
ent types of air masses and atmospheric frontal passages were
observed at Hyytidld for 2003—2005. The results presented be-
low are either cumulative frequency for 2003-2005 or fraction
(in %) for the same period of interest.

3.1. Climatology of air-mass types at Hyytidld

The prevailing atmospheric currents in Scandinavia depend on
the location of two quasi-stationary baric systems in the Northern
Hemisphere: the Icelandic Low and Siberian High. Maritime air
masses originate over the Arctic ice and are brought across the
British Isles and surrounding waters by the air currents behind
strong low pressure systems over Northern Europe. The occur-
rence of Arctic, Polar and Subtropical air masses at Hyytidld has
a clear annual cycle (Fig. 1).

Cold Arctic air masses are prevalent in the winter (40-50%
of the time during January—March), reaching a maximum in
December (60%) (Fig. 1a). The occurrence of Arctic air masses
at Hyytiéld decreases strongly toward the summer and reaches
its minimum in July (8%).

The shape of the monthly distribution of Subtropical air
masses is similar to the monthly frequency of the Polar air,
although there are fewer Subtropical air masses. In contrast
to Arctic air masses, Subtropical air masses are observed at
Hyytiéld more often during the summer (22% in July), when the
quasi-stationary baric systems shift northward, allowing greater
frequencies of incursions of the Subtropical air. The frequency
of Subtropical air masses is very low in the winter (<5%). In
March, Subtropical air did not reach Hyytidld during the ob-
servation period (Fig. 1a). The fraction of Polar air masses is
about 55% annually averaged, and the annual cycle of Polar
air mass frequency is similar to the one of Subtropical air with
the maximum (72%) in July (Fig. 1a) because of the northward
movement and weakening of the quasi-stationary baric systems
in the summer.
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Marine air masses dominate at Hyytidld every month ex-
cept April and July, with maxima in September (77%) and
December (73%) (Fig. 1b). In April, when the fraction of marine
air masses is the lowest (31%), continental air dominates (57%).
The transition air masses have a clear maximum in the winter,
rarely occurring at Hyytiéld during the summer (Fig. 1b).

3.2. PFarticle formation in different types of air masses

The lack of anthropogenic pollution in Arctic air masses is be-
lieved to be one of the key factors that promote new aerosol par-
ticle formation (Nilsson et al., 2001a; Sogacheva et al., 2005a;
Tunved et al., 2005; Nilsson and Kulmala, 2006). Law and Stohl
(2007) showed that long-range transport of mid-latitude pollu-
tion could have a huge impact on trace gas and aerosol distribu-
tion in the Arctic. Such pollution changes the surface radiative
forcing in the Arctic, may cause dramatic ozone depletion in
the stratosphere, and is responsible for notable warming trends,
which lead to the disappearance of summertime sea ice. In win-
ter, less effective scavenging by snow compared to rain, dry
deposition within the air mass and a strong transport pathway
between Eurasian mid-latitudinal sources and the north, result
in elevated levels of acidic anthropogenic aerosols and gases in
the air mass. In summer, weak north—south transport and strong
pollutant removal between the Arctic and mid-latitudes, as well
as within the Arctic result in lower airborne concentrations of
acidic pollutants (Barrie, 1986). Although the concentrations of
SO, and NO, measured at Hyytiild is generally low, increases
within a short time period by local emissions and over a longer
time period during eastern and southeastern transport can occur
(Kulmala et al., 2000). Condensation sink, which also might be
considered as an indicator of pollution, is lowest during transport
from the northwest (Sogacheva et al., 2005b).

Averaged over the year, the strongest new particle formation
(class Ia) occurs most often (71%) in Arctic air masses (Fig. 2a).
That result corresponds well to the important role of Arctic air

masses in new particle formation (Birmili et al., 2001, Nilsson
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Fig. 1. Annual distribution of different types of air masses at Hyytidlé (a) Arctic, Polar, Subtropical air masses, (b) continental, marine, transition air

masses.
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Fig. 2. Fraction of different types of air masses for days, classified according to a new particle formation (a) Arctic, Polar, Subtropical air masses,

(b) continental, marine, transition air masses.

et al., 2001a; Sogacheva et al., 2005a; Tunved et al., 2005;
Nilsson and Kulmala, 2006). Class Ia events have not been ob-
served in Subtropical air masses.

Event classes Ib and II display nearly identical patterns of air
masses during new particle formation (Fig. 2a), as confirmed by
t-test. Specifically, about 51% of these two classes occur in Polar
air masses and about 46% occur in Arctic air masses. Only about
3% of event classes Ib and II happen in Subtropical air masses.
In contrast, the frequency of the different types of air masses is
similar for the undefined and non-event days, where Polar air
masses occurred at Hyytidld on 58% of such days and Arctic
air masses occurred on 31% of such days. The fraction of Sub-
tropical air masses was highest (about 11%) relative to the other
classes. The difference between Ib/II and non-event/undefined
groups of days is statistically significant.

There are no significant differences in the distributions of
fractions of continental, marine, and transition air masses (39,
54 and 7% on average, respectively) for different classifications
of new particle formation days, except for event class la days
(Fig. 2b). The strongest new particle formation (class la) happens
less often in continental air masses (27%) compared to the other
classes, whereas the fraction of transition air masses (16%),
which are originally marine air masses that lose moisture while
travelling over the continent, is higher compared to the other
classes.

3.3. Climatology of frontal passages at Hyytidld

Monthly fractions of different types of synoptic situations at
Hyytiéld during 2003-2005 are presented in Fig. 3. Most days
had no frontal passages (40% to more than 60% each month in
April and December), with January being a maximum in frontal
passages and several frontal passages in one day (12%). Because
the ‘prior to front’ group (group 2) is similar in different types
of fronts (subgroups 2a, 2b and 2c¢) and nucleation does not hap-
pen in ‘under front’ conditions (subgroups 3a, 3b and 3c), we
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Fig. 3. Monthly fraction of different types of the synoptic situations at
Hyytiéla with respect to atmospheric frontal passages.

combine the subgroups for these groups 2 and 3, respectively,
retaining the division between warm, cold and occlusion front
only for ‘after front’ situation (group 4). The fraction of ‘prior
to front’ days was about 12% annually averaged, with highest
frequency in winter and early spring. The ‘under front’ group
was about 16% annually averaged with weak maxima (22%) in
July—August and December. The ‘after front” conditions were
observed at Hyytidld on 15% of the days annually averaged with
a maximum during late winter and early spring. 7-test applica-
tion shows significant differences in the monthly distribution of
different synoptic situations.

3.4. Particle formation relative to frontal passages

Nilsson et al. (2001a) showed that, during the BIOFOR 3 cam-
paign, class la and Ib nucleation events tended to be associated
with cold-air outbreaks behind cold fronts and never occurred
behind the warm front. Our analysis of class I and class II new
particle formation events, performed for a much longer period
(2003-2005) and throughout all seasons, confirms that conclu-
sion and reveals other environmental conditions that affect the
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Fig. 4. Fraction of the different types of the synoptic situations
classified according to atmospheric frontal passages for event days
(class Ia, class Ib and class II), undefined and non-event days.

intensity and duration of particle formation events. In fact, this
conclusion mirrors a similar result by Aitken (1897) who said
‘When the wind is from the NW, the number of particles is always
very low, [...] but [...] when the sun came out then numbers
rapidly increased [. ..] to many thousands in the afternoon’.

The strongest nucleation events (class la) occur during two
synoptic situations: when no frontal passages have been ob-
served at Hyytidld during the day (78%, or 30 d) and after
cold-frontal passages (22%, 8 d) (Fig. 4). The reason that no
frontal passages and after cold-frontal passages are favoured for
new particle formation is that these are conditions under which a
change to an Arctic air mass is likely. In addition, such conditions
also favour a lack of clouds and low relative humidity, condi-
tions that are favourable for new particle formation. Weaker new
particle formation events (classes Ib and II) also occur during
those conditions (no frontal passages, 93 and 94 d and after
cold-frontal passages, 13 and 21 d, respectively for classes Ib
and II) and ‘prior to front’ conditions, as well (20 cases in class
Ib and 17 cases in class II). In ‘prior to front’ situations, if new
particle formation happens, the growth of freshly formed parti-
cles is slower, whereas within a few hours after nucleation starts
a frontal passage might bring clouds, precipitation or increase
of relative humidity, and air mass changes—conditions which
suppress the formation of the particles. ‘After occlusion front’
situations, which more often represents conditions, similar to
post-cold-front conditions, are also favourable for class Ib and
class II events (Fig. 4). Contrary to Nilsson et al. (2001a) who
analysed class I events and never observed new particle forma-
tion during warm-air advection, we detected a few class I events
after warm-frontal passages (Fig. 4), when Hyytidld experienced
a long time (more than one day) in the warm sector.

A considerable fraction of ‘under front’ situations (25%, or
123 cases) occurs during undefined days (Fig. 4). ‘Several fronts’
situations (12 cases) for that group of days may explain why

some of those days could not be classified either as event or non-
event days because the time between the frontal passages might
not be enough to see a well-developed continuous formation
event; however, an increase in particle concentration might be
seen a few times during the day.

The fraction of ‘prior to front’, ‘under front’ and ‘several
fronts’ situations (85, 32 and 15 cases, respectively) increases
up to 45% for non-event days compared to the undefined days
(Fig. 4). However, the fraction of ‘no front’ (136 cases) and
‘after front’ situations (27 cases) remains high for non-event
days. Thus, the ‘no fronts’ situation is not a sufficient condition
for particle formation and growth.

3.5. Cloudiness and new particle formation

To examine the role of incoming solar radiation on new parti-
cle formation, we computed the statistics of the occurrence of
new particle formation under varying amounts of cloud cover.
More than 90% of the class Ia events occurred at Hyytidld un-
der clear-sky or nearly clear-sky (1-2 octas) conditions (Fig. 5).
For the rest of the class Ia events, cloudiness at Hyytidld was
lower than 5 octas (less than half of the sky was covered by
clouds). Hereinafter, we call days with cloudiness higher than
4 octas as ‘high-cloud-amount’ days and cloudiness less than
5 octas ‘low-cloud-amount’ days. Those results are in agreement
with the cloudiness analysis made by Charron et al. (2007) for
26 large-scale episodes of new particle formation observed at a
rural site in Southern England.

Because class Ia events have not occurred at Hyytidld dur-
ing 2003-2005 during high-cloud-amount days, we consider
the low-cloud-amount days as a potential indicator of when a
well-defined new particle formation event might occur. How-
ever, less robust nucleation could happen on high-cloud-amount
days. Specifically, about 7% of class Ib events and 27% of
class II events occurred when more than half of the sky was

100F —*— 3
I overcast
90 | . 7-8
[ 5-6
=
701 ] clear sky
60 1
® 50 * 1

40t 1

1

301 1

classla classlb class Il undefined nonevent

Fig. 5. Cloudiness (color, in octas) for event days (class Ia, class Ib,
class II), undefined and non-event days. Blue star is a border between
3—4 octas (isolated clouds) and 5-6 octas (broken clouds) cloudiness.
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covered by clouds (Fig. 5). From this follows that high-cloud-
amount, even though it cannot completely prevent an aerosol
formation, is an important parameter in explaining why a for-
mation case becomes a Ib or II instead of Ia. This supports
and adds significantly more details to the conclusions by Nils-
son et al. (2001a) to the comparison of aerosol formation and
cloudiness.

Note that nearly clear-sky (1-2 octas) to isolated clouds (3—
4 octas) conditions were as favourable for aerosol formation as
clear skies, see Fig. 5. These cases corresponds to ‘fair weather
conditions’, the broken cloud cover often formed behind cold
fronts and hence corresponds directly to the results shown in
Fig. 4.

The fraction of high-cloud-amount days increases for unde-
fined and non-event days (52 and 66%, respectively) (Fig. 5).
Therefore, in about half of the undefined days, the cloud con-
ditions were favourable for new particle formation and 18%
of non-event days were low-cloud-amount days. Thus, because
there are many low-cloud-amount days with no new particle
formation (either classified as undefined or non-events days),
low-cloud-amount days alone are not sufficient for new parti-
cle formation. Hence, other factors may also be limiting a new
aerosol particle formation even at favourable cloud conditions.

In summary, the most favourable conditions for robust new
particle formation (class Ia) at Hyytidld, Southern Finland, oc-
curs in (1) Arctic air masses, (2) when no frontal passages have
been observed at Hyytidld, or after cold-frontal passage and (3)
when cloudiness at Hyytidld is not higher than 4 octas. Dur-
ing 2003-2005, 198 d (18%) satisfy all three conditions. For
105 (57%) of those 198 d, new particle formation was observed
at Hyytiédld. In contrast, 53 d (28%) were classified as unde-
fined days, and only 30 d (15%) were non-event days, where
no evidence of increasing particle concentration and growth has
been noticed. These results indicate that, despite having identi-
fied favourable synoptic conditions for new particle formation,
the complete conditions for new particle formation remain un-
known.

4. Why does nucleation not happen all the time
with favourable synoptic and cloudiness
conditions?

Among the days with synoptic and cloudiness conditions
favourable for new particle formation, 30 d have been classi-
fied as non-event days. To answer why nucleation does not oc-
cur although synoptic and cloudiness conditions are favourable
we analysed meteorological conditions, gas concentrations and
condensation sink, which is the indicator of the amount of pre-
existing particles, for those non-event days.

Previous results in Section 3 concluded ‘no fronts’ and ‘after
cold front’ conditions are the most favourable synoptic condi-
tions for new particle formation (Fig. 4). However, all 30 non-
event days were classified as ‘no fronts’ conditions suggesting
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some hitherto unknown factor may be responsible for new par-
ticle formation in ‘after cold front” conditions.

Of these 30 non-event days 90% (27 d) were observed in
winter time. About 47% (14 d) of those winter days are days with
a less then maximum 80 Wm~2 of global radiation, associated
with the short winter days at high latitudes, even when cloudiness
was less than 4 octas. Cloudiness of 3—4 octas, which is close to
the upper limit favourable for new particle formation, has been
observed in 50% (15 d) of the selected days.

Another reason for suppression of nucleation during days with
favourable synoptic and cloudiness conditions is a high pollution
level explaining 53% (16 d) of the non-event days. In 63%
(19 d) of 30 cases, high condensation sink (daily median value
higher than 2.5 x 1072 cm™3 ¢~!), which can be considered as
an indicator of pre-existing particles suppressing the formation
of nucleation mode particles, has been observed in Hyytiéla.
High background levels of Aitken mode particles (25-90 nm)
have been observed in 33% of days.

In summary, the lack of new particle formation in 28 of 30 d
(93%) with favourable synoptic and cloudiness conditions can
be explained by either the low level of radiation during the short
daylight hours, or a high pollution level with a high concentration
of pre-existing particles (i.e. high condensation sink), or by the
combination of those factors. However, for the two remaining
days (21 and 22 of January 2004) another explanation for the
lack of new particle formation has to be found. Among them
is high relative humidity, observed during those days, which
according to Hyvonen et al. (2005) can also inhibit the formation
of new particles. Thus, we confirm the conclusion (e.g. Vikevi
et al., 2000; Birmili et al., 2003; Uhrer et al., 2003; Lyubovtseva
et al., 2005; Sogacheva et al., 2005a; Lunden et al., 2006) that
both meteorology and pollutant concentrations are important
characteristics that influence new particle formation.

5. Cloudiness and nucleation event frequency

The monthly distribution of cloudiness, event days, and non-
event days is presented in Fig. 6. During 2003-2005, the max-
imum of low-cloud-amount days occurred in March and April
(73 and 63 d, respectively), with a less pronounced maximum
(58 d) in September (Fig. 6). Those maxima correspond well
to the maxima in monthly cumulative number of new particle
formation events observed at Hyytiéld (Fig. 6). Thus, cloudiness
at Hyytidla might be used to explain the frequency of nucleation
events at Hyytidld.

Using cloudiness data for Southern Finland, we aimed to ex-
plain the annual frequency of new particle formation events at
Hyytidla (Dal Maso et al., 2005). During 2003-2005, the num-
ber of events at Hyytiéld has been gradually decreasing (Fig. 7a).
However, the gradual decrease is not seen in the number of low-
cloud-amount days. The reason for that can be explained by the
monthly distributions of cloudiness and event classifications cal-
culated separately for 2003, 2004 and 2005 (Fig. 8). In January
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Fig. 6. Annual distribution of cloudiness (colorbar, in octas), event
(red line) and non-event (green line) days at Hyytidld. Blue star is a
border between 3—4 octas (isolated clouds) and 5-6 octas (broken
clouds) cloudiness.
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Fig. 7. Yearly number of event days and number of low-cloud-amount
days for years 2003, 2004 and 2005 (a), and the same for months
March-May (b).
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Fig. 8. Monthly frequency of low-cloud-amount days for years 2003,
2004 and 2005 at Hyytizla.

and during the period October to December 2004, the number of
low-cloud-amount days was considerably higher, compared to
the same period in 2003 and 2005. However, the main reason for
the low number of event days during that period is the monthly
minimum of solar radiation at Hyytiéla. Thus, during late autumn
and early winter, cloudiness cannot be considered as an indicator
of a nucleation event.

However, our hypothesis on the relation of monthly number
of event days to the monthly number of low-cloud-amount days
works well in spring when new particle formation is observed
more often (Fig. 7b). The increase of events in spring 2004 can
be explained by the increase in low-cloud-amount days during
that period compared to the other years.

6. Conclusions

In this paper the connections between synoptic weather condi-
tions and new particle formation events have been investigated.
The main new results beyond earlier ones (e.g. Nilsson et al.,
2001a) are (1) cloudiness has been analysed for a 3-yr period and
connected to events classification (see Fig. 5), (2) seasonality in
events in Hyytidld can be explained by the seasonal distribution
of low-cloud-amount days (see Fig. 6) and (3) year-to-year dif-
ferences in the nucleation events frequency can be explained by
year-to-year difference in low-cloud-amount days (see Fig. 7).

Arctic air masses are observed at Hyytidld more often in
winter, reaching a maximum in December, but sustaining high
frequency well into the spring. In about half of the days, Polar
air masses prevail at Hyytidld. Subtropical air has its highest
frequency in midsummer. Marine air masses prevail at Hyytiéld
throughout the year, except for April. Continental air is dis-
tributed evenly throughout the year. Transition air masses are
more frequent in winter and have not been observed in June and
July.

The strongest new particle formation (event class Ia) occurs
more often in Arctic air, but not in Subtropical air masses. The
fraction of Arctic and Polar air in class Ib and class II events
is comparable with a small dominance of Polar air masses; in a
few cases, event classes Ib and II have occurred in Subtropical
air masses. The distribution of air mass frequency is similar for
undefined and non-event days and occurs in the ratio 6:3:1 for
Arctic, Polar and Subtropical air, respectively. No significant
differences have been revealed in the character of the air mass
(marine, continental and transition) with respect to new particle
formation except for class Ia, for which the fraction of transition
air masses is higher comparing to other days.

During about half of the days no frontal passages have been
observed at Hyytidlé. Frontal passages have been observed more
frequently in January, gradually decreasing in spring.

The most favourable situation for new particle formation is
after cold-frontal passages, and the following days until the next
front reaches Hyytidld (‘no fronts’ in our classification). New
particle formation event classes Ib and II occur before fronts as
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well; however, in these cases, the growth of the particles slows
down as the frontal cloudiness develops and particles never grow
as much and as fast as during class Ia events. Several frontal
passages and slow-moving fronts are observed at Hyytiéld often
during undefined and non-event days.

Class Ia events are registered at Hyytiéld under clear skies or
low-cloud-amount (1-2 octas) conditions. The fraction of days
with 3—4 octas cloudiness becomes rather significant in class Ib
events; class II events rarely occur at 7-8 octas cloudiness. We
consider cloudiness less than 5 octas as one of the necessary
conditions for new particle formation; however, at higher cloud
amounts, class Ib and class II events may occur. Cloudiness
above 4 octas appears to be a key factor for turning an aerosol
formation event into class Ib and class II and preventing Ia case.

The monthly cumulative number of nucleation events for
2003-2005 corresponds well to the cumulative number of the
days with cloudiness 3—4 octas and lower for the same period.
March—April and September maxima in new particle formation
are seen in the number of low cloudiness days for the corre-
sponding months.

The smaller number of nucleation events in year 2005 with
respect to year 2003 can be explained by the lower occurrence of
the clear sky and low-cloud-amount days. The high number of
low-cloud-amount days in the winter, when particle formation
occurrence is low, for the year 2004 explains the discrepancy in
our assumption on the yearly correspondence of the number of
nucleation days to the number of low cloudiness days. During
the period of the most frequent new particle formation (March—
May), the correspondence of the number of nucleation days to
the number of low-cloud-amount days is similar.
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