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Abstract. Secondary new particle formation affects atmo- the highest. When the growing mode exceeded the selected
spheric aerosol and cloud droplet numbers and thereby, th80 nm limit, on average in those cases, 21114 % increase
aerosol effects on climate. In this paper, the frequency ofof CCNgp concentrations was observed.

nucleation events and the associated particle formation and
growth rates, along with their seasonal variation, was anal-

ysed based on over ten years of aerosol measurements con-

ducted at the Pallas GAW station in northern Finland. Thel Introduction

long-term measurements also allowed a detailed examination

of factors possibly favouring or suppressing particle forma-Atmospheric new particle formation (NPF) has been ob-
tion. Effects of meteorological parameters and air mass propserVEd to take place in a vast variety of environments, includ-
erties as well as vapour sources and sinks for particle foring clean and polluted continental boundary layers, coastal
mation frequency and event parameters were inspected. |and some other marine areas, anthropogenic plumes, cloud
addition, the potential of secondary particle formation to in- outflows and free tropospher&yimala et al, 2004 Kul-
crease the concentration of cloud condensation nuclei (CCNjnala and Kerminer2008 O’Dowd et al, 2010. Field mea-
sized particles was examined. Findings from these long-ternsurements show that newly-formed particles are often able to
measurements confirmed previous observations: event fregrow into cloud condensation nuclei (CCN) sizes (elg.,
quency peaked in spring and the highest growth rates wer8avainen et al.2003 Laaksonen et 812005 Wiedensohler
observed in summer, affiliated with increased biogenic ac-€t al, 2009, and to participate into cloud droplet activation
tivity. Events were almost exclusively observed in marine (Kerminen et al. 2003. Almost all studies have found a
air masses on sunny cloud-free days. A low vapour sinkclose connection between NPF and gaseous sulphuric acid
by the background particle population as well as an elevatedBrus et al. 2011 Kuang et al. 2008 Kulmala et al, 2006
sulphuric acid concentration were found to favour particle Paasonen et al201Q Riipinen et al, 2007 Sipila et al,
formation. These were also conditions taking place most201Q Weber et al. 1996. In most atmospheric environ-
likely in marine air masses. Inter-annual trend showed aments, the rate of NPF appears to scale between the first and
minimum in event frequency in 2003, when also the small-second power of the gaseous sulphuric acid concentration,
est annual median of growth rate was observed. This give®eing indicative of either activatiork(imala et al, 2009
further evidence of the importance and sensitivity of parti- Or kinetic-type McMurry and Friedlander1979 formation

cle formation for the condensing vapour concentrations afProcess. Besides sulphuric acid, NPF may be affected by
Pallas site. The particle formation was observed to increas@mmonia or aminednson et a).2011 Berndt et al.201Q
CCNgp (>80 nm particle number) concentrations especially Kurtén et al, 2008 Smith et al, 2010, low-volatile organic

in summer and autumn seasons when the growth rates wen@pors Metzger et al.201Q Paasonen et a2010, or iodine
compounds@'Dowd et al, 2002 Vuollekoski et al, 2009.

The role of ions in atmospheric NPF has remained the sub-
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Uncertainties in particle formation processes are translate@nthropogenic sources. In addition to investigating new-
into uncertainties in aerosol-cloud interactions and indirectparticle formation and growth rates and their connections
climate forcing by aerosols (e.dazil et al, 2010 Makko- with other measured quantities, we will estimate the contri-
nen et al. 2009 Pierce and Adam=009 Wang and Pen- bution of NPF to atmospheric CCN production. Our overall
ner, 2009. While the exact mechanisms and compoundsgoal is to find out the atmospheric conditions necessary for
participating in atmospheric NPF have remained poorly un-NPF over the examined region and to further inspect the data
derstood Kerminen et al. 2010, semi-empirical and other for the long-term trends and changes.
nucleation schemes have been used in global models to esti-
mate the contribution of NPF to aerosol burden and climate
forcing. These investigations have shown that atmospheri@ Methods

NPF is very likely to be the dominant source of the aerosol . .
number concentration in the global troposphéazil et al, The measurements were conducted in years 2000-2010 in

201Q Spracklen et al.2006 201Q Yu et al, 20108, and Northern Finland at a sub-Arctic Global Atmospheric Watch

1 O 4
to increase CCN and cloud droplet number concentrationé?':‘_w) _stalltlontlelas (G?IﬁN’ Z?t?j E6560 rfntﬁ's'ila')' Tr:ef
by up to several tens of percents in the lower atmospheré "i lon 1S %ca tezo%nka f' ogha A et_e Cg)e 0 % '?r'Tad ((j)r-
(Merikanto et al.2009 201Q Pierce and Adam2009. est zone abou m from the Arctic Ocean. Detalled de-

Field studies made in Northern Europe have revealed tha?cnptu_:n of the measurement site can be foundaito et al.
NPF events usually take place on 20-60 % of all ddyal ( 2002 Komppula et al(2003.

Maso et al. 2005 Dal Maso et al.2007, Kristensson et al.
2008 Vehkandki et al, 2004). Similar NPF frequencies have
been observed in most other European siéarninenetal.  particle number size distributions were measured using Dif-
2010, as well as in Australian eucalyptus foreSufi etal.  ferential Mobility Particle Sizer (DMPS). The size range of
200§ and in Indian HimalayasNeitola et al, 2011). The  the instrument extends from 7 to 500 nm in diameter. Par-
factors controlling NPF and its seasonal occurrence seem tqcje sizes are selected using a Hauke type differential mo-
vary largely between different locations. In Northern Europe, bility analyser which is followed by a TSI model 3010 con-
NPF is associated with clean Arctic or Atlantic air massesyensation particle counter. The inlet has an upper size-cut
and is most common during the spring montbal(Maso et o approximately 2 um, after which the aerosol is dried with
al,, 2007 Komppula et al.2003. This is contrary to India  permapure nafion dryer and neutralised with a bipolar dif-
where high concentrations of condensable vapors from polfsjon charger (85-Kr) before entering the inlet of DMPS.
luted regions seem to be required for NPF to oc®gifola  petails of the instrumentation and setup are described by
et al, 201]). An exceptional seasonal pattern of NPF with komppula et al(2003. The measurements started in April

a winter maximum has been reported in Hohenpeissenbergoog and the analysed period extends from the beginning un-
Germany Birmili et al., 2003. Most NPF events occur dur- i the end of December 2010 with a data coverage presented
ing daytime, probably as a result of active photochemistryin Fig. 1.

and enhanced vertical mixing (e.¢(uimala and Kerminen Auxiliary SO, concentration data was measured with
200§. NPF has been found to be suppressed by the presencghermo Electron 43S analyser which uses fluorescence de-
of clouds or rain, high relative humidity, and low amount of tection method. Meteorological parameters including wind
solar radiation Klamed et a].2011 Sogacheva et al2008.  gpeed and direction, temperature, relative humidity and solar
In continental European boundary layers, NPF is likely to beragiation were measured with a Vaisala automatic weather
dominated by neutral formation pathways, the contributiongiation. Visibility, precipitation intensity and type were mea-

of ions being most important in the cleanest environmentsg ;e with Vaisala FD12P present weather sensor.
(Manninen et al.2010.

In order to get better understanding on atmospheric NPR2.2  Analysis
and to further improve its representation in global model-
ing frameworks, more information on new-particle forma- The days within the measurement period were first classified
tion and growth rates, on their association with trace gase@to new particle formation (NPF) event days, no-NPF days
and meteorological conditions, as well as on general condiand undefined days, following the method presente®aly
tions favoring or hindering NPF are required from different Maso et al.(2005. NPF events were further divided into
types of environments. Of particular importance in this re-class | and class Il, with the principal difference that class
gard are consistent long-term observations. In the current events showed continuous, well-defined growth of the par-
paper, we will investigate NPF in a remote sub-Arctic site ticles starting at the smallest measurable size of 7nm. In
based on more than 10 years of continuous aerosol, trace gasntrast, class Il events showed more concentration fluctua-
and meteorological measurements. The Arctic location oftions and thereby, the particle growth rates were defined with
the measurement site highlights the strong seasonal metedesser accuracy. Days with missing or bad data were defined
rological variability and aerosol natural influences far from as unclassified.

2.1 Measurements and instrumentation
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To calculate the particle formation and growth rates, we
assumed the new particle formation occurred simultaneously
and equally in a wide area of the air mass. For class | events

[N]
Q
=2
?

8

showing well-defined continuous particle growth, this as- ;07 T T
sumption is well justified. Particle growth rates (nm‘h OB . _
were calculated as iamed et al.(2007); Neitola et al. 5 o000
(2017 and Kulmala et al.(2001) following the growing P

mode peak diameter. To retain the consistency with earlier pg—-—— —_
NPF studies in Pallas, the particle formation rates at 7nm  2o00—— -
(available only for class | events) were calculated similarly 20— - —
as inKomppula et al(2003 andMakeh et al.(2000. This 0000 — — - ——
method follows the increase of nucleation mode number con- e T A
centration with time with a user input of mode maximum

diameter. In addition to previous studies, extra-modal coag-

ulation losses were considered in the analysis, for which theFig. 1. Data coverage for different years (y-axis) as a function of
particle atmospheric “wet diameters” were calculated usingday-of-year (DOY). Seasons are separated with colours, blue being
hygroscopicity parameterisation for boreal forest conditionsindicative for winter, green for spring, red for summer and black for
as presented byaakso et al(2004). The same parameterisa- autumn, as they are refered in the text.

tion was used to calculate the wet diameters for vapour con-

densational sink (CS) which was determined from measured

size distributions as suggestediyimala et al.(2001). . ‘DNPF‘ ) +||;

Air mass backward trajectories for the arrival pressure %9 B unces 7
level of 925 hPa were calculated with the FLEXTRA kine- 08r W roneF 1
matic trajectory model§tohl et al, 1995 Stohl and Seib- o7 NPF | 7
ert, 1998 using meteorological model data from ECMWF o0& ]
(European Centre for Medium Range Weather Forecasts). §osr i
Trajectories were calculated every three hours starting at = o4 8
02:00 local winter time (UTC+2) following the air mass o3 .
120 h backwards in one-hour time steps. For dividing the air o2~ 8
masses into characteristic types, distance weighted fractions o1t .
were used. It has been shown that NPF observed in northerr  ol==i = =n

Finland typically occurs in the proximity of the statiddfs- ot
sein et al. 2009, and thus it is justified to give more weight

to the nearest trajectory points. Here the weigh was set to be_ ) ]
a linear function of time such that the weight decreased fromF'g' 2. Fraction of NP_F event (classes | and Il separately), undefined
1t0 0.0769 (10/130) during the 120 h . This way, the sum ofanOI non-event days in each month.

the weights given for the trajectory points at nearest 24 h is

34 %, while the weights for the points at four following days ] . ]

are 27, 20, 13, and 6 %. Therefore, even if the trajectory patfound (Fig.2). The highest fraction of NPF days, around

is over the ocean during the first three days (hours 48—128-27, was observed in April. The NPF fraction decreased
backwards), the air mass can be classified as 61 % continefgradually towards the autumn months being only 0.06 in
tal based on the most recent trajectory path. The division>€Ptember. However, compared to the spring season a rel-
to characteristic types (marine, continental and mixed) is ex-2tively higher fraction of undefined days was detected in late

plained in detail in following section “air mass properties”. Summer and autumn. In winter the NPF days were truly spo-
radic. The fraction of no-NPF days was the highest in winter

(0.8-1.0) and the lowest in spring and early summer (0.5—
0.6), thus opposite to the seasonal cycle of NPF and unde-

3 Results fined days.
The observed seasonal NPF pattern with a spring maxi-
3.1 Seasonal cycle and characteristics of new mum and winter minimum is typical for all Nordic stations
particle formation (Dal Maso et al.2007 Kristensson et 312008 Vehkanéki

et al, 2004. However, in southern Nordic stations (Hyal&
Consistent with earlier studies at Pallas (el§omppula in Finland, Aspvreten and Vavihill in Sweden) an additional
et al, 2003, a pronounced seasonal cycle in NPF fre- summer minimum around July is observed, and can be at
quency with winter minimum and spring maximum was least partly explained by the increasing fraction of undefined
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aunrise Table 1. Monthly mean (std) values and ranges for 7 nm parti-
72123 sart cle formation rates (FR [cm*3 s~1] and for particle growth rates
« Class! obs. (GR) [nm h—l]. The last column shows the total number (n) of class
> Classll obs I NPF events used in FRand GR calculations.
= ] Month  FRy meantstd (range) GR meafistd (range) n
()
E 1 - -0
= 2 0.11:+0.06 (0.07-0.15) 2801(20-2.1) 2
" 3 0.2140.24 (0.06-0.64) 1.91.0(1.0-35) 5
. oo 4 0.194+0.14 (0.07-0.58) 2425(0.4-12.4) 21
S ™~ i 5 0.13+0.05 (0.06-0.21) 2209(1.1-4.1) 13
E 6 0.14+0.08 (0.06—0.25) 461.0(3.7-6.0) 4
W T S N S SRS SRS SN SRS S S S 7 0.18+0.10 (0.07—0.44) 4812(16-62) 11
1 31 59 90 120 151 181 212 243 273 304 334 366 8 0.13+0.09 (0.04-0.30) 3825(1.2-7.7) 6
Day of year 9 0.20+ 0.10 (0.09-0.30) 2913(21-52) 5
10 0.13+0.00 (0.13) 3.300(33) 1
11 - - 0
12 - - 0

Fig. 3. Starting time of the NPF events, extrapolated backwards to
2nm for class | events (red circles), and observations times both for
class | and class Il events (red and blue crosses).

the same GR as determined for the NPF event. The start-
ing times of class Il events, for which the GR could not be
days in summerRuenrostro Mazon et al2009. In con-  well determined, were replaced with the times at which the
trast, in Pallas, the fraction of undefined days did not showevents were first observed. The assumption of constant GR
a peak in summer but remained relatively constant duringwith size can be justified by the analysisM&nninen et al.
April-September months. By further comparing the southern(2010, where it was shown that GR at Pallas site does not
and northern Nordic stations, it can also be seen that eventsave a strong size dependency. The results of calculated class
are much more frequent in southern stations. | NPF event starting times, along with those of class Il events,
Altogether 68 NPF class | events were detected for whichare presented as a function of the day of year in Bighe
the particle growth rates (GR) and the 7 nm particle forma-coupling of the start of the event with the time of day is ev-
tion rates (FR) could be well determined. Their monthly ident, while the appearance of NPF is concentrated around
statistics are presented in TallleThe value of FRappears the daytime hours. Most of the class | event nucleation times
affected little by the seasonal variation, although the highesappear between 07:00 and noon. A minor shift towards the
values &0.5cnm2 s1) were observed in March and April. morning hours in summer can be connected with the earlier
The monthly average value of FRaried between 0.1 and sunrise. This effect is, however, weak compared to the large
0.2cnm3s1. The missing seasonal variability in particle seasonal variation of daytime length. The class Il event start-
formation rates is in line with previous studies from North- ing times varied more broadly, which could for a major part
ern Finland Komppula et al.2006 Vehkanéki et al, 20049, be explained by the variation of particle growth rates prior
allthough a partial explanation could also be related to theto the observations. In late autumn, few class Il events were
relatively large lower detection limit of the particle diameter. also detected during late polar night. These events suggest
While the growth time of 1-2 nm particles up to the detectionthat NPF can, in rare cases, occur also in the absence of solar
diameter of 7 nm can be on the order of several hours, the obradiation.
served formation rates reflect the initial nucleation rates in-
sufficiently, as is also pointed out i§omppula et al(2006. 3.2 Factors connected with NPF
In particle growth rates a seasonal pattern was more evident,
with a summer maximum between June and August, pos3.2.1 Air mass properties
sibly affiliated with particle precursors from increased bio-
genic activity. The values of GR showed a large variabil- Previous studies have found a strong positive correlation be-
ity between 0.4 and 12.4 nnth whereas monthly-average tween north-western air masses and probability of NPF at the
GR ranged from around 2 nnthin February—March to over  Nordic stations Dal Maso et al.2007. In order to exam-
4nmtrtin June-July. ine whether the same holds for the long time series of NPF
A vast majority of global atmospheric new particle forma- events observed in Pallas, we divided the air mass source re-
tion events are detected during daytinklmala and Ker-  gions into five categories, namely Arctic, Eastern, Southern,
minen 2008. We estimated the starting times of each classWestern and Local (Figl). Based on the weighted fractions
| event by assuming that nucleation had produced 2-nm paref air masses over these source regions, for each trajectory
ticles which then grew to measurable sizes (above 7 nm) athe region of the highest weight was considered to represent

Atmos. Chem. Phys., 11, 129502972 2011 www.atmos-chem-phys.net/11/12959/2011/
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Table 2. Seasonal airmass frequencies in percents on all days, and at the beginning of the observation of NPF class | (CLI) and NPF class
Il (CLII) events. The numbers in parentheses give the number of cases. Airmass types are divided as presented Additgpnally,
airmasses were divided into marine®0 % over sections | and I1), continental (Cont70 % over sections Ill, IV and V) and mixed groups.

Winter (Nov—Feb) ‘ Spring (Mar—Jun) \ Summer (Jul-Aug) \ Autumn (Sep—Oct)
Al CLI(2) CLII(16) | Al CLI(43) CLII(165) | Al CLI(17) CLII(67) | Al CLI(6) CLII (46)

Arctic 31 50 13 39 63 58 29 71 52 36 83 50
East 18 50 13 14 7 4 14 0 6 10 0 7
South 28 0 19 20 0 9 25 0 4 26 17 11
West 15 0 50 14 28 22 14 24 24 19 0 24
Local 9 0 6 12 2 7 18 6 13 10 0 9
Mixed 24 50 25 30 28 32 29 12 34 27 17 20
Marine 31 0 38 34 65 58 25 82 54 37 83 63
Cont. 45 50 38 36 7 10 46 6 12 36 0 17

frequency as compared to spring. A comparison between
marine and continental cases confirms that NPF is rarely ob-
served in continental air masses, despite the dominance of
this air mass type over the marine type throughout the sea-
sons. To resolve the principal differences between marine
and continental air masses and the factors presumably affect-
ing the NPF within these, the following analysis will be done
separately for each of the air mass types.

3.2.2 Meteorological variables

The measured meteorological variables (temperature, rela-
tive humidity, wind speed, global solar radiation, visibility,
rain occurrence) varied with both season and air mass type
(Table 3). The marine air masses, in general, were dryer
Fig. 4. Map of airmass sectors: | (Arctic), Il (East), Ill (South), IV (both rain occurence and relative humidity (RH) were lower)
(West) and V (Local). and brighter (solar radiation and visibility were higher).
These features seemed to favour particle formation: both RH
and raininess in NPF days were lower than their seasonal me-
this air mass type. Tabl2 presents the seasonal frequen- dians for any of the air mass types and similarly, both solar
cies of air mass types along with the corresponding valuesadiation and visibility in NPF days were typically higher.
during NPF. The seasonal division differs from the conven-An exception was the winter season, when high values of
tional classification, emphasising the long and dark North-RH and low values of solar radiation were seen in all the
ern winter (November—February) and the late and short sumair mass types, manifesting the cold and dark Arctic winters.
mer (July-August). Additionally, the air masses were divided Low temperatures in winter can further suppress the biogenic
between marine, mixed and continental types. Marine airactivity combined with low radiation inhibiting the oxidation
masses represented the cases whéat@% of the trajectory  of secondary vapours. Thereby, these winter meteorological
weight was over Arctic and western regions (I and 1V, seefeatures are suspectedly behind the observed low NPF fre-
map in Fig.4), continental those where70 % of the trajec-  quency in winter, as has also been suggested in a number of
tory weight was over eastern, southern and local regions (llprevious studies (e.gDal Maso et al. 2005 Komppula et
11, V) and mixed air masses represented the remaining casesl., 2003 2005.
in between. The strong coupling between air mass types and meteo-
During all seasons, NPF was commonly detected in Arc-rological features complicates the separation between indi-
tic and western (i.e. marine) air masses (Table Arctic vidual factor effects on NPF. While the marine air masses
air mass was also the predominant type during all seasongeemed to hold many of the meteorological features favoring
though being closely followed by the occurrence of southernthe NPF, the role of additional factors connected with the air
air mass type. The fraction of Arctic air masses decreased imasses could not be excluded. Therefore, we examined the
summer, which in part might explain the observed lower NPFpredictability of NPF occurrence of a proxy solely based on

www.atmos-chem-phys.net/11/12959/2011/ Atmos. Chem. Phys., 11, 1P26R-2011
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Table 3. Median daytime (hours 11:00-13:00 LWT) meteorological parameters at different seasons separately for different air mass types.
In addition, seasonal medians for NPF start times are presented.

T[°C] RH[%] Ws[ms?l] Rad [Wm*Z] Vis [km]  Rain [%]

Marine —7.6 93 7.5 12 457 3.2
Winter Mixed -8.3 93 7.0 8 17.1 15.3
Cont. -9.3 93 7.3 5 1.9 26.6
NPF -3.3 95 7.5 1 49.9 0.0
Marine 0.1 66 6.7 399 43.8 6.5
Sprin Mixed 1.6 70 55 411 41.8 12.3
PrNg cont. 16 88 5.9 279 33.0 18.1
NPF 0.7 60 6.2 422 46.7 3.0
Marine 9.7 68 5.8 408 47.2 6.7
Summer Mixed 11.5 71 4.4 386 46.4 12.3
Cont. 14.4 78 4.9 349 41.8 19.2
NPF 10.4 64 5.3 445 48.1 6.2
Marine 1.4 86 6.4 201 47.5 3.3
Autumn Mixed 2.2 94 5.4 124 43.4 12.3
Cont. 4.5 98 6.2 71 0.4 344
NPF 3.2 80 54 107 49.9 2.0
1 T T T
* Marine data :3‘;?:9
o —pnamali e i
| — Binomial fit x J s - oo e NPFCI
0.8 . Cont. data A 10 - . o NPECI
—Binomial fit ; * L e . x = NPECII
o ] g e
Zod 5 < * . .
S €
Sos5 | 5
© ] 3
g o ] %
03 \ 1
0.2 - - b
0.1 =+ e ES b R T T T T
s M A SO OO SO
% 5 10 15 20 25 30 35 40 45 50

NPF-proxy [uW m’l]

Fig. 5. Probability of a NPF event at different air masses using Fig. 6. Median sulphuric acid concentration as a function of time-

a NPF-proxy (visibilityx global radiation). Different colours are of-day (lines) and separately, for NPF event start times at 7 nm (dots

used to mark the air mass types. and crosses). Different colours are used to mark the air mass types
and for class | (Cl) events, the symbol size shows the particle for-
mation rate.

global solar radiation and visibility but separated between the3.2.3  Sulphuric acid and CS

air mass types. Solar radiation and visibility were chosen as

meteorological proxy variables because they are also linkedulphuric acid has been suggested as a key species for NPF
with cloudiness and condensation sink, which are generally€e.g., Brus et al, 2011 Kulmala et al, 2006 Sipila et al,
connected to NPF. In marine air masses this NPF-proxy (s02010. The sulphuric acid was not directly measured at Pallas
lar radiationx visibility) seemed as a good predictor; NPF site but calculated here using a proxy

probability increased with increasing proxy (F&. In con- SO, x Glob

trast, in continental air masses the NPF probability remainedH,SOy =k x —— Q)

low at all proxy values, thereby indicating that these mete- CS

orological conditions were irrelevant for continental NPF in based on global solar radiation (Glob), sulphur dioxide con-
Pallas. centration (S@) and condensation sink (CS) as suggested by

Atmos. Chem. Phys., 11, 129502972 2011 www.atmos-chem-phys.net/11/12959/2011/
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Petijja et al.(2009 in boreal forest conditions. The pre-factor 45 S
k also depends on the global solar radiation as presented ir | ,
Petja et al.(2009 in Fig. 2).

The sulphuric acid proxy did not show a clear seasonal
pattern, but it had a strong diurnal cycle and was dependent
on the air mass type (Fi®). The median proxy concentra-
tion was the highest in marine and the lowest in continental
air masses throughout the day, with maxima between 0.7 anc
1.4& cm 3 observed around midday. In general, the sul-
phuric acid concentration was also higher at the NPF obser-
vation times when compared to the concentration median, al- - =
though the deviation in calculatedbHO, proxy values was Month
large. This suggests that sulphuric acid is important for NPF
and again, marine air masses seem to favour particle forma- . o
tion in this respect. Also plotted is the 7 nm particle forma- Fi9- 7- The growth rate (GR) explained by the sulphuric acid and
tion rate which, contradictory to pre-expectations (Sgpila other vapours (median values for each month).
et al, 2010, did not show a clear dependency on the sul-
phuric acid concentration. A reason for this could be the un-
certainties arising from the time delay between the actual nu-
cleation process and the observed particle formation, as well
as the determination of sulphuric acid concentrations using a
proxy instead of direct measurements. Another explanation
could be additional vapours contributing to particle forma-
tion, as has been suggested in a some stullletz@er et al.
201Q Paasonen et akR010.

The fraction of particle growth explained by sulphuric acid

3.5

GR[nmh™Y
= N
Bt N o

o
3]
T

o

condensation was estimated basedkaimala et al.(1999 ol o e A
as ] ’
DC 50 100 150 200 250 300 350
GR="vfmDC 2) o
rp

wherem, is the sulphuric acid molecular mass of 98 amu, Fig. 8. 10-day median condensation sink (CS) as a function of

,Bm. '$ the transitional correctlpn factal !S the dl.ffusm.)n co- day of year (DOY) (lines) for all days, including event, undefined
efficient (0.1 crd s™! used),r is the particle radiusp is the  and no-event days. Condensation sink for NPF class | and class |l
particle density (1.0 gcm?) andC the calculated sulphuric  event start times at 7 nm is presented with dots and crosses. Differ-
acid concentration. Excluding the winter time, the majority ent colours are used to mark the airmass types and for class | (Cl)
of the nuclei growth (60-95 %) was found to be explained events, the symbol size shows the particle growth rate.

by something else than sulphuric acid condensation {#ig.

The main candidates in this respect are low-volatile organic

vapours originating from regional biogenic emissions. suggests that a high condensation sink is one of the factors

Condensation sink (CS), derived from the pre-existing par-inhibiting new particle formation in continental air masses.
ticle number size distributionKlmala et al, 2007), de- Reasons for the NPF dependency on CS can be that (i) at low
scribes the loss rate of condensable vapour molecules, whictalues of CS nucleating and condensing vapours are more
links it to the nucleating and condensating vapour concen-adundant, but also that (ii) the initially formed clusters be-
trations. Additionally the CS connects with the loss rate of come not too quickly scavenged by the pre-existing particles.
newly formed small clusters due to its relation with coagu-
lation sink. Therefore, high values of CS can suppress NPR.2.4 Biogenic emissions
even at sufficiently high nucleating vapour concentrations.

Condensation sink had a clear seasonal variation, but it-ollowing the procedure presented bynved et al (20006,
values were also significantly different between the air masswve calculated the approximative latitude and temperature de-
types (Fig.8): the sink was the highest in continental air pendent emissions of biogenic monoterpenes in marine and
masses and the lowest in marine ones. At times of the NPFnixed air masses. Indeed, the particle growth rate seemed
observations, the condensation sink values were generallio increase with increasing monoterpene emissions in the air
below the corresponding air mass medians and NPF wasmass (Fig.9). In the cumulative emission range from 750
rarely seen at typical continental CS values (Fy. This to 4250 pg 2, the median GR increased from 1 nmitto
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rine air masses arrive on the continent and become enriched
- with condensable vapoursunved et al(2006 reported time
scales for the evolution of nucleation mode particle concen-
T i trations measured in Pallas comparable to the NPF probabil-

b ' ' q
'

T 5 - ities found in this study.

10

GR[nmh™Y

3.3 Inter-annual variability
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6 ' ' H
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a- - "' T T H Q B

zf I g g 8 8 Q = The NPF frequency suggested a decreasing tendency be-

4 g g g AT I 7T - tween years 2000 and 2003, whereafter an increasing trend

R was observed (Fid.1). As presented above, there are several

%o 750 1250 mgu;ﬁti5;;00;fgfp;;sgm;;ﬁgn;gggza’ 5750 6250 6750 factors which might favour or hinder NPF, one of the clearest
being the air mass origin and meteorological variables. Using
the NPF-proxy presented in Fig, the effect of changing en-

) ) ) vironmental conditions on the inter-annual variation of NPF

Fig. 9. Growth rate as a function of calculated cumulative monoter- was studied. It was discovered that meteorological variability

pene emissions (note, continental air masses are not included). Tt}g . .
, . . . ~_Detween the years accounted for a very minor fraction of the
boxes show upper and lower quartiles, and median with red line.

The whiskers extend from minimum to maximum GR value. For observed variation in NPF frequency (Fidl). The NPF fre-

each box, a minimum of ten events were required and both class luéncy predicted by the proxy showed a minor increase be-
and Il events were included for statistical reasoning. tween the yearS 2004 and 2010, consistent W|th Observatlons

but especially the observed dip in NPF in 2003 remained un-

predicted. NPF was also correlated with other known prox-
. ‘ %10° ies, such as sulphuric acid concentration, condensation sink
=7 =NPFino-NPF dajal and biogenic emissions but none of these alone were able to
el by A Lo explain the observed inter-annual variability, and in particu-
lar, the low NPF frequency in 2003.

Kulmala et al.(2010 presented the number of NPF events
observed in Hyytla, Southern Finland, between years 1996
and 2008, which can be compared to our results. The inter-
annual variability found in Hyy#la is very different from
that in Pallas; the maximum in the number of NPF events
/ was found in 2003 when a minimum was detected in Pallas.
b7 1000 2000 3000 a0 O:gg?penzdg& issTgr?s?@ g@%ﬂ 9000 10000 116bo Interestingly, the observed inter-annual variability of me-

dian GR showed some similarities with that of the NPF fre-
quency, both having minimum in 2003 and maximum in

Fig. 10. New particle formation days (NPF) versus non-event 2010 (Fig.12). In 2003, the median GR was only around

1 - - 1 . . B
days (no-NPF) as a function of daily median calculated cumulativel "M T, Wh'le it was over 3 nmh in 2010. Variation of
monoterpene emissions calculated for air masses with over 509%3R around its median (absolute difference between 25 and

of marine origin. Minimum of ten classified (marine influental) 75 percentiles) was similar in magnitude in all years: around

days were required for each data point. The cubic fit presents th€—3nm L. Connection of NPF frequency with GR might

NPFatio @s a function of Biogenic monoterpene Emissions (BE). suggest that in the lack of sufficient vapour concentrations

On a second y-axis the condensation sink (CS) as a function okyents are both rare and weak (i.e. GR is low), and do not

monoterpene emissions in marine (over 50 %) air masses is shownhereby inflict significant climatic effects. Unfortunately, the
lowest detection limit of 7 nm in this study hinders a further
separation of the actual nucleation process and the further

about 3.5nmhl. However, after this limit, further increase growth, which are not necessarily dominated by the same

in biogenic emissions was not followed by a linear increasevapours.

of GR. In contrast, a clear pattern in inter-annual variability of

Similarly, an increase of NPF probability up to cumula- particle formation rates was not detected and the fARdian

tive monoterpene emissions of around 4000 g was de-  values were of the same order of magnitude in all years.

tected, whereafter the probability decreased (E@. This

can be partly explained by the increasing condensation sini8.4 CCN formation from NPF

with increasing time over land, which would thereby de-

crease the concentration of condensable vapours. This fufor lack of direct CCN measurements in Pallas, we esti-

ther suggests that NPF is most likely to occur soon after mamated the contribution of nucleation to CCN production from
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Fig. 11. Inter-annual variation of NPF/no-NPF days. Data bars Fig. 12. Growth rate (GR) variability in class | events between
contain only measured data while the missing values have been rghe years. The boxes show upper and lower quartiles, and median
placed by the monthly statistics in trend estimation (presented bywith red line. The whiskers extend from minimum to maximum GR
trend bars). Inter-annual variation of NPF/no-NPF days estimated,g|ye.

based on NPF-proxy take into account the air mass frequencies,

global radiation and visibility changes.

600

8 ‘ -CCN‘Cont.
[CCN Mixed
5001 Bl CCN Marine |
continuous particle number size distribution measurements | Sgﬂf:f
by following the approach introduced hyhavainen et al. w2
(2003. As a first step, this requires defining the size above :3300’ U 4
which nucleated particles need to grow to become CCN. §
Komppula et al(2009 measured the activation diameter in 200 ]
Pallas by comparing the interstitial and whole aerosol size ;! )
distributions and found that the average threshold diameter J. |il
for cloud droplet activation, i.e. the minimum dry particle O Winter Spring Summer Autumn

diameter for which the probability of cloud droplet activa-

tion exceeds 50 %, is 80 nm, with values ranging from 50

to 128 nm. We assumed here that particie80 nm in di- Fig. 13. CCNgg formation in class | events compared with median
ameter are CCN and called their total number concentralCNgg concentrations in different seasons separated between dif-
tion as CCNg. As a second step, we estimated whetherferent air masses. Bars “CCN Cont”, “CCN Mixed” and “CCN
and how much each nucleation event enhanced the value dfarne” present the median concentration 80nm particles
CCNgo. This was done by first calculating the average value(CC’_\ISO) in continental, mixe_d, and marine air masses, respectively,
of CCNgo from the beginning of the nucleation event up to and include all: event, undefined, and no-event days. Note that most

the ti hen th leati de had hed the 80 events occur in marine air masses. “NPF start” bars show the me-
€ time when the nucleation mode had reache e MMian of mean concentrations of C@f\in the beginning of the event,

size, and by subtracting this value from CggNeached by efore the growing mode exceeds 80 nm. “NPF end” bars show the
the end of the nucleation event. For sensitivity purposes, Wenedian of mean concentrations after the mode has grown to over
repeated the above procedure for particie®) nm (CCNyo) 80 nm size, until the end of the event.

and>100 nm (CCNgo) in diameter.

We found that in 34 % of the observed class | nucleation
events, particles grew above 80nm to produce new CCNSihto etal(2010. The averageX standard deviation) num-
This percentage varied strongly with season, being 65 % irber of new CCNo produced by all the nucleation events was
summer, 67 % in autumn, 0% in winter and 19 % in spring. 280+ 180 cnT> (Fig. 13), which corresponds to the relative
Using the CCN limits of 50 and 100 nm led to CCN produc- increase of CChb by 210+ 110 %. Taking into account also
tion in 53 and 24 % of the cases, respectively. The potenthe 66 % of class I events where no new CCN were formed,
tial of nucleation to form new CCN was highest during the the relative increase becomes#a30%. If we repeat the
summer-autumn period, which can be ascribed to the largestame analysis for CGly and CCNoo, the corresponding in-
particle growth rates during this part of the year (see Fig.  creases in CCN concentrations were equal to-£@J0 and
We should note that our approach was unable to take int®0= 130 %.
account potential changes in particle CCN activation proper- Sihto et al (2010 investigated the connection between nu-
ties between the different seasons, as has been observed blgation and CCN formation in Hyyla, southern Finland,
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based on about a year of simultaneous CCN and particlénduced ionisation intensity around years 2002—2003-(
number size distribution measurements. Depending on satmala et al, 2010, coinciding with the minimum in the ob-
uration ratio, they observed the nucleation events to enhancserved event frequency here, further encourages for more de-
CCN concentrations by 70-110%. The difference in thetailed studies on the connections between galactic cosmic
relative enhancement in CCN concentrations between theays and new particle formation mechanisms at the Pallas
study ofSihto et al. (2010 and ours in understandable when site.
considering the apparent differences in background particle Secondary new particle formation was recognised as a
number concentrations and nuclei growth rates between thpotentially significant source of cloud condensation nuclei:
two sites (e.g.Dal Maso et al. 2007 Lihavainen et al.  for cases when the growing mode exceeded 80nm diam-
2009, as well as the somewhat different approaches useeter, 210+ 110 % increase in CCdd concentrations was
to estimate CCN concentrations. Both these studies demombserved. Including all class | NPF events (even if no
strate, however, that nucleation has the potential to enhancgrowth >80 nm could be detected), the increase equals to
CCN concentrations considerably over boreal forests during/lO+130%. In spring and autumn seasons, this corre-
the summer. sponded to an CCdd concentration increase well above its
average value while in summer, NPF increase the gCN
concentrations to a typical level. It appears that NPF was
4 Summary and conclusions maintaining the CCRb concentrations in summer while on
other seasons, it produced particles adding to the typical
Over 10-years of new particle formation (NPF) events wereCCN levels.
analysed from the Finnish sub-Arctic Pallas station. The The major findings of this 10-year NPF analysis con-
NPF frequency was shown to have a pronounced seasongirm the results of previous studies made in Pallas and in
cycle with a spring maximum and a winter minimum. other Nordic stations¥al Maso et al. 2007 Komppula et
The monthly average 7 nm particle formation rate remainedal., 2005 2003 Kristensson et al.2008 Vehkaniki et al,
around 0.1 to 0.2 cm® s~ throughout the year. The particle 2004. The formation and growth rates analysed for two
growth rates were the lowest in spring when the monthly av-years in Pallas bKomppula et al(2003 and the potential
erages were around 2 nmhand the highest in summer with of NPF to increase CC#4 seem to hold for longer time pe-
averages around 4nnth Based on calculated sulphuric riods. Similarly, the seasonal and annual event frequencies
acid proxy concentrations, only a minor part of the growth for years prior to 2004 were confirmed in this study, which
could be explained by sulphuric acid condensation. Follow-states that despite the subjectivity of the analysis method, the
ing the previous studies and considering the seasonal cyclgesults are not too sensitive for the user input. However, com-
of the growth rates this suggests that oxidation of biOgeniCpared to a study byDfal Maso et al.2007) a lower fraction
precursors is crucial for particle growth to CCN sizes. of event days was found here, although the general annual
New particle formation was frequently observed in ma- features and NPF parameters were alike.
rine Arctic and Atlantic air masses, while only sporadic  The principal difficulty which remains to be resolved is
events were observed in continental air flows. Marine airthe complex coupling between several factors affecting atmo-
masses seemed to hold many of the meteorological featurespheric NPF. While some relations between NPF parameters,
favourable for particle formation. However, even if com- frequency and probability with several atmospheric variables
pared to the air mass median meteorological parameter valan be distinguished, resolving their mutual dependencies
ues, high radiation and visibility further increased the NPF and unpredictable functional forms would require highly de-
probability in marine air masses, while high RH, rain and veloped non-linear multivariate analysis methods. The anal-
low visibility suppressed NPF. The effect of temperature wasysis is further complicated by the difficulties in reliably deter-
not evident. However, the results propose that the temperamining the sources of errors and their magnitudes for differ-
ture might have a role through increased biogenic emissiongnt measured and analysed parameters. Additionally, a com-
in warmest summer months for increasing the particle growthparison of close-by station measurements would benefit the
rates, but not necessarily the NPF probability. analysis in order to quantify the regionality of the new parti-
Inter-annual variation of NPF frequency showed a mini- cle formation events as well as for obtaining better statistics.
mum in 2003 which remained unexplained by the variation
of meteorological, air mass origin or particle or vapour sink
terms. A similar inter annual trend in particle growth rates
could be indicative of a minimum in particle organic precur-
sors in 2003, which were not measured. Additionally, the
recent studies suggest that with low total particle formation
rates, as those observed in Pallas, the relative importance of
ion-induced nucleation mechanism incread¢iskpy et al,
2011, Manninen et al.2010. The minimum in cosmic ray
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