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A b s t r a c t  

A cluster analysis is applied to the Aerosol Robotic Network 
(AERONET) data obtained at Belsk, Poland, as well as three nearby 
Central European stations (Leipzig, Minsk and Moldova) for estimation 
of atmospheric aerosol types. Absorption Ångstrom exponent (AAE), 
aerosol optical thickness (AOT) and extinction Ångstrom exponent 
(EAE) parameters are used. Clustering in both 2D (AOT, EAE) and 3D 
(AOT, EAE, AAE) is investigated. A method of air mass backward tra-
jectory analysis is then proposed, with the receptor site at Belsk, to de-
termine possible source regions for each cluster. Four dominant aerosol 
source regions are identified. The biomass burning aerosol source is lo-
calized in the vicinity of Belarusian-Ukrainian border. Slovakia and 
northern Hungary are found to be the source of urban/industrial pollut-
ants. Western Poland and eastern Germany are the main sources of pol-
luted continental aerosols. The most differentiated source region of 
Scandinavia, Baltic Sea and Northern Atlantic, associated with lowest 
values of AOT, corresponds to clean continental and possibly maritime 
type aerosols. 

Key words: aerosol optical properties, aerosol classification, cluster 
analysis, backward air mass trajectory, aerosol’s origin determination. 
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1. INTRODUCTION 
Aerosols have been observed in the global scale for more than a decade by 
both ground-based (Holben et al. 1999, 2001) and satellite (King et al. 1999, 
Kaufman et al. 2002, Mishchenko et al. 2007) remote sensing instruments. 
In the recent years, several classification schemes have been introduced to 
determine aerosol’s type (Omar et al. 2009, Pappalardo et al. 2013). These 
new classification methods allow for better understanding of aerosols’ origin 
and their source regions as well as aerosol modification during long range 
atmospheric transport. Moreover, knowledge of the aerosol type allows for a 
validation and a parametrization of aerosol models and satellite data (e.g., 
Ginoux et al. 2001, Levy et al. 2007, Remer et al. 2005). 

Aerosols are classified using satellite data by backtracking plumes to 
their probable source regions and analyzing satellite data products like fire 
locations or variation of optical properties (Russell et al. 2014). Another ap-
proach utilizes classification of aerosols based on their optical properties 
measured by both satellite and/or ground based measurements (Torres et al. 
2002, Kaufman et al. 2002, Chin et al. 2002). One of the most commonly 
used databases containing aerosol optical properties is the Aerosol RObotic 
NETwork (AERONET) (Holben et al. 2001). This database, containing long 
series of optical properties for worldwide locations, allows to calculate 
radiative properties of various aerosols based on the location of the meas-
urements site (e.g., Dubovik et al. 2002, Cattrall et al. 2005). Relations be-
tween measured optical properties are also used to classify aerosols. The 
most commonly used method of finding aerosol type is the analysis of aero-
sol optical thickness (AOT) and its spectral dependence described by extinc-
tion Ångstrom exponent (EAE) (e.g., Kalapureddy et al. 2009, Boselli et al. 
2012). Analysis of extinction Ångstrom exponent and its derivative with re-
spect to the wavelength is also used to classify aerosols (Gobbi et al. 2007) 
as well as combination of this method with LIDAR retrievals (Perrone et al. 
2014). Moreover, LIDAR based parameters like LIDAR ratio, color ratio or 
depolarization are factors applied for the aerosol classification (Burton et al. 
2012, Groß et al. 2013, 2015). In recent years, aerosol absorption parameters 
also have become one of the most promising factors for the aerosol classifi-
cation. Costabile et al. (2013) used aerosol size distribution and spectral de-
pendence of aerosol scattering and absorption to identify aerosol types. Giles 
et al. (2012) have shown that spectral dependence of aerosol absorption and 
extinction is useful for distinguishing between urban/industrial, biomass 
burning and mineral dust aerosols. The aforementioned method was used by 
Valenzuela et al. (2015) to identify dust over Granada. Clustering of aerosol 
properties combined with air mass’ backward trajectory analysis was also 
used to classify aerosols, e.g., Kikas et al. (2008). 
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In this paper, statistical analysis of AERONET retrievals for the period 
of 2001-2012, taken at four Central European stations (Belsk, Leipzig, 
Minsk, and Moldova), is used to determine the dominant aerosol types in the 
region. The utilized optical parameters include Aerosol Optical Thickness 
(AOT), Extinction Ångstrom Exponent (EAE) and Absorption Ångstrom 
Exponent (AAE). Moreover, a statistical analysis of air mass’ backward tra-
jectories is utilized for the Belsk station to determine probable source re-
gions of the retrieved aerosol types. Source regions obtained by 3D (AOT 
versus EAE versus AAE) and 2D (EAE versus AOT) clustering are com-
pared to these obtained from the fixed thresholds in the domain of EAE ver-
sus AOT. This allows for a direct comparison of all the classification 
methods as well as a preliminary identification of the best one for identifica-
tion of aerosols originating from identified source regions. 

2. INSTRUMENTATION  AND  METHODS  
CIMEL Sun and Sky scanning photometers are used worldwide in determin-
ing aerosol optical properties by the Aerosol Robotic Network. The instru-
ments provide aerosol optical thickness at several wavelengths derived from 
the direct Sun measurements as well as other optical parameters, e.g., size 
distribution, refractive index and single scattering albedo (SSA), derived 
from sky radiance measurements. Detailed description of the instrument, 
data products and data processing are given by Holben et al. (1999, 2006), 
Eck et al. (1999), and Smirnov et al. (2000). In this work daily averaged, 
quality assured AERONET Level 2.0 aerosol optical thicknesses and single 
scattering albedo as well as parameters describing their spectral dependence 
are used. Uncertainties of AOT are estimated to vary from ±0.01 in the visi-
ble and near infrared to ±0.02 in the UV range (Holben et al. 1999, Eck et al. 
1999). Uncertainties of single scattering albedo were estimated to be ±0.03 
for AOT greater than 0.4 at 440 nm (Dubovik et al. 2000). However, in the 
case of data level 2.0 this uncertainty could in fact be smaller, see discussion 
given by Giles et al. (2012).  

Wavelength dependence of AOT is described by the extinction 
Ångstrom exponent (EAE) parameter: 

 
� �� �

� �
ln AOT

EAE
ln

d
d

G
G

� �  (1) 

which is constant in the visible range. Small values of EAE typically indicate 
coarse aerosols, while large values indicate the fine ones. Columnar aerosol 
absorption properties are described by the absorption aerosol optical thick-
ness (AAOT) which could be calculated form AERONET products by: 
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Spectral dependence of AAOT is described by the absorption Ångstrom ex-
ponent parameter defined, similarly to the extinction one, as: 
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In this work values of EAE and AAE are computed by linear regression of 
logarithm of proper optical thickness versus logarithm of wavelength �. 
Spectral dependence of AAOT for fine homogenous black carbon (BC) 
spheroids (soot) is proportional to 1/� which indicates AAE close to one for 
BC particles (Bergstrom et al. 2002) whiles for brown carbon (BrC) values 
of AAE could be much larger (Moosmüller et al. 2009). In the case of non-
homogenous particles of varying sizes the AAOT spectral dependence is not 
significantly influenced by the size of the particles (Berry and Percival 1986) 
but it can be a function of the particles’ state and physical properties (Fuller 
et al. 1999). For instance, for a BC core shelled by other material, values of 
AAE could be smaller than one according to the calculations performed by 
Lack and Cappa (2010). Values of AAE as low as �0.3 were found by Rus-
sell et al. (2010). However, AERONET derived AAE values significantly 
below one could also be caused by uncertainties in estimation of SSA, as it 
was discussed by Giles et al. (2012). Authors of the aforementioned paper 
found, based on AERONET data, that AAE varies from 1.5 to 2.3 for dust 
aerosol and from 1.1 to 1.8 for both urban/industrial and biomass burning 
aerosols. In our study a threshold is set at AAE value of 0.75, below which 
the cases are considered to be caused mainly by errors in the estimation of 
SSA. 

In this work a clustering method is applied to the daily averaged 
AERONET data level 2.0 for Belsk (51°49�N, 20°,48�E), Leipzig (51°N, 
12°E), Minsk (53°N, 27°E), and Moldova (47°N, 28°E) stations situated in 
the Central Europe to distinguish between different types of aerosols. A typ-
ically used approach is a clustering of AOT and EAE (Boselli et al. 2012) or 
AAE and EAE (Giles et al. 2012). We propose to perform a 3D clustering of 
AOT (at 440 nm), EAE (440-870 nm), and AAE (440-870 nm) data set and 
compare this analysis to 2D clustering of AOT (at 440 nm) and EAE (440-
870 nm). According to the t-test the mean values of AOT measured at Leip-
zig, Minsk and Moldova stations do not differ significantly from the Belsk 
mean. All that stations represent Central Europe and data collected by them 
are considered as one block. The total number of measurements in the da-
taset is 3954 and this dataset is used in 2D clustering. The SSA retrievals, 
required for AAE calculation in 3D clustering, are not always available in 
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the level 2.0 data, for which the uncertainties must remain below a superim-
posed threshold (Holben et al. 2006). The uncertainties of SSA retrievals in-
crease for lower AOT values. In the dataset studied here SSA retrievals were 
found only for 681 cases. Moreover, our calculations of AAE yielded values 
smaller than one in a number of cases. As indicated in the previous para-
graph values slightly below unity may occur for composite aerosol with a 
BC core whilst values much lower than one are caused mainly by errors in 
estimation of SSA. A threshold for AAE at 0.75 was chosen with values be-
low it deemed unphysical. In the end the total number of the remaining data 
records used in the 3D analysis is 613. It is worth noting that no SSA re-
trievals were found in the studied level 2.0 AERONET data in the cases of 
AOT below 0.24. On the other hand SSA values were available for all meas-
urements with AOT above 0.4. In an intermediate region between the afore-
mentioned AOT values, the SSA values are only available for a part of the 
dataset. 

The clustering is performed based on the Lloyd’s algorithm, also known 
as the k-means method (Lloyd 1982). A prechosen number of k clusters, de-
fined by the randomly seeded centroids, are populated by n observation 
points. Each n-th observation point is assigned to exactly one cluster based 
on its lowest point to centroid distance. The iterative algorithm then reposi-
tions the centroids to the average values of the observation points in a given 
cluster until the centroids remain stationary or a limit of the iterations is 
reached. Procedure is performed ten times for randomly distributed seeds 
and a case with best separation of clusters is used in subsequent analysis. 
The number of clusters is determined by means of silhouette analysis which 
allows to check data separation for each number of clusters and choose the 
number for best data separation between clusters (Rousseeuw 1987, Kauf-
man and Rousseeuw 1990). The chosen clustering algorithm assumes the 
distribution of the data points to be close to normal. Since the AOT values 
are typically closer to a log-normal distribution the logarithm of the AOT 
values is used for the clustering. Separation of the aerosol spectra to coarse 
and fine modes is expected to be extracted from AOT versus EAE domain. 
Aerosols containing carbon and mineral dust are expected to form a cluster 
in the domain of AAE versus EAE. Clusters characterized by different val-
ues of AOT, if obtained, could indicate aerosols of different concentrations 
which may be caused by different origins and sources. In our previous work 
large AOT values were typically concurrent with an advection of air mass 
from the east and the south direction (Jaros�awski and Pietruczuk 2010, 
Pietruczuk and Chaikovsky 2012). Pietruczuk (2013) also observed large in-
crease in the AOT during advection episodes from the south direction. Both 
of these findings indicate the existence of possible aerosol source regions in 
the aforementioned directions. 
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A statistical analysis of air mass trajectories calculated with HYSPLIT 
model (Stein et al. 2015) is performed in an attempt to identify possible 
source regions of the aerosols assigned to each individual cluster of aerosol 
optical properties. The Belsk station is chosen as a receptor site and only the 
corresponding AERONET measurements are chosen from the clustered da-
taset for the further analysis. Trajectories are computed, for the location of 
Belsk only, with the use of HYSPLIT model supplied by GDAS meteorolog-
ical archives. In the case of gaps in the GDAS archives the FNL data are 
used. We used meteorological ensemble trajectories to reduce uncertainties. 
Five-day trajectories, with endpoints separated by 6-hour long intervals 
(6:00, 12:00, and 18:00 UTC) and ending at 500 m above ground level over 
Belsk, are used similarly to our previous works (Pietruczuk and Jaros�awski 
2013, Pietruczuk 2013). This altitude is representative for boundary layer 
where most of aerosols are transported. A trajectory is chosen when its time 
of arrival is within a day of a clustered AERONET measurement. The trajec-
tories are then cast onto a two-dimensional 0.5°×0.5° grid positioned over 
Europe. The value of each individual grid point becomes equal to the total 
number of hours spent over it by the trajectories belonging to the given clus-
ter population. The length of each individual trajectory (measured along the 
trajectory) is used for the normalization to compensate for the decrease of 
trajectory density with the growing distance from the receptor. Such a de-
crease, in the case of a sheaf of straight lines on a two-dimensional surface, 
is inversely proportional to range. 

This is an unorthodox approach and it should be emphasized that it pre-
sents a significant deviation from the usual methods for trajectory analysis, 
that may be found in the literature (e.g., Seibert et al. 1994, Stohl et al. 1995, 
Robinson et al. 2011, Dvorská et al. 2009). In the typically used methods a 
function of the parameter values measured at a receptor site is added to the 
grid points laying on the receptor site back-trajectory. The sums are then 
normalized by the total number of trajectories passing over, thus creating the 
mean value for the grid point. In this way a spatial distribution of the aerosol 
source for a receptor site is revealed. Such approach applied to AOTs favors 
areas associated with the largest AOTs registered at receptor site, Belarus 
and Ukraine in case of Belsk (Kabashnikov et al. 2014) whilst sources of 
other types of aerosols are in fact not seen in that analysis. The method pro-
posed in this work is aimed at recognizing both sources and characteristics 
of aerosols identified over the receptor site. 

Satellite data are also used in discussion of possible sources of aerosols. 
We used AOTs measured by Moderate Resolution Imaging Spectroradio-
meter (MODIS) instrument, as well as MODVOLC thermal anomalies. 
Thermal anomalies are high-temperature MODIS pixels which were used 
primarily to monitor volcanic activity (Wright et al. 2004). However, it is a 
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Table 1  
The results obtained from the 3D clustering. N is the cluster population size  

while � and 
 are means and standard deviations, respectively 

Dataset Cluster N 
AOT at  
440 nm EAE AAE 

� 
 � 
 � 
 

All sites 
1 159 0.80 0.26 1.60 0.18 1.18 0.21 
2 69 0.45 0.08 1.07 0.34 1.50 0.37 
3 385 0.43 0.07 1.69 0.14 1.13 0.18 

Belsk 
1 31 0.81 0.20 1.60 0.22 1.19 0.22 
2 9 0.46 0.09 1.23 0.19 1.49 0.30 
3 78 0.42 0.08 1.69 0.14 1.10 0.17 

 

A little smaller AAE in cluster 3 indicates that the aerosol related to this 
cluster contains a larger carbon fraction. Simple classification scheme based 
on combination of AOT and EAE (e.g., Barnaba and Gobbi 2004) suggests 
the presence of continental aerosols in both clusters characterized by differ-
ent magnitudes of AOT which may indicate different types of continental 
aerosols. For example, Boselli et al. (2012), by performing 2D clustering, 
obtained a cluster of larger AOTs, around 0.21, and EAE around 1.61 which 
they identify as containing contaminated continental aerosol, e.g., biomass 
burning or industrial. However, in our case, because of method’s limitations, 
AOTs in clusters 3 and 1 are much higher (mean values of 0.43 and 0.8, re-
spectively) than obtained by these authors, and significantly smaller than re-
ported for biomass burning aerosols, where values larger than 1 are often 
seen (e.g., Balis et al. 2003, Eck et al. 2003, Toledano et al. 2007, Hsu et al. 
1999). In our case, cluster 1 could be related to biomass burning aerosol, 
while cluster 3 comprises continental aerosol of other types but also one con-
taining carbon, like urban or industrial one. Cluster 2 of 69 cases is charac-
terized by relatively small values of extinction Ångstrom exponent (mean 
EAE around 1), mean AOT around 0.45 and mean values of AAE around 
1.5. This combination suggests the presence of mineral dust. The obtained 
vales of AOTs and EAE are typical for Saharan dust events observed in the 
Mediterranean (Kaskaoutis et al. 2007a, Kosmopoulos et al. 2008, 
Kaskaoutis et al. 2007b) and AAE for mineral dust (Giles et al. 2012).  

In order to find the possible aerosol source regions and identify aerosol 
types, a statistical analysis of backward trajectories was performed. The re-
sults of this analysis are shown in Fig. 2. In this work, trajectories ending 
over Belsk are used. Please note that an analysis was not performed for  
 



2658

Fig. 
cepto
repre
ized 
picte
is om

clust
traje
over
smal
the c
sphe
in cl
ters 
mag
poss
aero
burn
of se
to bi
jecto
spot
this 
relat
derre
This
west
of ba
clust

2. The distributio
or) concurrent wi
esent the number 
by the lengths of

ed. The populatio
mitted here. 

ter 2, related to
ectories related 
r, the chosen al
ll to investigate
case of this stat
ere (Pietruczuk 
lusters 1 and 3 
are related to f

gnitude of AOT.
sible source reg
osols. In the cas
ning events, the 
easonal biomass
iomass burning 
ories is located
ts is indicated ov
analysis and ou
ted to urban/ind
epresentation of
s stands in con
tern winds are t
ackward trajecto
tering method e

A. 

on of trajectories w
th the 3D clustere
of hours spent by

f individual trajec
n of cluster 2 is t

o the mineral du
to it (only 9 ca
ltitude of 500 m
e mineral dust o
tion is rare and
and Chaikovsky
is sufficient for

fine, absorbing 
. Statistical anal
ions of the aero

se of cluster 1 w
largest density 

s burning (Barn
aerosol. In the c
over Slovakia a
ver Ukraine and

ur previous findi
dustrial aerosol.
f northern and w
flict with wind
the most commo
ories is related t

excludes the case

SZKOP  et al. 
 

with endpoints (lo
ed measurements
y all the trajector

ctories (see Sectio
too small for this

ust, because of 
ases for the Bel
m above the gr
over Belsk. For 
d is registered ty
y 2012). Howev
r a statistical an
aerosols and th
lysis of the traje
osol, and thus p
with the largest 

of the trajector
naba et al. 2011)
case of cluster 3
and Hungary an
d in direct vicin
ings (Pietruczuk
 The following

western origin in
d statistics for t
on for this regio
to western direc
es with lower A

ocated at 500 m a
 for Belsk station
ies over a grid po

on 2). Clusters 1 a
s method of analy

an insufficient 
lsk station data
round levels co
r example, Saha
ypically in the 
ver, the number
nalysis. Both of 
he only differenc
ectories indicate
probably differe
AOT, typical f

ries corresponds
). Thus, cluster 
3, the largest den
nd also the exist
nity of Belsk. Ac
k 2013), cluster 3
g results indicate
n the trajectory 
the Central Eur
on. In fact, more
ction. As the per
AOT values (whe

above the re-
n. The values 
oint, normal-
and 3 are de-
ysis, hence it 

number of 
set). More-

ould be too 
aran dust in 

free tropo-
r of records 
these clus-

ce is in the 
ed different 
ent types of 
for biomass 
s to regions 
1 is related 
nsity of tra-
ence of hot 
ccording to 
3 should be 
e to an un-
population. 
rope as the 
e than 50% 
rformed 3D 
ere no SSA 



 
valu
sente
aero
i.e., 
cont
othe
elab

3.2 2
A 2
Leve
the p
spon
whic
for 3
Mor
tions
avai
the s
clust
3D c
fined
the 
Rou
taine
 

Fig. 
four 
clust

A

ue is available) t
ed trajectory dir

osols characteriz
maritime, conti

tinental (Boselli
er methods, nam
orated in the fol

2D clustering
D clustering is
el 2.0 data cont
previous section
nd to that obtain
ch are unavailab
3D clustering ar
reover, not all o
s required for c
lable for 3D clu
statistical param
ters are listed in
clustering, are v
d and may sugg

performed sil
usseeuw 1990) s
ed borders seem

3. The results ob
locations in the 

tering was perform

EROSOL  CLASSIFICA

these cases shou
rections. Moreo
zed by small va
nental aerosol f
i et al. 2012). Su

mely the 2D clus
llowing paragra

 performed on 
taining AOT an
n. This analysis
ned by 3D cluste
ble for 3D cluste
re available only

of the data with 
calculation of SS
ustering. The ob

meters of aeroso
n Table 2. The 

very sharp borde
gest good separ
lhouette analy
separation of th
m to be artific

btained from the 
Central Europe 

med over a 2-dim

ATION  OVER  CENTRA

uld include pred
over, the limit of
alues of AOT i
for clear conditio
uch aerosols ma
stering and the f
aphs. 

all available d
nd EAE measur
s revealed 5 clu
ering and two ar
ering. It is worth
y for AOT (at 4
AOTs between

SA Level 2.0 a
btained clusters 
l optical proper
main difference

ers between the 
ration of the da

ysis (Rousseeuw
e clusters in thi

cial, which ind

2D clustering of 
(Belsk, Minsk, 

mensional paramet

AL  EUROPE 

dominantly the u
f AOT renders t
invisible in 3D 
ons and even co
ay still be analyz
fixed threshold 

daily averaged A
ed at four statio

usters; three of t
re related to sm
h to note that th
440 nm) greater
n 0.24 and 0.4 f
and because of t

are depicted in
rties related to th
es, when compa
clusters which a

ata. However, ac
w 1987, Kau
is case is rather
icates a weak 

 
f AERONET data
Moldova, and L
ter space of EAE 

2659 

underrepre-
the types of 

clustering, 
ontaminated 
zed through 
approaches 

AERONET 
ons used in 
them corre-

maller AOTs 
he data used 
r than 0.24. 
fulfil condi-
that are not 

n Fig. 3 and 
he obtained 
aring to the 
are well de-
ccording to 
ufman and 
r poor. Ob-
separation.  

a obtained at 
eipzig). The 
and AOT. 



A. SZKOP  et al. 
 

2660

Table 2  
The results obtained from the 2D clustering. N is the cluster population size  

while � and 
 are means and standard deviations, respectively 

Dataset Cluster N 
AOT EAE 

� 
 � 
 

All sites 

1 520 0.58 0.23 1.62 0.18 
2 336 0.29 0.08 1.04 0.26 
3 1100 0.28 0.05 1.66 0.15 
4 1248 0.16 0.03 1.53 0.20 
5 750 0.08 0.02 1.32 0.28 

Belsk 

1 100 0.58 0.19 1.61 0.20 
2 52 0.27 0.06 1.12 0.88 
3 246 0.28 0.05 1.66 0.15 
4 279 0.16 0.03 1.52 0.19 
5 146 0.09 0.02 1.29 0.26 

 
Therefore, some points associated with a certain cluster may in fact belong 
to another one. This is probably caused by the use of only two parameters for 
clustering, which may not be enough to distinguish between types of aerosol 
characterized by similar optical properties. Another difference is a shift of 
cluster 1 into smaller AOTs direction and the presence of smaller AOTs in 
cluster 2. 

The clusters related to smaller AOTs are numbered 4 and 5. AOTs relat-
ed to cluster 5 are the smallest, with a mean value of 0.08±0.02, whilst EAE 
extends to the almost entire range with a mean value of 1.32±0.28, where as-
signed uncertainties are standard deviations for cluster. This cluster may 
contain two types of aerosol, depending on measured EAE. Aerosols charac-
terized by small AOTs and large values of EAE are typically described as 
continental ones, whilst those characterized by small values of EAE are de-
scribed by maritime ones. Mean AOT related to cluster 4 is equal or a little 
larger than 0.16±0.03, while the mean value of EAE is 1.53±0.20. Such a 
kind of aerosol may be described as polluted continental (Boselli et al. 2012) 
or mixed one (Russell et al. 2010). Cluster 3 is related to fine aerosol with 
comparatively larger AOTs of about 0.28±0.05 which is much smaller than 
the one found in the 3D clustering. This, with the mean EAE values in the 
vicinity of 1.66±0.15, indicates that this cluster contains mainly cases of con-
taminated continental aerosol (Boselli et al. 2012) and industrial aerosol. 
This classification is also supported by the findings of Dubovik et al. (2002) 
where similar values (AOT of 0.26 and EAE between 1.2 and 2.3) were 
found for a station located in Paris and classified as “urban-industrial and 
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mixed” aerosol. According to other studies, e.g., of Kalapureddy et al. (2009) 
or Pawar et al. (2015), this aerosol should be classified as urban/industrial. 
cluster 1, because of a possible misclassification of the data close to a sharp 
border, may contain also urban/industrial aerosol. However, as discussed in 
the previous section, larger values of AOT in this cluster should be related to 
biomass-burning aerosol. According to an analysis performed in the case of 
the 3D clustering, aerosol optical parameters related to cluster 2 indicate 
predominance of desert dust in this cluster. 

As in the case of the 3D clustering, statistical analysis of backward tra-
jectories was performed in order to find possible aerosol source regions and 
support identification of aerosol types. Trajectory densities related to each 
cluster are depicted in Fig. 4. In this case, many more trajectories related to 
cluster 2 were obtained. It allowed to perform an analysis for this cluster. 
The largest densities, obtained for the air mass coming from the southern and 
western directions, should not be equated to dust source. A transport of aero-
sol from this direction is rather accompanied by a transport of desert dust 
from northern Africa. Moreover, endpoints of trajectories at 500 m above 
ground level do not reflect typical altitude for dust observed over Belsk. In 
the case of cluster 1, the area with the largest trajectory density is similar to 
that obtained in case of the 3D clustering for both biomass-burning and ur -
ban/industrial aerosol. It should be expected because cluster 1 in the case of 
the 2D clustering is shifted towards smaller AOTs and contains some points 
that were associated with 3D cluster 3 described as continental aerosol con-
taining carbon, industrial one. 2D cluster 3 is related to an advection of aero-
sol from the western direction rather than from the southern one. It is caused 
by shifting of this cluster to smaller AOTs as well as by presence of a large 
number of cases not present in the 3D clustering for which no SSA was 
available in the AERONET Level 2.0 data. Aerosols with smaller AOTs, re-
lated to this cluster and advection from the western direction (northern Ger-
many and Benelux), should be classified mainly as mixed or polluted 
continental, while those with larger AOTs and advected from the southern 
direction should be classified as urban/industrial. High density of trajectories 
in the vicinity of the receptor site suggests that it is locally contaminated. 
However, in this case, the concept of “locality” may be extended onto west-
ern Poland and eastern Germany. In the case of cluster 4 no distinct source 
region is indicated. Latvia, Lithuania, and Estonia as well as advection from 
Atlantic are only slightly marked. According to analysis of aerosol optical 
properties, this cluster should be described rather as mixed one than polluted 
continental. Analysis of the trajectories related to cluster 5 indicates the 
northern part of the Baltic Sea and the North Sea as the most probable 
sources of aerosol. This cluster is not pure, and probably comprises more 
than one type of aerosol.  Besides  the  potentially  maritime  aerosol  (coarse 
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should not be interpreted as salty water droplets but rather as an aerosol con-
taining sea salt, as all the used trajectories are 5 day long and the mean life-
time of sea salt particles in the atmosphere is in the order of 5-6 days (Junge 
and Gustafson 1957, Koch et al. 2006). In the case of an absence of precipi-
tation on the path from sea salt source to the receptor site, it is reasonable to 
assume that the coarse aerosol originating from mentioned regions is in fact 
a maritime aerosol containing sea salt. Additional trajectory analysis based 
on a fixed threshold of EAE is performed in the next section. 

3.3 Threshold method�
The differences between source regions obtained in the two previous subsec-
tions, as well as the desire to check source of coarse aerosol with small 
AOT, prompted us to perform additional analysis of trajectories supported 
by aerosol typing based on predefined levels of AOT and EAE. Such a typ-
ing may be found in the literature (Eck et al. 1999, Pace et al. 2006, 
Kaskaoutis et al. 2007a, b; Kaskaoutis et al. 2009, Kalapureddy et al. 
2009, Pawar et al. 2015). We decided to use thresholds of AOT and EAE 
listed in Table 3 for the predefined types of aerosols; thresholds used by 
other authors are, for example, listed in work of Pawar et al. (2015). Synergy 
of the 2D and the 3D clustering with the analysis of backward trajectories al-
lowed us to set thresholds in a way to distinguish between urban and bio-
mass burning aerosols and obtain, as separate as possible, source regions in 
trajectory analysis. Such a differentiation between biomass burning and ur-
ban/industrial aerosol was not found in the aforementioned analyses based 
on fixed thresholds.  

Table 3  
The classification of the typical aerosol types occurring  
over Central Europe based on their optical properties 

Cluster AOT EAE 
Biomass burning over 0.55 over 1.3 
Urban/industrial 0.3 – 0.55 over 1.3 
Saharan dust over 0.3 up to 1 
Continental 0 – 0.2 over 1.3 
Maritime 0 – 0.2 up to 1 

 
Results of the preformed trajectory analysis are shown in Fig. 5. Thanks to 
the carefully chosen threshold, distinguishing between biomass burning and 
urban/industrial aerosol, possible source regions of such aerosols are sepa-
rated. The largest trajectory densities, related to mineral dust, should not be  
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with the addition of North Sea and English Channel regions. This may indi-
cate that aerosol, which is in this case attributed to the continental type, is in 
fact partly related to a fast moving air mass deriving from North Sea/North-
ern Atlantic. Results of the trajectory analysis related to aerosol described as 
maritime one are the most noisy, however the concentration of trajectories is 
clearly seen over North Sea and Northern Atlantic, west of Ireland.  

4. SOURCE  REGIONS  AND  THE  CORRESPONDING  AEROSOL 
TYPES 

The proposed methods for identification of potential source regions of vari-
ous aerosol types were applied to data gathered over Belsk, Poland. The 
analysis yielded several potential source regions, including: (a) a region 
comprising the vicinity of Belarus-Ukraine border, (b) Slovakia and Hun-
gary, (c) western Poland and eastern Germany, and (d) Scandinavia, Baltic 
Sea and widely understood Northern Atlantic, including Northern Sea. It 
must be stressed here that these identified source regions are not always 
strictly restricted to a single cluster/threshold originating from the aforemen-
tioned analysis methods but they rather represent a dominant source of aero-
sol with a given set of optical parameters.  

Aerosol transported from the region (a) is characterized by the largest 
observed daily mean AOTs (>0.5), large mean values of EAE (~1.6), and 
AAE mean values of 1 which suggests significant load of fine, strongly ab-
sorbing aerosol. Advection of air mass from this direction is usually concur-
rent with significantly increased concentrations of PM10 registered in central 
Poland (Pietruczuk and Jaroslawski 2013) and largest AOTs (Jaroslawski 
and Pietruczuk 2010, Kabashnikov et al. 2014). It should be mentioned that 
the correlation between AOT and PM10 is found to be statistically insignifi-
cant for both Belsk and Warsaw (Zawadzka et al. 2013). Moreover, signifi-
cant increase of AOTs are observed during transport of aerosol from the 
vicinity of Minsk to Belsk (Pietruczuk 2013), showing regions situated east 
of Poland to be significant sources of aerosol. Detailed analysis of 
MODVOLC fire pixels, thermal anomalies registered by MODIS instrument 
(Wright et al. 2004) presented in Fig. 6, indicate Ukraine as a region affected 
by wild fires of both natural and anthropogenic origin (seasonal burning of 
barren vegetation). MODVOLC pixel density in northern Ukraine and 
southern Belarus is not as high as in the case of south eastern Ukraine but 
this region is still strongly affected by the wildfires of similar mixed origin. 

The source region (b) is surrounded by the Carpathian arch from the 
north and east. This orography, together with the dominance of western wind 
circulation, may favor accumulation of pollutions in this region. A number 
of possible sources of aerosol may be found at this region including the 
strongly urbanized and industrialized areas located next to Danube river, i.e., 
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bound trajectories, for aerosol to be transported above Belsk from the Baltic 
region. However, the mention of maritime aerosol in central or southern Po-
land may not be easily found in literature. Chemical analysis of PM2.5 per-
formed by Rogula-Koz�owska et al. (2012) in Zabrze (southern Poland) 
indicates that NaCl may constitute up to 5.8% of the ambient airborne dust 
during winter season and about 1.5% in the summer. The larger values of the 
NaCl fraction are expected in winter because chloride salts (both NaCl and 
KCl) are used in Poland to melt snow and ice on roads. However, the pres-
ence of NaCl in the summer PM2.5 measurements may suggest that some sea 
salt is being transported as far as to the southern Poland. Moreover, the pres-
ence of the maritime aerosol should not be ruled out since the EAE values in 
cluster 5 are predominantly small, which is characteristic for this type of 
aerosol. 

5. DISCUSSION  AND  CONCLUSIONS 
The aforementioned analysis shows the existence of specific regions as po-
tential sources of certain types of aerosols. However, aerosol typing based on 
statistical analysis of its optical properties alone may be insufficient to credi-
bly distinguish the aerosol types for central Europe. Some of the obtained 
clusters may contain a mixture of different aerosol types. Such a cluster mix-
ing occurs predominantly in the 2D clustering described in Section 3.2, 
where for example cluster 1 contains both biomass burning and ur-
ban/industrial aerosols. The cluster analysis applied on the AOT versus EAE 
space does not sufficiently separate aerosol types. This implies potential 
misclassification of aerosols with similar optical properties and consequently 
a poor separation of the potential source regions in the statistical analysis of 
the trajectories. The main drawback in this clustering approach is the lack of 
additional parameters for differentiating aerosols. 

The significant non-zero skewness of AOT distribution may also be a 
limiting factor. Although the characteristic of this distribution is typically 
close to being log-normal, the low values dominate the data even when the 
logarithm of the AOT is considered. This causes the separation of aerosols 
characterized by small AOTs to be significantly better than in the case of 
aerosols with large AOT values. Therefore, we propose the use of an addi-
tional parameter (AAE) for differentiating aerosol types. Unfortunately, the 
retrieval of AAE is only available for large AOT cases and cloud-free condi-
tions, whilst EAE is available for smaller AOTs and also in the case of bro-
ken clouds. Despite this limitation, a good separation of biomass burning, 
urban/industrial and mineral dust was obtained in Section 3.1, showing use-
fulness of this approach. A possible solution to the poor separation of aerosol 
types in both the 2D and the 3D clustering may be the use of fixed thresh-
olds, as presented in Section 3.3. An introduction of disjoint, artificially im-
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plemented, ranges of aerosol optical properties may overcome the problem 
associated with the misclassification of aerosols characterized by similar 
properties. A proper appointment of the ranges proves difficult, however, 
and requires additional knowledge of the aerosol types and properties within 
the studied dataset. In this analysis the results obtained from the 2D and, 
more importantly, the 3D clustering were used for a proper definition of the 
thresholds for the fixed range approach. 

The aforementioned analysis was supported by a statistical analysis of 
backward air mass trajectories in order to determine the possible source re-
gions and validate the identification of aerosol types. The obtained results 
are in a good agreement with our previous findings where the clustering was 
applied to the backward trajectories. However, clustering of the trajectories 
enabled us to find directions from which aerosols characterized by a certain 
set of optical properties were advected. In this work we define probable 
source regions of predominant aerosol types. Estimated source regions lay in 
the directions found in our previous works. The largest AOTs are related to 
an advection of air mass from the eastern and the southern directions 
(Jaros�awski and Pietruczuk 2010, Pietruczuk 2013). Moreover, largest 
PM10 concentrations were registered at Belsk during advection episodes 
from the same directions (Pietruczuk and Jaros�awski 2013). This agrees 
with the finding of this work that aerosols characterized by largest AOTs, 
biomass burning aerosols, have their possible source of origin between Bela-
rus and Ukraine, which are located directly east of Belsk. Urban/industrial 
aerosols characterized by a little smaller AOTs, however still large, originate 
from Slovakia and Hungary located south of Belsk. According to our previ-
ous findings, the cleanest air episodes are typically related to an advection 
from Scandinavia and from over the Northern Atlantic. This work clarifies 
that most probable source of such kind of aerosols are Baltic and Northern 
Seas. Slow moving trajectories, arriving from the western direction, are re-
lated to accumulation of aerosol within the air mass traveling over heavily 
urbanized and industrialized regions in Western Europe (Pietruczuk and 
Jaros�awski 2013, Pietruczuk 2013). This may be clearly seen in the analysis 
of backward trajectories related to cluster 4 as an increased density of the 
trajectories over Western Poland end Eastern Germany. 

To summarize, three methods for identification of aerosol type based on 
its optical parameters were studied. It was found that, although applicable in 
some cases, these methods prove to be insufficient for a reliable identifica-
tion scheme for all of the aerosol types occurring over Belsk, Poland. The 
use of an aerosol absorption parameter could possibly allow for a significant-
ly better cluster separation and therefore for a more precise aerosol identifi-
cation in most of the cases, provided the AAE parameter was available for 
all the AERONET measurements, including the low AOT ones. The pro-
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posed auxiliary statistical analysis of backward air mass trajectories can pro-
vide the additional information regarding the aerosol in the form of its ap-
proximate source region or at least the general direction of the concurrent air 
advection. In the further studies of aerosols over Belsk, a synergy of statisti-
cal analysis of aerosol properties together with statistical analysis of back-
ward trajectories should be used for aerosol classification. 
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