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In situ investigation results of aerosol optical properties (absorption and scattering) and chemical composition at an urban
background site in Lithuania (Vilnius) are presented. Investigation was performed in May-June 2017 using an aerosol chemical
speciation monitor (ACSM), a 7-wavelength Aethalometer and a 3-wavelength integrating Nephelometer. A positive matrix
factorisation (PMF) was used for the organic aerosol mass spectra analysis to characterise the sources of ambient organic aerosol
(OA). Five OA factors were identified: hydrocarbon-like OA (HOA), biomass-burning OA (BBOA), more and less oxygenated
OA (LVOOA and SVOOA, respectively), and local hydrocarbon-like OA (LOA). (e average absorption (at 470 nm) and
scattering (at 450 nm) coefficients during the entire measurement campaign were 16.59Mm−1 (standard deviation (SD)�

17.23Mm−1) and 29.83Mm−1 (SD� 20.45Mm−1), respectively. Furthermore, the absorption and scattering Angström exponents
(AAE and SAE, respectively) and single-scattering albedo (SSA) were calculated. (e average AAE value at 470/660 nm was 0.97
(SD� 0.16) indicating traffic-related black carbon (BCtr) dominance. (e average value of SAE (at 450/700 nm) was 1.93
(SD� 0.32) and could be determined by the submicron particle (PM1) dominance versus the supermicron ones (PM> 1 µm). (e
average value of SSA was 0.62 (SD� 0.13). Several aerosol types showed specific segregation in the SAE versus SSA plot, which
underlines different optical properties due to various chemical compositions.

1. Introduction

Atmospheric aerosols significantly influence both global and
local climate, and their loadings have substantially increased
since preindustrial times. (e impact of particles depends on
their chemical composition and physical properties
(e.g., optics). (e light absorption and light scattering are two
main processes of interaction between aerosol particles and
solar radiation in the atmosphere. Light-scattering aerosol
components (sulphate, sea salt, and others) reduce the
warming effect, while light-absorbing aerosol components
(black carbon (BC), brown carbon (BrC), mineral dust, and
others) contribute to the global warming [1]. In addition,
several aerosol components exhibit a wavelength dependence
proportional to λ−AAE and λ−SAE, where λ is the wavelength
and AAE and SAE are the absorption and scattering Ang-
ström exponents. Hence, the spectral dependence of the
aerosol absorption and scattering can be significant to dis-
tinguish different components of aerosols [2]. BC can strongly

absorb light at all visible wavelengths, and the AAE value
varies due to different BC origins. SAE is often used as
a particle size indicator. Another optical parameter, single-
scattering albedo (SSA), has been recently studied in order to
evaluate the aerosol radiative forcing [3–5]. Uncertainty in
estimating SSA is one of the main reasons of uncertainty in
the estimation of the aerosol direct and semidirect effects [4].
(e large uncertainty in estimating the aerosol radiative
forcing [6] requires better understanding of optical processes
in the atmosphere.

Due to various sources, aerosols have different chemical
compositions, which affect the particle interaction with solar
radiation [7]. (us, investigation of sources is necessary to
assess their climate impacts. Cabada et al. [8] indicated that
major components of particulate matter with aerodynamic
diameters less than 1 and 2.5 µm (PM1 and PM2.5, respec-
tively) originate from the same sources, such as combustion
(e.g., engine exhausts) and biomass burning. Meanwhile,
sources of PM10 (particulate matter with aerodynamic
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diameter less than 10 µm) in the urban environment ad-
ditionally include road dust and mechanical processes such
as brake and tire emissions [9]. Calvo et al. [10] underlined
additional natural PM2.5 and PM10 sources: biological
particles and wind-suspended natural sources, such as sea
spray and surface soil. In agreement with this, Lundgren
et al. [11] showed that PM1 is the best indicator of an-
thropogenic sources since it has higher impact of pollution
emissions than of natural sources. (us, submicron aerosol
in the urban environment is of particular interest [12, 13].
Based on submicron aerosols formation processes, they can
be divided into primary and secondary aerosols. Primary
aerosols are directly emitted from combustion emissions,
while secondary aerosols are formed from gas-phase re-
actions of emitted precursor gases [14]. Due to various
anthropogenic activities, urban areas, particularly mega-
cities, act as hot islands with higher concentrations of
aerosols. (e urban environment can be used as a natural
laboratory to study primary aerosols close to their source. In
numerous studies of ambient aerosols, the positive matrix
factorisation (PMF) algorithm has been successfully applied
for the urban environment [12,15–18]. PMF enables the
apportionment of measured organic mass spectra and
quantitative evaluation of dominant sources [17].

In our study, several instruments have been used to in-
vestigate the optical properties and chemical composition of
urban aerosols. In addition, PMF was successfully applied to
the organic mass spectra, and the obtained contributions of
different sources were quantified. (e analysis focuses on
assessing the influence of chemical composition on optical
parameters (absorption and scattering coefficients, absorption
and scattering Angström exponents, and single-scattering
albedo). Such an in situ investigation could improve in-
terpretation of observations from remote sensing, provide
additional insights into regional and global models of radi-
ative forcing, and improve air quality forecasts at urban sites.

2. Methods

2.1. Sampling Site and Instrumentation. Continuous mea-
surements of aerosol mass concentration, size distribution,
and optical properties were performed from 11 May to 14
June, 2017. (e sampling site is located in Vilnius (Lithuania)
(54°38′36″N, 25°10′58″E) 12m above the ground level. Vil-
nius is the capital of Lithuania with 0.5 million habitants. (e
sampling site is 8 km away from the city centre and can be
described as an urban background. In addition, it is located
relatively far from the main traffic roads.

BC concentration and absorption coefficient (Babs) were
derived from the measurements using a 7-channel Aethal-
ometer (Magee Scientific Company Aethalometers™, Model
AE31 Spectrum, manufactured by Aerosol d.o.o., Slovenia)
with 5min time resolution. (e AE31 model operates at 370,
470, 520, 590, 660, 880, and 950 nmwavelengths.(e flow rate
through a 2.5m long stainless steel tube was 4 l/min. (e
Aethalometer measures the real-time light attenuation caused
by particles collected on the quartz filter. (ere are several
types of known light-absorbing aerosols in the atmosphere,
such as mineral dust, BC, and BrC. Ramachandran et al. [7]

showed that BC contributes 55%–70% of the aerosol radiative
forcing at the surface and dominates (57%–82%) optical
properties and the radiative effects in the urban environment.
Chin et al. [19] suggested that, in the urban environment,
absorption of solar radiation is mainly attributed to the
presence of strong light-absorbing carbonaceous aerosols
such as BC. In addition, BC becomes more absorbing as
wavelength increases, whereas dust becomes less absorbing
[19].(us, since BC is themain light absorbent in the ambient
air, it is assumed that light attenuation is the result of BC
absorption. (e 880 nm wavelength channel was used for
identification of BC concentration in the ambient air.

(e scattering coefficient (Bscat) was measured using a 3-
wavelength integrating Nephelometer (TSI model 3563)
which measures aerosol light scattering at 450, 550, and
700 nm. Measurements were performed with a flow rate of
20 l/min, 5min time resolution, and an automatic calibra-
tion every 60min.

An aerosol chemical speciation monitor (ACSM)
(Aerodyne Research, Inc., Billerica, MA, USA) was used for
measuring chemical composition of nonrefractory submicron
particulate matter (PM1). (e sampling aerosol flow was
1.6 l/min. In the sampling line, a PM1 impactor inlet was used.
During the instrument calibration, determined calibration
parameters were set as follows: RIENO3 �1.1, RIENH4� 9.14,
RIESO4� 4.2, RIEorg � 1.4, and RIEchl � 1.3, and the response
factor was equal to 2.26·10−11. (e resulting particle counting
efficiency (CE) was evaluated based on the method suggested
by Middlebrook et al. [20] and was equal to 0.5.

A scanning mobility particle sizer (SMPS; TSI model
3080) was used in order to measure the aerosol particle
number-size distribution in the range of 6–300 nm. (e
upscan duration lasted for 4min with the repetition of every
5min. For the SMPS inlet system, an impactor (0.071 cm
(TSI)) with an effective cut size diameter of PM1 was used.
Losses due to the particle diffusion were evaluated using the
Gormley–Kennedy equation [21].

Additional measurements including the meteorological
parameters (relative humidity, temperature, wind speed, and
solar radiation) were measured with 1 h resolution. All data
are given in local time (UTC+ 2:00).

2.2. Calculation of Aerosol Optical Properties. Babs and BC
concentration can be calculated based on light attenuation
measurements on a quartz filter. Previous studies [22, 23]
investigated the main factors leading to the inaccuracy of
measurements: the multiple scattering effect of filter fibres
and increased particle loading on the filter, known as the
shadow effect. (us, the Weingartner correction [24] was
applied, and additional calibration factors (C and R) were
used:

Babs � BATN
1

C · R(ATN)
, (1)

where BATN is delivered from attenuation measurements but
does not include any corrections. For factor C, the constant
value of 3.3 was used, and the value of factor R was calculated
by the following equation [24]:
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R(ATN) �
1
f
− 1 

ln(ATN)− ln(10%)

ln(50%)− ln(10%)
+ 1, (2)

where parameter f� 1.09 was chosen based on the study by
Sandradewi et al. [25].

Based on the wavelength-dependent Babs and Bscat,
absorption and scattering Angström exponents were esti-
mated as follows [26]:

AAE470/660 � −
ln Babs470/Babs660 

ln(470/660)
,

SAE450/700 � −
ln Bscat450/Bscat700 

ln(450/700)
.

(3)

Based on Babs and Bscat, SSA was calculated by the fol-
lowing equation [27]:

SSA550 �
Bscat550

Bscat550 + Babs520
. (4)

Due to the wavelength difference between Bscat and Babs,
the additional uncertainty of 5% was evaluated by the re-
lation suggested by Zhuang et al. [26] and should be applied
to SSA values.

For further BC analysis, additional calculations were
performed. Since several studies [25, 28–30] identified
specific AAE values for traffic (1± 0.1) and wood burning
(between 1.9 and 2.2), BC mass concentration was recal-
culated to BC concentration related to traffic (BCtr) and
wood burning (BCwb) according to the “Aethalometer
model” [25]:

Babstr,470

Babstr,880
�

470
880

 
−AAEtr

,

Babswb,470

Babswb,880

�
470
880

 
−AAEwb

,

Babsλ � Babstr,λ + Babswb,λ
.

(5)

BC source apportionment was performed with
chosen values (AAEtr � 1 and AAEwb � 2) and calculated
as follows [31]:

BCtr � BC ·
Babstr,880

Babs880
,

BCwb � BC ·
Babswb,880

Babs880
.

(6)

(e concentrations of both, BCtr and BCwb, and their
contribution to the total BC have been evaluated and are
reported in this study.

2.3. Positive Matrix Factorisation. Positive matrix factor-
isation (PMF) is the statistical tool, which represents the
time series of measured organic mass spectra as several
subgroups characterised by factor profiles [14]. In order to

run PMF, SoFi Standard and SoFi Pro software was used.
(e PMF procedure was performed as specified by Crippa
et al. [32], and several external time series (BCtr and BCwb)
were added. Selecting the best modelled number of factors
for a data set was performed by finding the ratio of the total
sum of the squares of the scaled residuals and their expected
value (Q/Qexp) to be close to 1. Values ofQ/Qexp » 1 show the
underestimation of the errors of variability in the factor
profiles, and Q/Qexp « 1 indicates the overestimation of the
input data errors [33]. After investigation of the number of
factors, several factor profiles were constrained by external
profiles with a value. (e technique of a value allows
constrained factor profiles to vary within the error bar of the
scalar value a [14]. (e following step included the dynamic
criteria-based selection, which enables comparison with
external data. (e last part of selecting the solution was
performed by testing the stability between runs. For this aim,
the bootstrap resampling mechanism was used by per-
forming 1000 runs. (e bootstrap analysis randomly de-
composes the original data set by resampling [34] and allows
to certify if solution is statistically reliable.

3. Results and Discussion

3.1. Campaign Overview. During the entire measurement
campaign, the nonrefractory PM1 consisted of organics (84%,
6.35 µg·m−3 (SD� 4.00 µg·m−3)), nitrate (9%, 0.66 µg·m−3
(SD� 0.51 µg·m−3)), ammonium (4%, 0.32 µg·m−3 (SD�

0.20 µg·m−3)), and sulphate (3%, 0.20 µg·m−3 (SD�

0.12 µg·m−3)) (Figure 1(a)). (e average temperature was
13.18°C (SD� 4.68°C), average wind speed was 0.13m·s−1

(SD� 0.19m·s−1), and average relative humidity was 59.22%
(SD� 19.96%).

3.2. Source Apportionment. PMF, which is the most com-
monly used source apportionment method for ACSM data,
was applied in our study to investigate sources of organics.
PMF solutions with any higher number of factors than five
were not stable for different runs.(us, five types of organic
aerosol (OA) were identified in the Vilnius urban back-
ground site: hydrocarbon-like organic aerosol (HOA),
biomass-burning organic aerosol (BBOA), more and less
oxygenated organic aerosols (LVOOA and SVOOA, re-
spectively), and local hydrocarbon-like organic aerosol
(LOA) (Figures 1(b)–1(h)). HOA, BBOA, and LOA factors
were constrained with external factor profiles [32] with a values
equal to 0.2, 0.4, and 0.2, respectively. (ere were three dy-
namic criteria: HOA correlation with BCtr, BBOA correlation
with BCwb, and contribution of the fraction of the total organic
mass measured at m/z 60 (abbreviated as f60) to BBOA.

Dominant peaks of factor profiles, known as key tracers,
were used in order to identify each OA source. Key tracers of
HOA in ACSM mass spectra are the enhanced signals at m/z
41 (C3H+

5 ) and 43 (C3H+
7 ) and the typical alkene-like structure

ions C4H+
7 and C4H+

9 (m/z 55 and 57, respectively) [35].
BBOA was identified by two enhanced signals at m/z 60 and
73, which are associated with levoglucosan and indicate ions
C2H4O+

2 and C3H5O+
2 , respectively [36]. Levoglucosan is
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derived from pyrolysis of various cellulose at high temper-
atures, and it is a main molecular tracer of biomass-burning
aerosols [37]. An additional key tracer of BBOA was m/z 29
(CHO+) [38]. Moreover, the higher intensity of m/z 43 than
m/z 44 showed the dominance of fresh and local BBOA versus
long-range transport-related BBOA. (e oxygenated OA was
effectively divided into two factors: LVOOA and SVOOA.
LVOOA showed several typical peaks of m/z 18 (H2O+), 28
(CO+), and 44 (CO+

2 ) [39], which together with low intensity
of m/z 43 versus m/z 44 indicate highly oxidised species,
known as aged OA. SVOOA is characterised by the highest
peak at m/z 43 (C2H3O+) and indicates freshly oxidised OA
species [39]. (e last identified factor LOA was of
hydrocarbon-like organic origin with key tracers of m/z 41,
55, and 57. Due to different origin and specific intensities of
tracer-linked signals, LOA was successfully extracted from
OA mass spectra.

At the beginning of the measuring campaign, domestic
heating was a reason for higher BBOA concentration, and
its contribution to OA during the entire measuring cam-
paign was 18% with the average value of 1.31µg·m−3 (SD�

1.34 µg·m−3). As expected, the main contributors to OA were
LVOOA and SVOOA, whose inputs reached 34% and 38%,
respectively. (e average concentration of LVOOA was
2.64 µg·m−3 (SD� 1.42 µg·m−3), while that of SVOOA was
2.56 µg·m−3 (SD� 2.20 µg·m−3). LVOOA showed a moderate
correlation with sulphate (r� 0.49) and had no diurnal trend
which suggests a strong influence of long-range transport.
SVOOAwas correlated with nitrate (r� 0.50). A diurnal trend
of SVOOA concentration showed an increment during the
night (from 2 to 5 am) and reached the maximum value of

4.42 µg·m−3. A diurnal trend of HOA concentration showed
two diurnal peaks. (e first peak appeared during morning
rush hours (6–8 h), while the second is associated with the
decrement of the atmosphere mixing height in the late
evening hours (10–11 pm). Also, HOA showed a great
agreement with external data: the correlation coefficient
between HOA and BCtr was 0.65. (e LOA factor appeared
only once during an event (20 May 2017) and lasted for 6 h
(from 3 am to 8 am). (e concentration of LOA reached the
maximum value of 10.7 µg·m−3. (e additional meteorolog-
ical analysis showed that LOA particles were transported from
the southern part of the city. No fire incidents or other
emissions were reported at the time of event; therefore, the
source of LOA could not be identified.

For the entire investigation campaign, two main BC-
contributing sources (traffic and wood burning) were
identified, and their contribution to BC concentration was
evaluated (Figure 2). (e average BC concentration was
1.26 µg·m−3 (SD� 1.35 µg·m−3). (ese results are consistent
with those obtained during the previous studies in Vilnius
during the warm period [40] and appear in the typical OA
concentration range (1–10 µg·m−3) for urban environments
[41]. (e biggest contributor to the total BC was BCtr whose
input reached 92%. (e average BCtr concentration was
1.23 µg·m−3 (SD� 1.29 µg·m−3). BCtr concentration showed
a diurnal trend with two peaks corresponding to the HOA
diurnal trend.(e BCwb contribution to the BC was only 8%,
and the average concentration was 0.13 µg·m−3 (SD�

0.18 µg·m−3). BCwb concentration showed no peaks in the
diurnal trend. (ese results suggest that, during the warm
season, no significant local wood-burning sources were
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Figure 1: (a) Contributions of organics (green), sulphate (red), nitrate (blue), and ammonium (yellow) during the measurement campaign.
(b) PMF solutions contributions to organics: SVOOA (light green), LVOOA (dark green), BBOA (brown), and HOA (grey) factors: (c) their
mass spectra; (d) time series; (e) diurnal time trends. LOA: (f ) mass spectra; (g) time series; (h) wind rose (blue).
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identified and the main BC source was the traffic-related
exhaust.

3.3. Temporal Variations in the Aerosol Optical Properties.
Several optical properties were calculated, and their varia-
tions in time were observed during the entire investigation
campaign.(e calculated Babs average value was 16.59Mm−1
(SD� 17.23Mm−1), and its temporal variation strongly
correlated with that of BCtr (r� 0.98) and moderately cor-
related with that of HOA (r� 0.68) (Figure 3(b)), which
suggests that the absorption coefficient is mainly determined
by traffic-related exhaust. (e evaluated Babs values in this
study were 2.8 times higher than the Babs values reported in
the study performed in a small-sized urban environment in
Spain for the warm season [42]. (e results obtained in our
study were close to those obtained at an urban site in
Granada (Spain) [43]. Meantime, in comparison to Babs
determined in cities like Beijing, Nanjing, and Wuhan, the
Babs values obtained in this study were from 1.8 to 7.2 times
lower compared to those reported in [44].

(e Bscat coefficient was directly obtained from
Nephelometer measurements, and its links to several other
parameters were investigated. Bscat varied from 5.23 to
118.15Mm−1 with the average value of 29.83Mm−1 (SD�

20.45Mm−1). Bscat temporal variation showed strong cor-
relation with BBOA (r� 0.80) and the aerosol particle
number concentration from 100 to 300 nm in size (N100–300)
(r� 0.75) (Figure 3(a)). (ese results are in agreement with
those reported by Wang et al. [45], which suggests that
mainly particles from 200 to 800 nm in size contributed to
the light-scattering coefficient.

AAE is a well-known light absorption-related parameter,
which is widely used for BC source assessment. Several studies
reported AAE values for traffic (from 0.9 to 1.1) and wood
burning (from 1.9 to 2.2) [25, 30, 31, 46] and brown carbon
(BrC) (AAE� 2.5) [47]. In addition, it was observed that AAE
showed high variability due to the coating thickness [48]. In our
study, an average value of AAE was 0.97 with a low standard
deviation (SD� 0.16). (is agrees with an assumption that the
absorption parameters were driven by traffic-related exhaust.
(e lowest values of the AAE diurnal trend appeared in the
morning (5–7 am) and late evening (8–10 pm) together with
the highest values of the BCtr diurnal trend.

SAE is often regarded as an indicator of dominant size
of particles: SAE467,660> 2 indicates an optical dominance
of fine particles [49]. Cappa et al. [27] suggested that
SAE450,550 �1.3 is a dividing value between submicron
aerosol (PM1) and supermicron aerosol (PM> 1 µm). In our
study, the average value of SAE was 1.93 (SD� 0.32), which
indicates the optical dominance of submicron particles. In
the diurnal trend of SAE, the highest value was reached at 3
am (SAE� 2.1) which could be related to the SVOOA for-
mation during the nighttime.

SSA is a parameter, which depends on both particle size
and its origin. SSA is defined as the ratio of the scattering
coefficient and the extinction coefficient, which is the sum of
the scattering and absorption coefficients. (e value of SSA
can be used to evaluate the aerosol radiative forcing [50]
and to investigate the relationship between aerosol scattering
and absorption [51]. (e SSA value decreases with the in-
creasing size of aerosol particles [52]. Goto et al. [53]
demonstrated a relation between SSA and BC concentration
and the regression slope in the SSA versus BC plot varied
from negative to positive depending on particle size. Bond
and Bergstrom [54] showed that fresh BC particles corre-
spond to a low SSA value. Pokhrel et al. [4] reported that SSA
could not be directly parameterised based on the fuel type
due to the influence of burning conditions. (us, SSA is
a complex parameter, and more detailed investigation is
needed. In our study, SSA varied between 0.19 and 0.90 with
the average value of 0.62 (SD� 0.13). (ese results are
slightly lower than those reported in the urban study in
Granada (Spain) [43]. SSA showed a moderate negative
correlation with BC (r�−0.67), and the diurnal trend had
two lowest values during morning rush hours (6–7 am) and
late evening hours (9–10 pm) associated with the decrement
of the atmosphere mixing height.

3.4. SAE versus SSA Plot Analysis. In order to investigate the
influence of particles’ origin on their optical properties, SAE
versus SSA graphs were depicted for several different sources
of aerosol particles (Figure 4). SAE and SSA were chosen due
to sensitivity to the particle size and complexity, respectively.
In the SAE versus SSA plot, concentrations of HOA, BBOA,
LOA, SVOOA, LVOOA, secondary inorganic aerosol (SIA),
BCtr, and BCwb were plotted as the size of data points. As can
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be seen in Figure 4(a), the highest concentration of HOA
appeared within a wide range of SSA (from 0.2 to 0.6) and
SAE lower than 2.1, which indicates that bigger particles
absorb light slightly better. In the SAE versus SSA plot of
BCtr, the range of SSA and SAE for the highest BCtr con-
centration appears on the left side of the graph (SSA< 0.4).
Due to the light absorption by BCtr, light extinction increases
and the value of SSA decreases. Furthermore, particle size
does not influence absorption. A slight difference between
HOA and BCtr could appear due to different chemical
compositions: BCtr contains inorganic materials, which
strongly absorb light, while HOA is one of the OA factors
and contains a light-scatteringmaterial. For both, BBOA and
BCwb, the highest concentrations appear in the range of
SSA> 0.35. In addition, SSA increases with SAE increment,
which suggests that aerosol radiative forcing of BBOA and
BCwb strongly depends on the particle size. In the SAE versus
SSA plot, the concentrations of SVOOA, LVOOA, and SIA
were less distributed. (e highest concentration of SVOOA
appeared in the central part of the plot, which corresponds to
the SAE values between 1.2 and 1.8 and the SSA values
between 0.4 and 0.6. A higher concentration of LVOOA
appeared in the upper part of the SAE versus SSA plot with
no significant changes in the SSA axis. For a higher con-
centration of LVOOA, SAE varied between 2.0 and 2.7.
In the SAE versus SSA plot for a higher SIA concentration,
one particular region was not observed. For all, SVOOA,
LVOOA, and SIA, the left part of the plot (SAE< 0.35) shows
the lowest concentrations which indicates dominance of
scattering versus absorption. (e LOA concentration in the
plot of SAE versus SSA was also depicted. (e highest

concentration of LOA appeared in a small range of both SAE
(from 1.82 to 1.89) and SSA (from 0.50 to 0.62). LOA is
another hydrocarbon-like organic aerosol, but it has a dif-
ferent (not defined) source than HOA.(e SSA values of the
highest concentrations of HOA and LOA were different,
which could indicate SSA diversity due to different sources
of burning fuel, but this could not be used as a direct
indicator.

4. Conclusions

(e ground-based measurements of light aerosol ab-
sorption and scattering and chemical composition were
performed in the urban environment during May-June,
2017. (e applied PMF analysis showed five main OA
sources (HOA, BBOA, SVOOA, LVOOA, and LOA). (e
BBOA concentration showed a decrement with increased
ambient temperatures due to the end of domestic heating
usage, while the contributions of other factors (HOA,
SVOOA, and LVOOA) were significant during the entire
measurement campaign. (e local LOA factor appeared
during one event and was formed in the southern part of
the city due to an unknown source. (e analysis of light
absorption parameters showed that the absorption co-
efficient and AAE were determined by the traffic exhaust-
related BCtr. Light-scattering parameters (SAE and Bscat)
analysis suggested that the light scattering in the ambient
air was mainly caused by submicron particles (PM1).
(e calculated SSA values varied between 0.19 and 0.90,
indicating the influence of various components and dif-
ferent particle sizes. In the SAE versus SSA plot, traffic
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Figure 3: Temporal variations in (a) Bscat (yellow) and N100–300 (blue) and (b) Babs (pink) and HOA (grey).
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exhaust-related BCtr particles appeared within the range
of small SSA values (SSA < 0.4). Another traffic exhaust-
related aerosol HOA due to different chemical

compositions showed a wider SSA range (0.2 < SSA < 0.6).
For biomass- and wood-burning aerosols (BBOA and
BCwb), SSA values increased with the increment of SAE,
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Figure 4: (e SAE versus SSA plot with a size of data points of (a) HOA (grey), (b) BCtr (black), (c) BBOA (brown), (d) BCwb (purple),
(e) SVOOA (light green), (f ) LVOOA (dark green), (g) SIA (dark blue), and (h) LOA (light blue) for the entire measurement campaign.
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indicating the importance of particle size for their optical
properties. SVOOA, LVOOA, and SIA showed the smallest
concentration for small SSA values (SSA < 0.35), indicating
their strong dominance of scattering versus absorption in
a wide range of particle size. (e highest concentrations of
LOA appeared within the SSA values between 0.50 and
0.62, and they were different from the dominant SSA values
for the highest HOA concentration. (erefore, SSA varies
due to different origin of hydrocarbon-like aerosols, but
this could not be used as a direct indicator of the type of
fuel. (us, due to the different dominant sources of
aerosols, the optical properties (Babs, AAE, and SSA) can
change and, as a result, influence the radiative forcing. (e
results of this study can provide additional insights into
forecasting the radiative forcing both on the local and
global scales.

Nomenclature

AAE: Absorption Angström exponent
AAEtr: Absorption Angström exponent values for traffic
AAEwb: Absorption Angström exponent values for wood

burning
ACSM: Aerosol chemical speciation monitor
ATN: Filter attenuation
Babs: Absorption coefficient
BATN: Attenuation coefficient
BBOA: Biomass-burning organic aerosol
BC: Black carbon
BCtr: Traffic-related black carbon
BCwb: Wood-burning-related black carbon
BrC: Brown carbon
Bscat: Scattering coefficient
C: Calibration factor
CE: Counting efficiency
f: Parameter estimating the slope of the BATN versus

ATN curve
HOA: Hydrocarbon-like organic aerosol
LOA: Local hydrocarbon-like organic aerosol
LVOOA: Low-volatile oxygenated organic aerosol
OA: Organic aerosol
PM1: Particulate matter with aerodynamic diameter

less than 1 µm
PM10: Particulate matter with aerodynamic diameter

less than 10 µm
PM2.5: Particulate matter with aerodynamic diameter

less than 2.5 µm
PMF: Positive matrix factorisation
Q: Total sum of the squares of the scaled residuals in

the PMF matrix
Qexp: Expected value of Q
R: Calibration factor
r: Correlation coefficient
SAE: Scattering Angström exponent
SD: Standard deviation
SSA: Single-scattering albedo
SVOOA: Semivolatile oxygenated organic aerosol
λ: Wavelength.
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