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The modal structure of an atmospheric aerosol size spectrum determines to a significant
extent the role of aerosol particles in the formation of weather and climate and their poten-
tial danger to living beings. In this paper, the modal structure of the atmospheric aerosol
particle size spectra for nucleation burst days was investigated using data acquired at a
rural measurement site in Estonia during the year 2005. The measurements were made
with the original electrical aerosol spectrometer designed at the Institute of Environmental
Physics of the University of Tartu. The performed analysis relied on air mass histories,
factor analysis and least-square fitting. The highest particle number concentrations were
found in Arctic air masses. The start time of a nucleation burst was found to be dependent
on the air mass type: in Arctic air masses nucleation occurred before the noon, whereas in

the polar air it occurred in the afternoon.

Introduction

The smallest particles in the atmosphere — sec-
ondary particles with the diameters < 20 nm
(nanoparticles) — are the product of various gas-
to-particle transformation processes: homogene-
ous and heterogeneous nucleation of gaseous
ingredients and the growth of the newborn nuclei
by condensation, coagulation and/or chemical
reactions on their surface. The above-mentioned
transformation processes are, probably, perma-
nently going on with quite a low rate, but the
experimental detection of them is very compli-
cated and has not yet been realized just due to
this low rate. At some favorable atmospheric
conditions, the formation of the nanoparticles
occurs with quite a high rate. Such burst-type
events of nanoparticle formation have been
observed at different places all over the world:

at coastal sites (O’Dowd et al. 1999, 2002), at
suburban (Vikevé et al. 2000) and urban (Woo
et al. 2001, Stainer et al. 2002, Kulmala et al.
2004a) locations, and in industrialized agricul-
tural regions (Birmili e al. 2003).

During recent years, intensive investiga-
tions of particle nucleation and growth burst
events were performed in European boreal for-
ests (Mikelad et al. 1997, 2000, Kulmala et al.
2001, Laakso et al. 2004, Vana et al. 2004,
Dal Maso et al. 2005, Vana et al. 2006). Here,
the most probable nucleation mechanism is the
ternary nucleation of water, sulphuric acid and
ammonia vapors, whereas the growth to observ-
able sizes (~3 nm) takes place mainly by the
condensation of organic vapors (Kulmala ez al.
2000, 2003, 2004b, Korhonen et al. 1999). Ion-
induced nucleation can also play an essential
role under some conditions (Tamm et al. 2001,
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Yu and Turco 2001, Horrak et al. 2004, Love-
joy et al. 2004). These bursts mainly occur due
to cold air advection in the polar and Arctic air
masses during sunny days after cold nights with
temperature inversion. These air masses are usu-
ally comparatively clean of accumulation mode
particles, so that both the condensation sink of
vapours and the coagulation sink of newborn
nanoparticles are comparatively low.

The size distribution (SD) of poly-disperse
atmospheric aerosol particles can be presented as
the sum of a number of lognormal components
(modes) (e.g. Whitby et al. 1978, Birmili et al.
2001, Tunved et al. 2003). The modal structure
of the SD function and its transformation during
the nucleation burst events is of interest for the
assessment of the dynamics of particulate air
pollution and the formation of cloud condensa-
tion nuclei. For the determination of the modal
structure of the SD, least-square fitting proce-
dures were used in the above-mentioned and
many other papers. The first approximation of
the modal particle diameter of these modes was
assessed by ocular estimation from the graphs of
the SD. Usually, long time series of the meas-
ured SDs were analyzed, but the parameters of
the modal structure of the SDs were assessed
either for each recorded SD or for short-time
(e.g. hourly) means. Then these parameters were
statistically treated. An example of a typical
graphical representation for this type of case
study is given in Fig. 1.

Fig. 1. Surface plot describing atmos-
pheric aerosol spectrum dynamics
during the nucleation burst day 8 April
2003. Data were measured with the

10000 EAS in Hyytiala, Finland.

In PugatSova et al. (2007) an alternative
computation plan was used: a factor analysis was
used as a powerful method for the detection of
the modes of the long-term mean SD. This plan
uses the information carried by the stochastic
changes in the particle SD.

In this work, we will analyze the modal
structure of the particle SD for the nucleation
burst event days by using the data obtained at
one measurement point in a rural site of Estonia
during one year, and by applying a factor analy-
sis and least-square fitting. Our analysis will be
restricted to the Arctic and polar air masses, as
these masses are moving to our measurement
point mainly from over boreal forest regions.
This criterion was used because we will inves-
tigate nucleation burst events in Estonia in the
Baltic region. In most of the cases considered
here, air-masses arrived in Estonia from over
boreal forests in Finland. Approximately a half of
the Estonian territory is covered by boreal forests
as well. In the future, we will compare our results
with similar studies in the Nordic countries.

Measurement station and
apparatus

Aerosol particle size spectrum in the uniquely
wide particle diameter range from 3.2 to 10 000
nm has been measured in Estonia using the
original electrical aerosol spectrometer (EAS),
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Arctic air mass (A)

Fig. 2. Examples of air
mass trajectories accord-
ing to the classification 1.
The location of the meas-
urement point is marked
with a star.

designed at the Institute of Environmental Phys-
ics of the University of Tartu (Tammet et al.
2002). The mean spectra for each 5 minutes
were measured and recorded, totaling in 39 168
recordings during the year 2005. The meas-
urements were performed at the Tahkuse Air
Monitoring Station (58°31.5°N, 24°55.5°E, 37
m above the sea level) of the University of Tartu
(Fig. 2). This station is located in the southwest-
ern part of Estonia in a rural region with little
intensive agricultural activity. More than 50% of
the area around the station is covered by boreal
forests. The nearest source of air pollution is the
small town of Pédrnu with 43 000 inhabitants at
a distance of 30 km. The measured spectra are
presented as a set of 14 number fraction concen-
trations, the fraction boundaries being uniformly
distributed in a logarithmic scale of particle
diameter (four fractions per decade). Since the
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calibration of the first fraction of the old version
of the EAS (3.2-5.6 nm in diameter) that was
applied is not quite reliable, we used the data of
13 fractions (5.6—10 000 nm).

Nucleation burst day separation

For the separation of days with particle nuclea-
tion burst events, we used the number concen-
tration of the first four reliable fractions of the
EAS (5.6-10, 10-18, 18-32 and 32-56 nm in
diameter). Graphs of the time variations of the
number concentrations of these fractions were
plotted for all 12 months of year 2005. The days
when all four concentrations exceeded 2000 cm™
during some time interval were chosen as days
with a nucleation burst event. As a result, we
were dealing with quite strong bursts (Vana et al.
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2006). The analysis presented below is based on
data on these nucleation event days only.

Air masses and trajectories

The classification of air masses was done by
back-calculating the 96-hour trajectories of air
masses arriving at 500 and 1200 m above the
model ground level. The trajectories were cal-
culated using the atmospheric model HYSPLIT
(Draxler and Hess 1997, 1998) and archive of
the meteorological database NOAA (National
Oceanic and Atmospheric Administration,
http://www.noaa.gov). At first, the air masses
were classified according to the standard mete-
orological classification (classification 1). On the
basis of this classification, the air masses were
divided into Arctic (A), polar (P) and tropical
(T). Another classification (classification 2) was
made on the basis of the climatic regions over
which the air mass trajectories ran (Vana et al.
2002). In this manner, the air masses were clas-
sified as modified maritime (MM), modified con-
tinental (MC) and pure continental (PC). Pure
maritime air masses cannot reach Estonia.

According to the presented classifications,
the considered air masses were divided into
seven classes (Table 1). The air mass classes
T_MM, T_MC and T_PC were left out of further
discussion in this paper.

Data handling and analysis

For data processing, we used the method derived
and described in PugatSova et al. (2007).
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Structure of data file

The measured data from the year 2005, character-
izing the aerosol size spectrum (fraction number
concentrations), were collected into a joint data
file. The code values describing the characteristics
of air masses (the direction of the air mass arrival
(classification 1) and the type of the air mass
(classification 2) were added into the same data
file. Then we extracted the sub-file for burst event
days according to Table 1. By processing the data
using multivariate statistical methods, such as the
method of general components and factor analy-
sis, relations between the characteristics of the
size spectrum and air mass were studied.

Principles of factor analysis
The basic factor analysis model is represented as
Z=AF+A, ()
or in the element form,
z, = ia,-,,f_,- +A, )
=

where Z is a vector of the standardized origi-
nal variables z. A and F are the matrices of
the factor loadings a; and the vector of factors
]3, respectively, which are unknown and to be
estimated from the analysis. The loadings a,
represent the correlation coefficients between
the standardized variable i and factor j, and A is
a vector of random residuals A, (Kleinbaum et
al. 1987, Stevens 1996, Krzanowski 2000). In
this analysis, number concentrations for 13 EAS

Table 1. Classification of air masses and the total number of burst event days in these air mass classes.

Abbreviation Classification 1 Classification 2 Total (days)
A_MM Arctic Modified maritime 35
A MC Arctic Modified continental 7
P_MM Polar Modified maritime 39
P_MC Polar Modified continental 19
T MM Tropic Modified maritime 2
T_MC Tropic Modified continental 18
T PC Tropic Pure continental 17
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fractions were the original standardized vari-
ables, and aerosol multimodal structure compo-
nents — modes — were the factors.

In this analysis, the most essential factors
(mostly 5) were separated. These factors describe
the structure of the size spectrum. For clear rela-
tion of factors with the original variables (parti-
cle fraction concentrations) we used the varimax
rotation of factors.

Parameterization of the particle SD

The particle SD, f, consists of several (n) log-
normal modes (Whitby and Sverdrup 1978)

n N.
logD) =) ~———
I ( 0g ) Z‘ 27‘510gf7g.f
xexp| — (logD—log Du )2 3)
P 2log’ o, '

= iNifNj (10gD)

Here D is the particle diameter, f (log D) is
the distribution density function of the mode
i, normalised to unity. The distribution density
function of each mode is characterized by three
parameters: the mode number concentration N,
(cm*3), the mode geometric standard deviation

. (dimensionless), and the mode geometric
mean diameter D (nm). The measured spec-
trum is presented by m = 13 fraction number
concentrations K

The parameters N, D, and o, were esti-
mated with the least- square method (Husseln et
al. 2005) using an iterative algorithm. By vary-
ing the above-mentioned parameters, this algo-
rithm minimizes the function:

®(N,.D,,.0,,)=

i ) . (4)
- Z{K YN, [E (ogD,,.)-F(logD,,, )]}

Here D, and D, are the upper and lower
limits of the fraction j of the measured spectrum,
respectively, and F(log D) is the cumulative
lognormal distribution function of the mode i
given by
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F,(log D)=
logD . (5)

= J‘fNJ (log D,log D, ,log ng)d(log D)
0

The approximate initial values of the param-
eters were chosen as follows: o . was defined in
the range of 1.5-2.05, N, was about 10 cm= and
the approximate values of D, were defined using
the graphs of the factor loadrngs

Data processing

The analysis was carried out using classifica-
tions 1 and 2. The particle fraction number con-
centrations were treated as the variables in the
factor analysis. The number of the retained var-
imax-rotated factors was chosen according to the
slightly modified Kaiser criterion (eigenvalue of
the factors to be > 0.7). The retained factors
were interpreted as the lognormally distributed
components (modes) of the particle size spec-
trum (PugatSova et al. 2004, 2007). The factor
analysis differentiates the objects according to
their similar behaviour, i.e. synchronic fluctuat-
ing. Random fluctuations in different parts of
an aerosol spectrum were used as a source of
information about the modal structure of the
spectrum. With the help of graphs that show the
factor loadings as the functions of the geometric
mean diameter for the particle size fractions, the
modal diameter and width of these modes were
roughly assessed. Then, using the iterative least-
square method, the parameters of the lognormal
components were specified to obtain the best fit
of the sum of the lognormal components with the
measured spectrum. Then, we allowed the shift-
ing of the value of the geometric mean diameter
until it stayed between the given boundaries of
the mode diameters, which are known from
the literature (Withby et al. 1978, Kulmala et
al. 2004a). In order to improve the fitting, in
some cases we inserted additional modes. These
modes could not been clearly seen from the pic-
ture showing the factor loadings, but the graphs
of some factor loadings had a local small maxi-
mum at this point of the diameter scale.
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Table 2. Fitted modal parameters for the air mass classes A_ MM, A_MC, P_MM and P_MC.

P_MC

P_MM

A_MC

A_MM

N
(cm®)

5.6
14
60

1.35
1.57
1.50

150
1200
5500

5.6
14
56

1.35
1.57
1.46

100
1750
5100

5.6
24

1.50
1.40

1.

1000
1300
4100

950

10

1.50

1500

Nucleation1

Nucleation2
Aitken1

44
120
700

45

40

58

1.

5400

1.65
1.70

Aitken2

400
1400
5600

1.85
1.70

15

240
900
5600

1.80
1.90

50

10

160
560
900
2400

1.40
1.25
1.90
4.00

300

Condensation
Droplet
Coarse1

0.40

0.25

3.20 3200

0.30

1.6
0.50

Coarse2
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Results and discussion

The analysis was carried out using classifications
1 and 2 to investigate the aerosol SD proper-
ties associated with the corresponding air mass
classes. Table 2 lists the fitted size distribution
parameters (geometrical mean diameter (Dg),
geometrical standard deviation (O’g) and number
concentration (N) of modes) corresponding to
the air mass classes A_ MM, A_MC, P_MM and
P_MC.

For all the air mass classes shown in Table
2, a multimodal character of the particle number
SD was clearly seen. In case of the air mass class
A_MM (Fig. 3), we can suppose from the graph
of the factor loadings that the SD had a four-
modal structure. However, for the fitting of the
measured SD with the sum of lognormal modes,
two more modes had to be inserted. Factors 4
and 3 correspond to the nucleation and Aitken
modes, respectively. Splitting of the accumula-
tion mode into the condensation and droplet
mode (Meng and Seinfeld 1994), or splitting
of the coarse mode into two sub-modes, could
barely be guessed from the graph of the factor
loadings. The presented results show that the
number concentrations of the first two modes
essentially exceeded those of the other four
modes, which testified to the presence of nuclea-
tion. In case of the air mass class A_MC (Fig. 4),
we could see a similar situation: four clear factors
but six modes. Here, the accumulation and coarse
modes were highly correlated, corresponding to
factor 1. Splitting of the Aitken mode was clearly
seen (factors 2 and 4), and a nucleation mode 1
had to be inserted for the fitting. The total number
concentrations of both nucleation modes were
much higher than the number concentration of
the nucleation mode in case of the air mass class
A_MM. The total number concentration of the
Aitken mode was comparable to that in case of
the air mass class A_MM (Table 2).

The results described above show clearly
the variability of the properties of the SD within
similar, yet not identical, air-mass classes.

In case of the air mass classes P_MM (Fig. 5)
and P_MC (Fig. 6), a five-modal structure of the
SD was clearly seen in the picture of factor load-
ings, and the fitting procedure required inserting
one more factor. The nucleation mode was split
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into two sub-modes, while the Aitken mode was
not. In both cases, the number concentration of
the Aitken mode was much higher than the total
number concentration of the nucleation modes
(Table 2). The condensation sub-mode of the
accumulation mode was clearly seen (factors 2
or 4 in the air mass classes P_MM, P_MC and
P_MM (Fig. 4) and P_MC). Factor 1 corre-
sponds to two highly-correlated modes. In Table
2 these modes are indicated as the droplet and
coarse mode, but they can also be sub-modes of
a split coarse mode.

The above results show that the number
concentration of the nucleation mode was lower
than that of the Aitken mode. This is due to the
fact that the analysis was based on daily-average
data. In order to obtain a more detailed picture,
we analyzed separately the data corresponding
to two different time intervals: that of nucleation

and initial growth and that after these processes.
Since nucleation bursts started practically always
before the noon, we considered separately the
time intervals 07:00—13:00 and 13:00-18:00 of
the burst event days.

In case of the air mass class A_MM, the
number concentration of the nucleation mode
was much higher during the first (nucleation
and initial growth) time interval than during
the second time interval, whereas the number
concentration of the Aitken mode was higher in
the second time interval. We also found that the
Aitken mode was split into three modes during
the second time interval with high total number
concentrations (Table 3).

The results for the air mass class A_MC
(Table 4) show that nucleation occurred around
noon or in the afternoon, because the concen-
tration of the nucleation mode was higher after
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Table 3. Fitted modal parameters for the air mass class A_MM and for two periods (07:00-13:00 and 13:00—

18:00).
07:00-13:00 13:00-18:00
N (cm=) g, D, (nm) N (cm=3) g, D, (nm)

Nucleation 2527 1.58 13.2 1200 1.14 10
Aitken 4263 1.55 44 4000 1.65 18
Aitken2 600 1.42 136 2569 1.31 56
Aitken3 - - - 1333 1.48 98
Condensation 10 1.35 460 8 1.48 570
Droplet 2 1.60 1000

Coarse 0.50 4.00 2400 0.50 2.50 1900
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diameter of the fraction
(upper graph) for the air
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and measured fraction
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tion of particle diameter.

midday compared with the morning. We also see
the splitting of the Aitken mode into three sub-
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case of the air mass class A_MM.
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In case of the air mass classes P_MM and
P_MC (Tables 5 and 6), the nucleation burst
occurred in the usual time window: in the morn-
ing the number concentration of the nucleation

Table 4. Fitted modal parameters for the air mass class A_MC and for two periods (07:00-13:00 and 13:00-

18:00).
07:00-13:00 13:00-18:00
N (cm=3) a, D, (nm) N (cm=®) g, D, (nm)

Nucleation1 700 1.30 6 2000 1.49 5.6
Nucleation2 - - - 1168 1.30 18
Aitken1 2000 1.56 23 4294 1.38 44
Aitken2 5031 1.38 74 2000 1.49 100
Condensation 50 1.75 240 8 1.60 840
Droplet 5 1.74 880

Coarse 0.3 4.00 5600 0.30 4.00 5600




370

1.25 1

1.00 1

0.75 1

0.50 1

Factor loadings

0.25

0.00 -

-0.25

Pugatsova et al. -

—+ 10000.00

+ 1000.00

+ 100.00

+ 10.00

+ 1.00

(g-wo) suonesuLdU0d
uoljoel) UBSW PaINSES|N

+0.10

0.01

10000.00 q

1000.00 1

Mean fraction
concentrations (cm=3)

0.01

100.00 1
10.00 1
1.00 1
0.10

8

13 24 43 76 135 240 427 759 134924004267 7588

Mean diameters of fractions (nm)
—O—Factor 1 —{1Factor 2 —&— Factor 3 —@— Factor4 —e—Factor 5 —— Measured

1

—4— Measured
—&— Aitken

mode was higher than in the afternoon, whereas
the number concentration of the Aitken mode

—— Comp sum

100

Particle diameter (nm)

—o— Nucleation1 —{} Nucleation2
—8— Condensation —>— Droplet

was higher in the afternoon. The data of Tables

2-6 show clearly that the modal structure of the
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Fig. 6. Factor loadings
and measured mean frac-
tion concentrations as a
function of mean particle
diameter of the fraction
(upper graph) for the air
mass class P_MC. The
lower graph shows the
fitted spectrum compo-
nents (modes), their sum
and measured fraction
concentrations as a func-
tion of particle diameter.

particles SD depends essentially on the prehis-
tory of air masses.

For comparison of the particle SD for nuclea-

tion burst days and non-burst days, we calculated

Table 5. Fitted modal parameters for the air mass class P_MM and for two periods (07:00-13:00 and 13:00—

18:00).
07:00-13:00 13:00-18:00
N (cm=2) a, D, (nm) N (cm=3) a, D, (nm)

Nucleation 2300 1.48 10.6 705 1.50 5.6
Aitken1 4200 1.45 44 2447 1.60 22
Aitken2 - - - 4200 1.60 79
Condensation 700 1.64 134 20 1.75 400
Droplet 5 2.25 560 1 1.85 1300
Coarse 0.3 4.00 3200 0.2 3.80 4400
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the mean modal structure of the SD for non-
event days in case of the air mass class A_MM.
The results are presented in Table 7 together with
the data for the same air mass type from Table
2. In both cases, we could see a six-modal struc-
ture of the SD. The same modes were present
in both cases, even though the modal diameters
were somewhat different. The main difference
between the two cases was the lower concentra-
tion of fine particles — particles in the nucleation
and Aitken mode — during the non-event days
as compared with that during the event days.

Summary

The most essential conclusions drawn from our
investigation are:

— Multivariate statistical methods, such as the
factor analysis, are suitable for the determi-
nation of the averaged modal structure of
the aerosol particle size distribution (SD)
because they process a long time series of
the SD. In order to improving the fitting,
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we inserted additional modes in some cases.
These modes were not clear in the picture
showing factor loadings, but the graph of
some factor loading had a small local small
maximum at this point of a diameter scale.
We treated these maximums as the results
of poor statistical material, which does not
enable the discovery of an additional factor.

— The modal structure of the particle SD
depends essentially on the prehistory of the
air mass in which the aerosol properties are
being measured.

— The nucleation event days, and especially
the hours when the nucleation burst and
initial growth of the freshly-born particles
occur, were characterized by extremely high
concentrations of nucleation mode particles
compared with the non-event days. Later
(in most cases during the afternoon), parti-
cles number concentrations in the nucleation
mode decreased and those in the Aitken mode
increased. This clearly shows the dynamics
of the particle spectrum.

— In the modified continental Arctic air masses,
the nucleation bursts seemed to start with

Table 6. Fitted modal parameters for the air mass class P_MC and for two periods (07:00-13:00 and 13:00—

18:00).
07:00-13:00 13:00-18:00
N (cm=®) a, D_(nm) N (cm=3) g, D, (nm)

Nucleation 1200 1.73 6.4 200 1.35 5.6
Aitken1 1600 1.40 24 2000 1.45 12
Aitken2 4450 1.52 82 5980 1.49 56
Condensation 20 1.85 420 100 1.27 232
Droplet 10 2.20 400
Coarset 0.5 3.80 4400 0.5 1.50 1340
Coarse2 0.4 3.30 2600

Table 7. Fitted modal parameters for the air mass class A_MM. The event days and non-event days have been

separated.
Nucleation Aitken Condensation Droplet Coarset Coarse2

Event days D, (nm) 10 40 160 500 900 2400

a, 1.50 1.58 1.40 1.25 1.90 4.00

N(cm=®) 1500 5400 300 5 1.6 0.5
Non-event days D, (nm) 12 24 122 400 1000 2800

o, 1.46 1.57 1.40 1.37 1.80 4.00

N(cm=®) 475 2100 65 9 2 0.3
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some delay in comparison with the modified
maritime Arctic and polar air masses.
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