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A B S T R A C T

Aerosol particle number size distributions (PNSD) were investigated to verify, if extremely low-volatility organic vapors (ELVOC) from natural sources alone could
induce new particle formation and growth events over the remote boreal forest region of Siberia, hundreds of kilometers away from significant anthropogenic
sources. We re-evaluated observations determined at a height of 300m of the remote observatory ZOTTO (Zotino Tall Tower Observatory, http://www.zottopro-
ject.org). We found that new particle formation events occurred only on 11 days in a 3-year period, suggesting that homogeneous nucleation with a subsequent
condensational growth could not be the major process, maintaining the particle number concentration in the planetary boundary layer of the remote boreal forest
area of Siberia.

1. Investigation

In the study by Ehn et al. (2014), the formation of low-volatile
secondary organic aerosol from biogenic precursors was described. The
authors studied the oxidation process of several monoterpenes, such as
α-pinene, and other VOCs (volatile organic carbon) under atmo-
spherically relevant conditions in the “Jülich Plant Atmosphere
Chamber” (JPAC). This work was a milestone for a better under-
standing of atmospheric oxidation processes of VOC as aerosol particle
precursors, especially over boreal forest regions with negligible an-
thropogenic influence. A direct pathway of several biogenic VOCs
(monoterpenes) was found for the formation of extremely low-volatility
organic vapors (ELVOC). The major outcome of this study was to
quantify more accurately the effects of changes in biogenic VOC
emission, specifically on new particle formation and the abundance of
cloud condensation nuclei. The authors propose that the ELVOCs
formed from monoterpene oxidation will help to explain the appear-
ance and the subsequent rapid growth of new particles observed in
forested regions. Such new particle formation events have been fre-
quently observed at forest research station Hyytiälä in Finland in the
past (Kulmala et al., 2012). However, Hyytiälä might not be a fully
representative observational site to prove new particle formation in-
duced by ELVOCs alone, since it might be still influenced by gaseous
sulfuric acid from anthropogenic SO2. It is probably hard to prove how

much anthropogenic influence is needed to initiate new particle for-
mation over a pristine boreal forest.

The objective of our investigation was to verify whether the above-
mentioned assumptions and conclusions could be confirmed by ob-
servations at an even more remotely located boreal forest location. For
this purpose, we re-analyzed particle number size distribution (PNSD)
measurements from the remote Zotino Tall Tower Observatory
(ZOTTO), located in the Siberian forest at 60.8° N; 89.35° E. The un-
derlying data set was described in Heintzenberg et al. (2011), but had
previously not been analyzed with respect to the phenomenon of the
particle formation process. At ZOTTO, sampling of aerosol particles
takes place at the top of a tall meteorological tower at 300m height so
that measurements are representative for a considerable area within the
Siberian ecosystem. Anthropogenic sources are relatively scarce and far
from each other within a range of a few hundred kilometers around
ZOTTO (Heintzenberg et al., 2011). The ZOTTO measurements are
more representative for new particle formation in the boundary layer
and for a larger region compared to measurements taken directly on
ground.

The PNSDs were measured using a TROPOS-type mobility particle
size spectrometer as described in Wiedensohler et al. (2012). Losses of
ultrafine particles due to diffusion in the 300m long sampling tube can
be corrected down to 10 nm, according to Birmili et al. (2007). This
means that ZOTTO PNSDs can be analyzed at least qualitatively for new
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particle formation events with a subsequent growth down to a particle
size of 15 nm. Chi et al. (2013) provided an analysis of particle size
distributions under pristine and polluted conditions at ZOTTO. How-
ever, an analysis about new particle formation was not done in detail
yet.

We thus re-analyzed all PNSDs from Sep. 2006 to Apr. 2009 using
the method described by Dal Maso et al. (2005). This method classifies
all days with complete data coverage into new particle formation events
with a subsequent growth as well as undefined and non-event cases.
Fig. 1 shows a time series describing the total number of days per
month according to this classification. Days with new particle forma-
tion are marked in red. Out of 752 days with valid measurements, only
11 were new particle formation events, 83 were undefined and 658
were non-event days. Out of the 11 days with a new particle formation
event, formation rates and growth rates could be calculated only for six
event days. The other five event days showed a too weak new particle
formation or had strong fluctuations in particle number concentration.
The average formation rate (J15) and growth rate of the six days with
clear events are 2.30*10−2 1/cm3s1 (max. 6.36*10−2 and min.
5.20*10−3) and 2.44 nm/h1 (max. 4.59 nm/h1 and min. 0.79 nm/h1),
respectively. The 2-h average condensational sink before the nucleation
of the six events is 1.98*10−3 s−1 (max. 5.40*10−3 s−1 and min.
2.12*10−4 s−1).

Regionally relevant new particle formation with a significant sub-
sequent particle growth appeared only in 1.5% of all valid measure-
ment days. These statistics are in contrast to the results obtained in
Hyytiälä, Finland, where new particle formation events were much
more frequent. It also suggests that new particle formation events do
not seem to be a major factor maintaining the particle number con-
centration in the planetary boundary layer of the remote forested area
of Siberia.

If one would add the “undefined nucleation events”, which are ei-
ther classified a) for a period of nucleation mode particles, which did
not grow, or b) when there has been a particle growth, starting in the
Aitken mode size range. For these type events, no banana-shaped par-
ticle nucleation & growth were visible, which would be representative
for a regional new particle formation event. In the most optimistic case
there might then be an upper limit of 10% probability for a new particle
formation event in the Central Siberian forest. For Hyytiälä, there have
been done few studies to determine the nucleation frequency. In the
article by Dal Maso et al. (2005), an average frequency of 24% for
particle formation day was determined, which is significantly higher
than at ZOTTO in central Siberia. Nieminen et la. (2014) stated:
“During the years 1996–2012, the total number of NPF event days was

1418. Annually, the number of event days varied in the range 60–120.
The highest number of NPF events was observed in the years
2002–2004 when during each year more than 110 days were categor-
ized as event days. The NPF events were least frequent in 1998 and
2010 with less than 70 NPF event days in both years. The average
yearly fraction of NPF event days was 23%.” They additionally con-
cluded that “the probability of the NPF was at the maximum of about
40%–50% during spring (March, April and May), and a second max-
imum of about 30%–40% took place in September. In winter,< 10% of
the days were NPF event days.”

The ZOTTO result of infrequent new particle formation are sup-
ported by the mean diurnal variation of the PNSD of the four seasons.
The contour plots in Fig. 2 show for all seasons the same structure of the
PNSD with a peak diameter around 100 nm during the course of the
day. This suggests that the aerosol particles are aged and transported
over a long distance. However, during the warmer periods, the particle
number concentration is enhanced. Photo-chemically induced new
particle formation took possibly place elsewhere with growth during
the long-range transport.

We have shown that in the remote boreal forest of Siberia area with
supposedly abundant monoterpenes, but negligible anthropogenic in-
fluence, new particle formation events were only infrequently observed.
This result suggests that the oxidation of monoterpenes proposed by
Ehn et al. (2014) might be not the major contributor of new atmo-
spheric particles over this remote forest area. This reason for this could
be either a) that the reaction condition or oxidants required by the
reaction pathway cannot be easily achieved in the real atmosphere, or
b) that particle formation and growth over remote forested areas are
more complex and cannot be simply described by the formation of
ELVOCs. Given that organic matter makes up the largest fraction of the
aerosol particle composition over the Siberian region during the
growing season (Mikhailov et al., 2015), it is, however, likely that
BVOC oxidation contributes to the growth of pre-existing particles, si-
milar to what has been shown for the Amazon rainforest (Pöschl et al.,
2010).
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Fig. 1. Statistics of new particle formation (NPF) events in each month during the experiment period.
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Fig. 2. Average diurnal variation of PNSDs at 300m for the four seasons.
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