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Applications of satellite remote sensing data combined with ground measurements and model simulation were applied to study
aerosol optical properties as well as aerosol long-range transport under the impact of large scale circulation in the urban
environment in Lithuania (Vilnius).Measurements included the light scattering coefficients at 3wavelengths (450, 550, and 700 nm)
measured with an integrating nephelometer and aerosol particle size distribution (0.5–12𝜇m) and number concentration (𝐷pa >
0.5 𝜇m) registered by aerodynamic particle sizer. Particle number concentration and mean light scattering coefficient varied from
relatively low values of 6.0 cm−3 and 12.8Mm−1 associated with air masses passed over Atlantic Ocean to relatively high value of
119 cm−3 and 276Mm−1 associated with South-Western air masses. Analysis shows such increase in the aerosol light scattering
coefficient (276Mm−1) during the 3rd of July 2012 was attributed to a major Sahara dust storm. Aerosol size distribution with
pronounced coarse particles dominance was attributed to the presence of dust particles, while resuspended dust within the urban
environment was not observed.

1. Introduction

The atmospheric aerosol particles have significant direct and
indirect effects on air quality, climate, and human health [1].
The impacts of particles depend on their physical and chemi-
cal properties [2–4]. Thus, the characterization of the aerosol
properties is crucial to understandmany important processes
in the atmosphere and to examine the energy balance of the
Earth. The coming solar radiation is modified when it passes
through the atmosphere by two main processes: the light
scattering and the light absorption. The attenuation of the
light by these processes has important climatic consequences
[5, 6]. Aerosol particles both absorb and scatter the light,
with the efficiency of the processes being highly dependent on
their size and shape, chemical composition, morphology, and
thewavelength of the incident radiation [7–9].Themaximum
in scattering efficiency is found for aerosol particles in a range
from 0.1 to 1 𝜇m [7]. The integrating nephelometer is widely
used for the measurement of the light scattering coefficient

[8, 9] in the marine boundary layer [10, 11] and in the urban
environment [12].

Most studies have examined parameters, which depend
on the quantity of aerosol, such as AOD, and parameters
depend on the aerosol characteristics, such as the scattering
Ångström exponent [13, 14]. Aerosol optical properties at
regional scale have been studied since 1990s with model
simulations [15–17] and satellite-based retrievals [18–20].
Satellite data from MODIS have been used to retrieve the
AOD measurements of dust storm events [21, 22] as aerosol
particles may be transported over long distances. Long-range
transport of Saharan dust to the Northern parts of Europe
was observed [23]. The climate and aerosol communities
are increasingly relying on satellite-derived aerosol data for
research as well as for monitoring [24]. Aerosol products
fromNASA’s Moderate Imaging Spectrometer (MODIS) [25]
sensor were utilized in the latest IPCC (AR5) assessment of
climate (IPCC, 2014) [26]. Satellite-derived aerosol products,
including those from MODIS, have been used for air quality
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monitoring on both regional and local scales [27, 28]. One
important and common aerosol parameter retrieved from
satellite sensors is the aerosol optical depth (AOD).Generally,
a higher AOD value indicates higher aerosol loading and
therefore low visibility. It should be noted that the AOD
values represent vertical column properties, whereas the
PM
2.5

or PM
10

data are the “surface” data. The AOD data do
not always have good correlation with the PM data measured
at the ground station. AOD is not an ideal indicator of the
exact average size of particles as it depends on the absorption
property of aerosols [29].The satellite technique proved to be
a suitable tool for the study of aerosol optical properties and
long-range transport. Main advantage of satellite is the real
time observation, which can be used to identify the origin
and the path of air mass. This technique has its uncertainty
limitations, but, in combination with surface based measure-
ments such as nephelometer, important information about
aerosol origin, type, and distribution can be derived [30].This
study is focused on detailed analysis of an intensive case of air
pollution in Lithuania.

The current study describes the results combining data
obtained by a nephelometer, aerosol particle sizer, and
satellite-based datasets. Air masses from North and Eastern
Europe, from the Atlantic Ocean, and from South-Western
part of Europe have been advected to themonitoring site dur-
ing the study period in accordance with back-trajectories and
satellite images. It is shown in the study that only the integra-
tion of data from different instruments gives the possibility
to properly characterize the contribution of different aerosol
types (sizes) during long-range transport. A description of
the experimentmethodology is given in Section 2. Results are
analyzed and discussed in Section 3.

2. Instrumentation and Methods

2.1. Sampling Location. Ground based measurements of the
aerosol physical and optical properties were performed dur-
ing July 2012 inVilnius (Lithuania) (54∘3836N, 25∘1058E)
at the top floor of the academic building of the Center
for Physical Sciences and Technology campus. The inlet of
sampling systemwas placed on the top floor about 12m above
the ground level. The location can be described as an urban
background.

2.2. Nephelometer. The light scattering coefficient was mea-
sured at three wavelengths, 𝜆 = 450, 550, and 700 nm, using
an integrating nephelometer TSI model 3563. The neph-
elometer geometry restricts the sensing of the total aerosol
scattering to angles between 7∘ and 170∘. The nephelometer
was operated at a 30 L/min flow rate. The measured values
of the aerosol scattering coefficients (𝜎sp) are recorded every
5min and an automatic calibration is performed every 60min
for setting the instrument background level. The instrument
background determines the detection limit of the light scat-
tering measurement and it has been assessed as the standard
deviation (SD) of the zero baseline measurements.The inves-
tigation of the nephelometer performance characteristics is
presented by [31, 32]. On the front of the nephelometer was
installed a 15 cm long stainless steel tube with a diameter of

30mm in 60degrees fromhorizontal and a connected vertical
∼5m length stainless steel tube with a diameter of 30mm
with open conductive inlet protection from precipitation.
The sampled aerosol losses and the instrument cut-size were
estimated by empirical relationship [33, 34]. The resulting
calculated cut-size was 10𝜇m at a typical measured wind
speed of 3m/s.

The particle scattering coefficient 𝜎sp decreases with
wavelength and can be described as

𝜎sp = 𝐵𝜆
−𝛼

, (1)

where 𝐵 is a constant known as the turbidity coefficient, 𝜆 is
wavelength of light, and 𝛼 is an Ångström exponent coeffi-
cient. Using the measured light scattering coefficient data at
450 and 700 nm wavelength pair, the corresponding values
of the Ångström exponent can be calculated by the following
equation:

𝛼 =
−ln [𝜎sp

700
/𝜎sp

450
]

ln (700/450)
, (2)

where 𝜎sp
700 is the measured light scattering coefficient at the

wavelength of 700 nm and𝜎sp
450 is themeasured light scatter-

ing coefficient at the wavelength of 450 nm. The wavelength
pair of 450 and 700 nm gives more accurate determination
of the Ångström exponent because of the larger difference
in the values of the measured light scattering coefficients.
The calculated Ångström exponent describes the domination
of the fine or coarse particles on the measured integrated
light scattering coefficient. So, if there are high values of the
Ångström exponent, then the fine particles of 0.1–1.0 𝜇m had
larger domination on the value of the measured date. Low 𝛼
values (close to zero) indicate domination by coarse particles
of 1.0–10 𝜇m [35]. The determination of the Ångström expo-
nent allows characterizing and selecting different sources
of the aerosol particles. The light scattering coefficient is
dependent on the aerosol particle number concentration and
the particle size. However, if the particle size is smaller than
the used wavelength, the efficiency of the light scattering
is very low. Thus, the measured integrated light scattering
coefficient is determined only by the optically detectable
particles.

2.3. Aerodynamic Particle Sizer. The aerosol particle number
concentration and the particle size distribution were investi-
gated with the aerodynamic particle sizer of TSI model 3321.
The APS measures the aerodynamic diameter of individual
particles (from 0.5 to 20𝜇m) based on the particle velocities
immediately downstream of a flow accelerating nozzle. The
instrument was operated using the high total flow rate of
5 L/min (an aerosol flow is 1 L/min and a clean sheath flow
is 4 L/min). The aerosol particle size distribution and the
particle number concentration (𝐷pa > 0.5 𝜇m) were deter-
mined in real time averaging the measured data every 5 min-
utes. The APS used individual sampling line. The sampling
aerosol flow passed through PM10 impactor and a vertical
∼2.5m long stainless steel sampling tube (6mm i.d.) before
reaching the instruments. Particle losses in the line were
estimated to be lower than 2%.
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2.4. Air Mass Backward Trajectories Analysis. The air mass
trajectories were calculated using the Hybrid Single-Particle
Lagrangian Integrated Trajectories model Version 4 (HYS-
PLIT4) [36]. 96-h backward trajectories at 500, 1500, and
2500m a.g.l. were calculated to identify the origin of the air
masses. The analysis of air masses allowed determining the
most important sectors, which have an effect on the air quality
in Lithuania. The dispersion model used meteorological data
fields that were obtained from dataset archives.

2.5. CALIPSO, NAAPS, and MODIS Retrievals. The Navy
Aerosol Analysis and Prediction System (NAAPS) has been
used to explore the spatial distribution of the AOD. NAAPS
was developed at theNaval Research Laboratory inMonterey,
USA, based on the Danish Eulerian Hemispheric Model
(DENM). The offline model NAAPS utilizes the meteorolog-
ical analysis and forecast field from 0.5-degree Navy’s Oper-
ational Global Analysis and Prediction System (NOGAPS)
[37, 38]. The model calculation result is an optical depth at a
wavelength of 550 nm for three components (sulphate, dust,
and smoke). The dust distribution was simulated for aerosol
particles of 1.0 𝜇m in the diameter having a refractive index
of 1.55+0.001𝑖. As a result, the dust distribution is illustrated
by a common modeling parameter, an aerosol optical depth.
Additionally, the AOD was determined by MODIS Terra
and Aqua satellites using the calculation algorithm over land
surface [39–42]. The aerosol optical depth is computed at
470, 550, and 660 nm wavelengths [43, 44]. However, the
wavelength of 550 nm is more useful for our investigations
because the same wavelength is used by the nephelometer
and the NAAPS model. Dust plume layers were evaluated
by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) Level-2 aerosol products (Version-
3.01) such as aerosol layer identification by total attenuated
backscatter. Vertical feature masks were used to determine
the heights of structures and to distinguish aerosols from
cloud; the 532 nm total attenuated backscatter and depolar-
ization ratio were checked.

3. Results and Discussion

3.1. Ground Based Measurements. The light scattering coeffi-
cients at 450, 550, and 700 nm and Ångström exponent are
illustrated in Figure 1. Figure 1(a) shows that the 1 h averaged
scattering coefficient values varied in the range from 4.0 to
369.0Mm−1. There is a similar trend in the variations of
the light scattering coefficients at different wavelength. The
average of the light scattering coefficient at 450, 550, and
700 nm was found to be 30.5 (SD = 23.8), 20.2 (SD = 16.7),
and 12.8 (SD= 11.3)Mm−1, respectively.The highest values for
𝜎sp
450

= 369 and 𝜎sp
700

= 195Mm−1 were observed mostly
at the beginning of the month. High positive correlations of
0.99 and 0.98 were found between 450 and 550 nm and 450
and 700 nm wavelengths. In order to use ground based mea-
surements, data of the light scattering coefficient at 550 nm
were selected investigating the trends of the particle optical
properties and comparing the ground based measurements
with the satellite determined AOD. Meanwhile, the light
scattering coefficients at wavelength of 450 and 700 nm were
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Figure 1: (a) The light scattering coefficient for the wavelength of
450, 550, and 700 nm during July 2012. (b)The calculated Ångström
exponent for 450 and 700 nmwavelength pair filtered with a 2-point
moving average filter. The oval highlighted area shows Saharan dust
intrusion.

useful characterizing aerosol particle sources by Ångström
exponent values.

The Ångström exponent (Figure 1(b)) analysis allowed us
to determine the domination of the aerosol fine and coarse
modes using scattering coefficient data [45]. Figure 1(b)
shows that the typical Ångström exponent valueswere ranged
from 1.1 to 2.4 with the average of ∼2.0 (SD = 0.2). The
positive fluctuation of the Ångström exponent up to averaged
value was about 15% and presented the domination of the
coarse particles. It is seen that the fluctuations of Ångström
exponent values below average value were more pronounced
(∼45%) compared with the typical Ångström exponent mean
value. The statistical analysis of the frequency distribution of
Ångström exponent showed a peak of 2.0 that is typical for
places affected by the urban or continental pollution [12, 46].
It is also shown that the aerosol particle optical properties
during the 3rd of July could be strongly affected by the
long-range transport (discussion in Section 3.3). It should be
noted that extreme light scattering values at 700 nm occurred
influencing aerosol number concentration as well (Figure 2).
Consequently, the light scattering coefficients in conjunction
with Ångström exponent and number concentration analysis
can be helpful in determining the influence of the far located
pollution sources on the regional air quality. The variation of
the total particle number concentration and light scattering
coefficient is presented in Figure 2.

Figure 2 shows that the typical number concentration
varies between several particles and 40 cm−3. The statistical
examination showed that the mean aerosol number concen-
tration was found to be 12 cm−3 (SD = 9 cm−3) during the
study period. However, several high peaks of the particle
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Figure 2: The variations of the light scattering coefficient (at
550 nm) and the particle number concentration (𝐷pa > 0.5 𝜇m).

number concentration were observed on 1st (33 cm−3), 2nd
(43 cm−3), 3rd (118 cm−3), 11th (65 cm−3), 19th (24 cm−3), and
25th (39 cm−3) of July.Therefore, below we focused our study
on relationship between the particle number concentration
and the light scattering coefficient (Figure 2). Statistical
analysis of data showed a positive correlation (𝑅2 = 0.82)
between light scattering coefficient and particle number
concentration. The relationship between the light scattering
coefficient (at 550 nm) and the particle number concentration
(𝐷pa > 0.5 𝜇m) is shown in Figure 3 as a solid line with
top and bottom dot lines, which characterize the critical
ranges of particle refractive indexes. A solid line with top
and bottom dot lines characterizes the critical ranges of dis-
persion. The middle line, the so-called “bisector” (Figure 3),
describes a linear dependence of the light scattering coef-
ficient on the particle number concentration. Presumably,
the urban aerosol is more heterogeneous according to the
particle chemical composition. As a result, the refractive
index varies in a wide range. Two dominating types of the
urban aerosol particles were determined (Figure 3). Most
important parameters for scattering, holding the refrac-
tive index constant, allowed exploring observed changes in
scattering/absorption due to changes in particle size. The
measured optical properties and the relationship between
the light scattering coefficient (at 550 nm) and the particle
number concentration (𝐷pa > 0.5 𝜇m) in different air
masses (Figure 3) arriving from different areas showed that
the changes in particle size explain most of the variability
in scattering. It is shown that increasing particle number
concentration in the “low scattering sector” has a little effect
on the value of the light scattering coefficient. The angle
between two bisectors characterizes the homogeneity of the
aerosol optical properties.Thus, the aerosol optical properties
can be characterized by three empirical parameters: (1) the
angle 𝛼

𝐻

between the “bisector” of “high scattering sector”
and 𝑥-axis, (2) the angle 𝛼

𝐿

between the “bisector” of “low
scattering sector” and 𝑥-axis, and (3) the angle 𝛽 between two
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Figure 3:The relationship between the light scattering coefficient (at
550 nm) and the particle number concentration (𝐷pa > 0.5 𝜇m) in
different air masses arriving from Sahara storm area (red), Atlantic
Ocean (blue), and continent (grey).

bisectors. We suggest that the data dispersion is dependent
mainly on particle refractive indexes. So the homogeneous
particles have a single refractive index.More detailed analysis
of both sectors allowed concluding that the particles from
“high scattering sector” were observed during the air mass
transport from the Mediterranean Sea basin and the Sahara
desert (Section 3.3).

The air masses arriving from Atlantic Ocean and conti-
nent sector are presented in “low scattering sector.”

Contrary to the urban environment and for products of
the burning processes, the Ångström exponent of the desert
aerosol has very low values (𝛼 < 1) [47]. For example,
during the Saharan dust intrusion into Europe in October-
November 2001, the Ångström exponent decreased up to
0.68, when its variation varied from 1.20 to 1.45 before and
after the dust event in Kishinev [47]. The Ångström expo-
nents lower than 0.5 during the Saharan dust events were
also observed at the Global Atmospheric Watch (GAW)
laboratory at the high alpine research station Jungfraujoch
(3580m above sea level) in Switzerland [48]. It should be
noted that Ångström values of <0.5 also can indicate the
presence of sea salt particles in the cleanmarine environment
[49]. Close to the dust source region (Sahara desert), the
aerosol optical properties show mostly pure dust particles.
However, after a long-range transport of the air masses, a
vapour condensation, particle coagulation, sedimentation,
andmixing with the other aerosol types couldmodify aerosol
physical, chemical, and, as a result, optical properties [50]
(Figure 3) (grey square dots). It is known that the mixing
of the Sahara dust particles with anthropogenic aerosol has
the largest effect on the aerosol properties [51, 52]. So it can
be pointed out that the influence of the anthropogenic
particles on the direct radiative forcing needs to take into
account analyzing Sahara desert dust intrusions over the
Mediterranean basin and continental Europe [53, 54].
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Table 1: The comparison of the aerosol optical depth, the light
scattering coefficient (at 550 nm), and the particle number concen-
tration (𝐷pa > 0.5 𝜇m) averaged daily.

July 2012 AOD,
—

Light scat. coef.,
Mm−1

Number conc.,
cm−3

01 0.32 50.3 19
03 0.35 50.1 19
07 0.10 25.9 20
09 0.30 23.0 15
11 0.12 19.7 15
24 0.02 14.9 7
25 0.12 20.2 15
26 0.02 24.0 11
28 0.20 26.3 14
29 0.22 28.0 11
30 0.26 27.9 15

3.2. Satellite Data

3.2.1. Aerosol Optical Depth. The cloudy atmosphere pre-
vented the continuous satellite measurements of the AOD
over Vilnius during study period and the satellite AOD data
consist of eleven events only (Table 1).

The table shows that AOD varied in a wide range from
0.02 to 0.35 compared with the typical AOD of 0.20 (Table 1,
Figure 1). The satellite AOD measurements were compared
with the ground based measurements of the light scattering
coefficient and the particle number concentration (𝐷pa >
0.5 𝜇m). Moderate positive correlation (𝑅 = 0.7, 𝑃 = 0.01)
was found between AOD and the light scattering coefficient
as well as with particle number concentration (𝑅 = 0.6,
𝑃 = 0.01). So the satellite measurements of the AOD are
more useful for the global atmosphere aerosol distribution
monitoring and the sun radiation absorption modelling.
However, the characterization of optical properties of the
local aerosol particles cannot be done accurately based only
on the AOD satellite measurements over Lithuania. Thus,
detailed characterization of the aerosol optical properties
can be obtained based on the ground based measurements
of the light scattering coefficient and the particle number
concentration and size distribution.

3.3. Air Mass Clustering and Sahara Dust Event. By dividing
the source regions into clusters (sectors), it was possible to
classify and understand the relative influence of each sector in
the typical characteristics of the air masses arriving over the
measurement site (Vilnius) and to evaluate the dependence
of these optical and physical aerosol particle properties on
the dominant air mass type. To identify the origin of air
masses arriving above study area, the backward trajectories
were classified into five main clusters. Investigating the
clusters revealed five sectors: one cluster was in the Northern
direction, “N,” and two clusters were in the Western and
South-Western direction, “W” and “SW.” One cluster was
in the Eastern direction, “E.” Sector “N” defines continental
polar air masses and includes Scandinavian region. “W”

and “SW” air masses reached Preila area from Atlantic
Ocean but “W” passed dominantly through the industrial
European regions (Great Britain, France, Germany, Czech
Republic, and Poland), while “SW” originated over North
Africa (Egypt and Morocco) and the Mediterranean Sea
basin. Days under the influence of different air masses and
Sahara dust outbreaks were identified by means of backward
trajectories and satellite map analysis, and then aerosol
number concentration and Ångström exponent levels were
evaluated for these days. It was determined that cold air
masses with the marine aerosol particles from the Atlantic
Ocean passed over the Western region. On the contrary,
sector “SW” is characterized by continental air masses with
a significant load of dust due to the Saharan desert storm
causing the advection of dust and aerosol particles into high-
altitude layers from where they were transported to higher
latitudes and study area. The air masses coming from this
sector were expected to have low Ångström exponent values
and a size distribution with a coarse mode dominating the
accumulation mode.The industrial European region affected
air masses and, as a result, aerosol particles properties; for
example, East sector, “E,” combined the air masses from the
continent (Ukraine, Belarus, and Russia). The “N” and “W”
clusters’ air masses were influenced by cleanest conditions
(especially on 20–25 July (not shown)), whichwere associated
with the lowest light scattering coefficients and the lowest
particle number concentrations (𝐷pa > 0.5 𝜇m).TheWestern
andNorthern directions’ clusters represented 48% of the total
trajectories. The South-Western cluster represented 29% and
the Eastern cluster 23%. To illustrate the difference in the
air mass origin, the events of each type were selected for
case studies (Figures 4–6). The light scattering coefficient of
28Mm−1 for 550 nm and the particle number concentration
of 20 cm−3 were registered on 29 July (Figure 4).

Figures 4(c) and 4(d) indicate that the Ångström expo-
nent is quite sensitive to the aerodynamic diameter of size
distributions that are consistent with fine mode aerosols; that
is, an increase in the Ångström exponent (9 p.m.) up to 2.2
showed increase in particles smaller than ∼0.4 𝜇m (9 a.m.).

The effect of the local pollution sources can be seen on 14
July, despite the fact that the air masses from industrialized
areas (sector “W”) of Europewere observed (Figure 5(a)).The
aerosol number concentration increased during the morning
traffic peak (5–7 a.m.) hour and again in the evening (7–
10 p.m.). After the morning traffic peak hour, the number
concentration rapidly decreased. This phenomenon can be
explained by mixing within the developing boundary layer.
Low mean light scattering coefficient of 12.8Mm−1 and
mean particle number concentration of 6.0 cm−3 were found
(Figure 5(b)).

The calculated Ångström exponent varied from 2.0 to
2.3 (Figure 5(c)) with the mean value of 2.2. However,
the high Ångström exponent values associated with coarse
mode aerosols could significantly reduce the particle number
concentration. It is also evident in Figure 5(d) that a decrease
in the Ångström exponent values (3 a.m.) corresponds to
an increase in number concentration in the fine mode aero-
dynamic diameter and coarse particles as well, highlighting
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Figure 4: (a) Air parcel trajectory analysis from the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) HYSPLIT model. For this analysis, the model was run backwards for 96 hours from 29th July 2012 at 12 UTC. Traces show the origin
of air parcels at Vilnius at the 500m (red), 1500m (blue), and 2500m (green) levels. (b) The variation of the measured and hourly averaged
values of the light scattering coefficient at 550 nm and the particle number concentration. (c)The calculated Ångström exponent for 450 and
700 nm wavelength pair. (d) The particle size distributions.

intensive Saharan dust intrusion.The two-modal particle size
distributionwas observedwith themean particle diameters at
0.55 and 2 𝜇m (Figure 5(d)).

As in the case of the 3rd of July, observations have
suggested that increase of the light scattering coefficient and
the particle number concentration (𝐷pa > 0.5 𝜇m) was not
influenced by local sources as the daily variation of both
parameters was not pronounced (7–12 p.m.) (Figure 6(b)).

The particle number concentration started to increase at
3 a.m. when the local traffic influence was negligible. The
mixing of different types of air mass (“SW” and “N” sectors)
arriving at 3 a.m. could lead to a regional mixed plume
with modified properties. Figure 6(a) highlights air masses
arriving over Vilnius on the 3rd of July 2012 at 1500m altitude
transported from Sahara dust plume extended across the
Atlantic Ocean toward Great Britain. This makes one think
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Figure 5: (a) Air parcel trajectory analysis from the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) HYSPLIT model. For this analysis, the model was run backwards for 96 hours from 14 July 2012 at 12 UTC. Traces show the origin
of air parcels at Vilnius at the 500m (red), 1500m (blue), and 2500m (green) levels. (b) The variation of the measured and hourly averaged
values of the light scattering coefficient at 550 nm and the particle number concentration. (c)The calculated Ångström exponent for 450 and
700 nm wavelength pair. (d) The particle size distributions.

that loading the atmosphere with coarse aerosol particles
during this period is mainly Saharan dust type. Thick dust
which blew through the Sahara desert in late June 2012
(http://earthobservatory.nasa.gov/NaturalHazards/) extended
over parts of Algeria, Mali, Mauritania, Morocco, and
Atlantic Ocean. To validate this idea, we used CALIPSO and
NAAPS satellite data (Figures 7-8).

A sudden increase in the aerosol number concentration
(118 cm−3) and light scattering coefficient (276Mm−1) was

observed on 3 July over Lithuania which can be attributed
to the Sahara dust event in Europe as well as to some indus-
trial activities in that region. At the same time, Ångström
exponent decreased to 1.4. The massive export of dust from
Sahara is observed starting 23rd June, while the dust plume
spread overWestern parts of Europe including Lithuania only
on the 3rd of July. Lidar data measured on 23 June 2012
between 9:30UTC and 18:30UTC confirm the existence of an
aerosol layer in the atmosphere above Vilnius between 4 and
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Figure 6: (a) Air parcel trajectory analysis from the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) HYSPLIT model. For this analysis, the model was run backwards for 96 hours from 3 July 2012 at 00 UTC. Traces show the origin
of air parcels at Vilnius at the 500m (red), 1500m (blue), and 2500m (green) levels. (b) The variation of the measured and hourly averaged
values of the light scattering coefficient at 550 nm and the particle number concentration. (c) The Ångström exponent for 450 and 700 nm
wavelength pair. (d) The particle size distributions.

5 km, which descends in time below 3 km after 17:00UTC.
Grey shades indicate a change in aerosol type. Black region is
due to laser stop for half an hour (Figure 7). The CALIPSO
classification scheme identified two types of aerosol layers:
pure dust (orange) and polluted dust (brown). In this study,
aerosol (low confidence) could be defined as amixture of pure

dust and anthropogenic pollution formed during air mass
transport.

The particle size distribution showed two modes in the
spectra at 0.6 and 6.70𝜇m. Comparing the particle size
distribution at 3 a.m. and at 9 a.m., it is seen that the second
mode disappeared and the particle number concentration



Advances in Meteorology 9

25

20

15

10

5

0

A
lti

tu
de

 (k
m

)

Lat.
Lon.

5 4 3 2 1

Western Europe Western African
tropics

Aerosol
Cloud

To
ta

lly
 at

te
nu

at
ed

Su
bs

ur
fa

ce

Su
rfa

ce

St
ra

to
sp

he
ric

 la
ye

r

Ae
ro

so
l

Ae
ro

so
l l

ow
 co

nfi
de

nc
e

Cl
ou

d

Cl
ou

d 
lo

w
 co

nfi
de

nc
e

Cl
ea

n 
ai

r

55.6 49.49 43.47 37.43 25.28 19.18 13.07 6.96

4.19 1.43 −0.84 −2.77 −4.48 −6.03 −7.48 −10.18

31.36

−8.85

(a)

90

60

30

0

−30

−60

−90

−180−150−120 −90 −60 −30 0 30 60 90 120 150 180

(begin: 02:15:46.0, end: 02:29:14.7 night time)

1

2

3

4

5

CALIPSO Lidar signal (23 June 2012)

(b)

Lat.
Lon.

55.6 49.44 43.43 37.48 31.32 25.23 19.13 13.03 6.96

4.19 1.43 −0.84 −2.77 −4.48 −6.03 −7.48 −10.18

Total attenuated backscatter 532nm

25

20

15

10

5

0

A
lti

tu
de

 (k
m

)

10−110−210−310−4

(km−1 sr−1)

Western Europe
Upstream of the
Mediterranean

storm track

Saharan
desert

Western African
tropics

−8.85

12345

(c)

Figure 7: (a) Vertical feature mask shows the CALIPSO aerosol subtypes. (b-c) Total attenuated backscatter at 532 nm along with the orbit
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(𝐷pa > 0.5 𝜇m) and the light scattering coefficient decreased
(Figure 6(d)).

AOD based on the satellite measurements shows that the
penetration of the Sahara dust to the Baltic region (Figure 8)
was observed from the 1st to the 8th of July 2012.

From the Atlantic Ocean, the dust formed the arc bents
eastward in the direction of the Mediterranean Sea.Thus, the
dust has spread over the Atlantic and turned to the North
getting the UK islands. Another part of the dust crossed
Europe directly from the Mediterranean Sea region through
Italy, Germany, and Poland. Arriving air masses were mixed
with the air from other regions. As a result, the aerosol
was diluted with the clean air decreasing the high values

of the particle number concentration and light scattering
coefficients. However, the event on the 3rd of July clearly
illustrates increasing of the particle number concentration
(𝐷pa > 0.5 𝜇m) correlating with the rapid light scattering
coefficient increasing. Also, the appearance of the second
particle mode with the peak at 7 𝜇m of the particle size
distribution was observed. That presents the appearance of
the dust particles in the local ambient air at the time when the
local pollution sources have a minimal influence. The Sahara
dust intrusions are very frequent in South Europe. In Spain,
Italy, and Greece, the number of days when carrying of a
dust from Northern Africa is observed makes up 20–30%.
In the region of Belarus, such episodes make up 5–10% [55].
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Figure 8: The dust distribution over Europe on the 3rd of July by
satellite measurements and NAAPS distribution model.

The high dust particle number concentrations are observed
close to the Mediterranean Sea region and they decreased
over West and Central Europe coming highly diluted in the
East region.The vertical profile of the Sahara dust over South
Europe is distributedmainly at heights of 1.5–8 km [56].With
an increase in the distance from Sahara storm location, the
average height of the dust layer increased. For example, in
the region of Belarus, the dust layer concentrates at a height
of 3–8 km [56]. Thus, the air masses from the Sahara region
transported the sand dust over Lithuania in the middle free
troposphere.

4. Conclusions

The ground based measurements of the light scattering coef-
ficients for 450, 550, and 700 nm, the particle number con-
centration (𝐷pa > 0.5 𝜇m), and the particle size distribution
from 0.5 to 12 𝜇m in conjunction with satellite measurements
were investigated during July 2012 in urban environment.The
investigation of the air mass backward trajectories and the
regional AOD distribution over Europe allowed determining
the far located air pollution sources and their effect on the
typical local aerosol physical and optical properties. It was
determined that the cleanest air masses arrived from the
Atlantic Ocean and Scandinavia. The trends observed in
the AOD and the Ångström exponent were consistent with
the dependences found in the size distributions. The major
source of small particles occurred when the air mass crossed
the industrialized areas of Europe or was sourced locally,
pointing to the influence of anthropogenic particles related
to both urban and industrial pollution. Inversely, the major
contribution of coarse particles occurred when the domi-
nant air masses were transported from Sahara dust plume
extended across the Atlantic Ocean toward Great Britain. As

a result, the light scattering coefficient suddenly increased to
276Mm−1 and the particle number concentration increased
up to 118 cm−3, while the Ångström exponent decreased to
1.4. The measurements of the optical and physical particle
properties determined two dominating types of the aerosol
particles dividing them into two sectors “the high scattering
sector” and “the low scattering sector” described by three
parameters 𝛼

𝐻

= 63.6
∘, 𝛼
𝐿

= 24.1
∘, and 𝛽 = 39.5∘. It was

evaluated that aerosol properties depended on the air mass
properties. For example, “the high scattering sector” consists
of the aerosol particles from the Mediterranean Sea region,
while “low scattering sector” is formed by particles from the
Atlantic Ocean.

The optical property characterization of the local aerosol
particles cannot be done accurately based only on the satellite
measurements of the AOD. The most detailed characteriza-
tion can be obtained referring to the ground based measure-
ments of the light scattering coefficient, the particle number
concentration, and the particle size distribution.
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U. Lohmann, “Ice nuclei properties within a Saharan dust event
at the Jungfraujoch in the Swiss Alps,” Atmospheric Chemistry
and Physics, vol. 11, no. 10, pp. 4725–4738, 2011.

[49] C. D. O’Dowd, M. C. Facchini, F. Cavalli et al., “Biogenically
driven organic contribution tomarine aerosol,”Nature, vol. 431,
no. 7009, pp. 676–680, 2004.

[50] S. Bauer, E. Bierwirth, M. Esselborn et al., “Airborne spectral
radiation measurements to derive solar radiative forcing of
Saharan dust mixed with biomass burning smoke particles,”
Tellus, Series B: Chemical and Physical Meteorology, vol. 63, no.
4, pp. 742–750, 2011.

[51] K. Kandler, N. Benker, U. Bundke et al., “Chemical composition
and complex refractive index of SaharanMineral Dust at Izaña,
Tenerife (Spain) derived by electron microscopy,” Atmospheric
Environment, vol. 41, no. 37, pp. 8058–8074, 2007.

[52] G. Gangoiti, L. Alonso, M. Navazo, J. A. Garćıa, and M.
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