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OPEN A demonstrative study of a novel

approach for spectral based source
apportionment of ambient aerosols

Csilla Gombi!, Abdul Rahman®2*?, Szabolcs Hodovany?, Istvan Magashegyi?,
Zoltan Boz6kil?, Gabor Szab6'2 & Tibor Ajtail+?

We present an alternative, spectral-based source apportionment model for calculating the mass
concentration of wood burning and fossil fuel aerosols in the ambient. The model was applied to data
collected from a rural area in Hungary during a 2-month continuous campaign in the winter period. The
proposed model is based on the parallel measurement of the size distribution, absorption response

of the ambient aerosols, and the thumb-of-rule relation between the elemental carbon (EC) and

total carbon (TC) of fossil fuel and wood burning aerosols. We have experimentally demonstrated the
wavelength dependency of the calculated Absorption Angstrém Exponent (AAE) from the measured
optical absorption coefficient (OAC) using the filter-accumulated transmission measurement method
for the first time. The proposed model is compared with the traditional Aethalometer model applied to
the same dataset. For comparison purposes, different but widely accepted approximations are used to
determine source-specific AAE data and for the investigation of the effect of AAE on the output of the
applied source apportionment models. The output of the applied models resulted in a close match with
each other using site and source-specific AAE data.

The black carbon (BC) primarily consists of light-absorbing carbonaceous (LAC) particulate matter, which
possesses significant optical absorption across the visible wavelength range. A significant portion of atmospheric
BC concentrations originates from anthropogenic activities and can be characterized through its continuously
varying spatial and temporal properties'. The BC plays a significant and unique role in the Earth’s climate
system. Moreover, it is responsible for adverse public health effects and is recognized as one of the strongest
indicators of the health effects of air pollution**. The BC absorbs solar radiation, accelerates ice melting, alters
cloud formation, and contributes to a net positive radiative forcing on Earth’s climate®®. The radiative forcing
linked with carbonaceous particulate matter (CPM) remains a significant source of uncertainty in modeling
Earth's radiative budget*®. The major contributors to LAC are fuel combustion, biomass burning, and biogenic
emissions. The mixing state of BC is influenced by atmospheric chemistry through its atmospheric residence
time and emission sources and combustion conditions”8, which therefore, complicates the interpretation of the
actually measured quantities, including light absorption by aerosols®. The characterization and quantification
of aerosols originating from different sources are crucial for understanding the health and climate impacts of
atmospheric BC'°. Moreover, the chemical composition and concentration of LAC can vary significantly over
short periods'""'2, making it challenging for source apportionment models to accurately characterize emission
trends using off-line data. Indeed, this underscores the significance of utilizing real-time measurement techniques
for accurate source apportionment results. Many off-line source apportionment techniques employing chemical
analysis of filter samples have been demonstrated in the literature!>-!>. However, these techniques suffer from
significant methodological drawbacks, such as long analysis times and poor time resolution. Consequently, these
limitations result in the loss of valuable information about real-time changes. The chemical analysis, especially
positive matrix factorization and chemical mass balance methods combined with a spectral-based real-time
source apportionment model, strengthens the validity of the proposed novel source apportionment model. We
used the Aethalometer model, which is widely accepted as an absorption-based source apportionment method,
and well-confirmed by the chemical balance method'®-!%. Moreover, the direct comparison of spectral-based
and chemical analysis-based source apportionment, especially the chemical mass balance method, gives an
uncertainty range of 10% to 40%, mainly because of different measurement techniques and conceptual hypotheses
made for each model'”. Among all the physicochemical properties of LAC, only the AAE quantified by the slope
of absorption response in log-log scale serves as a real-time measurable physical quantity with source-specific
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and composition relevancies!®?°. Based on that, the past decades have witnessed the demonstration of spectral-
based methodologies for source apportionment results!®?!?2, The AAE aids in the identification of typical
combustion-like aerosol sources such as wood burning (wb) and fossil fuel (ff) combustion, where the latter
one dominantly originates from traffic activities!®. The aerosols originating from the wood burning emission
exhibit higher OAC towards the shorter wavelength and become dominant in the low visible and especially in
the UV wavelength domain compared to particles originating from traffic emissions?. Taking advantage of these
distinct characteristics of aerosols, the first spectral-based source apportionment method was demonstrated,
which is a so-called Aethalometer model in the literature!®. Although the Aethalometer instrument is commonly
used for measuring light absorption of the aerosols, the deduced OAC from the measured transmission of the
filter accumulated aerosols suffers from many analytical and methodological artifacts®»?°. In the Aethalometer
model, the source-specific AAE values are not known a priori. Defining site- and source-specific AAEs typically
requires complex, oftline measurements involving multiple analytical techniques, which often suffer from low
time resolution. However, recent advancements in analytical methodologies and data integration strategies have
demonstrated the potential to derive time-resolved AAE values without relying solely on offline techniques?*?’.
To address this pressing issue, an improved methodology is imperative for providing reliable data for source
apportionment results, demonstrating significant improvements in data quality and the ability to accurately
identify emission sources.

In this study, we proposed a simplified source apportionment model based on real-time and parallel
measurement of the size distribution and optical absorption data. The proposed model relies on the rule-of-
thumb relation between TC and EC mass of the different sources. We also explored the wavelength dependency
of the AAE deduced from the OAC measured by the Aethalometer. The source apportionment results derived
from the proposed model and the original Aethalometer model are compared. Finally, we also revealed and
quantified the correlation between the AAE and other source-specific markers of the carbonaceous particulates.

Measurement site and methods

Measurement site

The data for this study were obtained from the K-puszta measurement station, Hungary (46° 58’ N, 19° 35’ E and
125 m above sea level), which is 15 km northwest of the nearest town, Kecskemet (70,000 population) and 80 km
southeast of Budapest (1.7 million population). The site represents the main plain part of the Pannonian basin?
and is surrounded by 62% coniferous trees, 28% deciduous trees, and 10% grassland*>*. The measurements
were taken during a campaign in winter from Dec. 25, 2017, to Feb. 25, 2018. The K-puszta station is exposed to
polluted masses having higher particulate matter®!, as well as the cleaner and colder air from the Atlantic Ocean.
Moreover, it is strongly affected by biomass smoke from domestic heating during winter2.

Instrumentation and sampling

All the instruments were placed inside the temperature-controlled facility at the K-puszta measurement station.
The Aethalometer (Magee Scientific, USA, type AE31) was used to measure the OAC of ambient aerosols at the
defined wavelengths: 370, 470, 520, 590, 660, 880, and 950 nm. The working principle of the Aethalometer is
described in detail elsewhere®. The characteristic size distributions of the ambient aerosol particles ranging from
6 to 800 nm were measured by a differential mobility particle sizer (DMPS)**. The DMPS mainly consisted of a
Nafion semi-permeable membrane dryer, a radioactive bipolar charger, a differential mobility analyzer (DMA),
and a butanol-based condensation particle counter (TSI CPC3772). DMA classifies aerosols through electrical
mobility. The copper tube of 4 mm diameter was used as a sampling line without any special upper-size cut-off
inlet. The dried aerosols were collected in 30 channels with 1 LPM sheath flow and 0.3 LPM sample flow. The time
resolution of the measurements was approximately 10 min. All the measurements were performed according to
the international technical standard>”. The particles were collected and analyzed continuously during the whole
campaign. The OC/EC analyzer (Sunset Laboratory, USA, 4G-Semicontinuous Field Analyzer) was employed for
elemental carbon measurements. Before site implementation, the analyzer underwent calibration according to
the manufacturer’s specifications. A comprehensive explanation of the OC/EC analyzer’s operational principles
can be found elsewhere™.

The Aethalometer and its alternative source apportionment models

The Aethalometer model

The operational principle of the Aethalometer is well described in many studies®”->°. Briefly, the sampled airflow,
including the aerosol, is directed through a filter tape that captures aerosol particles. Optical filter photometers
then measure the transmission of the filter-accumulated aerosol*’. The absorption coefficient is then deduced
from the coeflicient of attenuation. The expression of light intensity for the unexposed portion of the filter tape
(I,) is related to the intensity from aerosols accumulated part by Beer’s law:

I(\) = Leexp (—€xOAC (N)), (1)

where £ is optical path length (the distance the light travels through the aerosol-laden portion of the filter
tape), i.e. £ = At x F/A, with At, E and A are aerosol deposition time, volumetric flow rate, and area of the
deposited aerosol filter, respectively*"*2. However, the filter attenuation measurements suffer from two major
artifacts*>**. One is the shadowing effect, which arises when the embedded aerosols are superimposed on each
other. The other is the so-called multiple scattering effect, which appears due to the deposition of aerosols at
different positions of the filter matrix, resulting in multiple scattering between the embedded particles. To
minimize these measurement artifacts, different posterior data treatments are used*#®, However, recent
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research has demonstrated that the correction factor for multiple scattering effects varies with wavelength and
composition*®47,

The Aethalometer model uses the deduced OAC of aerosols from measured transmittance data. Given that
wood-burning aerosols have lower absorption at near-IR as compared to absorption of aerosols generated
from fossil-fuel burning, and show increased absorption towards the shorter wavelengths, resulting in higher
absorption at the UV wavelength domain. The ultimate operational wavelengths of the instrument are used
to selectively identify the emission sources (370 nm and 950 nm). The Aethalometer model is based on the
two following assumptions: (i) the dominant sources of the carbonaceous aerosol are the wood burning (wb)
originating primarily from the heating activity and the fossil fuel (ff) aerosols typically emerging from traffic
activities, (ii) the AAE is a source specific marker of the two sources. These assumptions can be expressed by the
following equations:

OAC (370 nm) = OACyy
OAC (950 nm) = OACyy

—

370 nm) + OACy (370 nm) (2)
950 nm) + OAC,; (950 nm) 3)

—~

OACff (370 nm) - (@)7AAEff @
OACy; (950 nm)  \950
OAC,, (370 nm) (@)*AAEM %)
OACyu5 (950 nm) ~— \950

To define the source-specific absorption coefficients (OAC; and OAC,,) from Egs. 2-5, the priory not known
AAE; and AAE , should be specified by auxiliary measurements. In the originally proposed Aethalometer
model the AAE, is fixed at 1.1 value, while the AAE , was determined using thermoanalytically corrected
radiocarbon measurement data made on the filter- sampled particles with a 24 h time resolution'®. In some other
studies, simply the EC and OC data deduced from the thermoanalytically measured results are used for the
determination of AAE_, using the same procedure*®*. Moreover, in some measurement campaigns, non-site-
specific values from the hterature50 >1, or even default values of AAEs (AAE;=1and AAE , =2) are applied®>>’.
However, those assumptions impose a significant limitation on the accuracy of the results54 Moreover, some
recent studies have experimentally demonstrated that the fixed AAE value of fossil fuel aerosols also imposes
strong limitations for measurement accuracy®>%. With known AAE; and AAE ,, the contribution of the wood
burning and fossil fuel aerosols to the measured OACs at a specific wavelength can be determined directly from
Eqs. 2-5. After that, the contribution of wood burning and fossil fuel aerosols to total carbonaceous mass (CM)
can be expressed by the spectral properties of the emissions associated with different sources

CM = CMuyp, + CMyss = cuwp - OACw (370 nm) + crf- OACYy (950 nm), (6)

where the constants ¢, and cyy are related to the conversion factor (mass-specific absorption cross section
(ug/m?)) between particulate mass concentration and optical absorption coefficient through an inverse relation.
The conversion factors cus and ¢y were then estimated by linear regression of Eq. 6,157 However, accurate
determination of ¢y and ¢y requires precise measurement of the CM, CMg, and CM,,. Various methods are
employed for these measurements. Some studies use BC data from Aethalometers at 880 nm to estimate the BC
fraction of CM'®. Others rely on thermoanalytical measurement techniques to measure organic carbon (OC), EC,
and TC to estimate ¢, and ¢ 5 values?®4°. Additionally, accelerator mass spectrometry (AMS) or combinations
of different instruments are used for this purpose as well’®. The Aethalometer model has approximately 20%
uncertainty when source-specific AAE values are verified with site-specific auxiliary measurements®. Given the
complexities and poor time resolution measurements associated with AAE and CM determination, there is a
pressing need for a simpler, real-time technique for source apportionment results.

The alternative spectral-based source apportionment

The proposed alternative spectral-based source apportionment method uses the same preliminary conditions,
such as the dominant sources of carbonaceous emission being traffic and wood burning, as well as the AAE is
the marker of the carbonaceous emission sources (Eqs. 2-5). In the first step of this approach, the source-specific
AAEs are determined from the parallel measurements of size distribution and optical absorption?!. Many earlier
studies have experimentally demonstrated that under these measurement conditions, the size distribution of
ambient aerosol can be fitted with two modes, where the particles fall into the modes with a count median
diameter of about 30 nm (CMD,) originating dominantly from traffic activates, while the modes with CMD
of about 130 nm (CMD,,) include primary wood burning aerosols***%. Based on this, the measured optical
absorption at the ultimate, operational wavelengths of the Aethalometer is expressed by the following equations:

OAC (370 nm) = Neapso - SPOACf (370 nm) + Nearpiso - SPOACy,, (370 nm) (7)
OAC (950 nm) = Ncmpso - SPOACyy (950 nm) + Nempizo - SPOAC (950 nm) , (8)
where the N s, and the N, ... are the number concentrations of traffic and wood burning aerosols of

corresponding CMDs, while the SPOAC; and the SPOAC, are the hypothetical values of single particle OAC.
Dividing Eqs. 7 and 8. yields the following equation:

Scientific Reports |

(2025) 15:19501 | https://doi.org/10.1038/s41598-025-04022-3

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/
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Depicting the ratio of OAC(370 nm)/OAC(950 nm) in the function of N1 30/Neppso a0d fitting the measured

data in the form of Eq. 9, the source-specific AAE values can be determined as the ultimate limits of the fitting
curve (Egs. 10 and 11).

lim OAC (370 nm) _ SPOACy; (370 nm) _ (@)_AAEM
Neaspisonn g OAC (950 nm) — SPOACy; (950 nm) — \950 (10)
NcMD3onm
lim OAC (370 nm)  SPOAC,;, (370 nm) (@) —AAEy,
Neapisonm ., OAC (950 nm) — SPOAC., (950 nm) — \ 950 (11)

NcmMD30onm

Employing the AAE and the AAE , data, the contribution of fossil fuel and wood-burning aerosol absorption
to the measured one at a given wavelength can be directly determined from Eqs. 2-5. The next step of this
evaluation protocol is the determination of CMzand CM,,. Under these measurement conditions, the measured
OAC and the source-specific AAE as a function of mass-specific absorption coefficient can be expressed as:

OAC (370 nm) = CMyy - o5 (370 nm) + C My - 0up (370 nm) (12)
OAC (950 nm) = CM;yys - osy (950 nm) + CMuyp - 0wp (950 nm) (13)
o1, (O mm) _ (3703041 o
oz (950 nm) — \ 950
Owb (370 nm) (@)fAAEwb (15)
awb (950 nm)  \950

The AAE for aerosols originating from fossil fuel combustion and wood burning can be derived by leveraging
the correlation between the optical absorption coefficient and the measured aerosol size distribution?!. This
relationship allows the system of equations (Eqs. 2-5) to be solved analytically, as the four equations now
correspond to four unknowns. Given OACg (950 nm) obtained from solving Eqs. 2-5, along with the known
AAE_ and the mass-specific absorption cross section of fossil fuel aerosol at an arbitrary wavelength (o (o)),
the CM; can be defined as:

—AAE;;
M,y = OAC}y (950 nm) (ﬁ) (16)
ofy ()\0) 950
Similarly, the CM_ ; can be expressed from the rearrangement of Eq. 12:
CM,,, = OAC (370 IlIIl) - OMfoff (370 nm) (17)

owb (370 nm)

To determine CM,,, we use the thumb-of-rule relation between the CM and EC. Many earlier studies have
demonstrated experimentally that the ECj; content of CMg; is about 50%, while the CM_; comprises around 1/3
EC,, content®'~%, Using these relations, the EC ; and the CM,, can be expressed as:

ECwaEC—ECffZEC—%OMff (18)
My, =3 (BC - SCM; ) (19)

Therefore, using the synergy of thumb-of-rule-relation between the CM and EC content of the emission sources
and the measured size distribution and optical absorption coeflicient data, the proposed model provides a
straightforward opportunity for real-time and selective source apportionment of the emission sources of
carbonaceous particulate matter of the atmosphere.

Results

Diurnal variation and wavelength dependency of AAE

The daily variation of the AAE inferred from optical absorption measurements obtained by the Aethalometer is
illustrated in Fig. 1. A generally used wavelength-independent multiple scattering correction factor of 2.14 was
employed in the calculation of OAC?. The AAE data were averaged for each hour of the day for 2 months. We
have identified two distinct dynamics of the AAEs corresponding to daily variations in the carbonaceous mass of
aerosols, observed in the wavelength ranges of 370-520 nm and 520-950 nm. Additionally, a third wavelength-
independent AAE approximation (370-950 nm), widely used, is also depicted in Fig. 1. Inside these domains
the AAE is independent of the applied wavelength pairs and shows similar trends but with different AAE values
and dynamics® (Fig. 1). Although the trends of AAE is similar, higher dynamics AAE have been observed at the
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Fig. 1. The diurnal variation of AAE at the specified wavelength pair of the Aethalometer.
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Fig. 2. The wavelength-dependent optical absorption quantified by AAE at two representative periods of the
day (06:00 and 14:00).

lower wavelength domain pair than that of the higher wavelength pair (Fig. 1). This phenomenon arises from
the characteristics of organic matter present in wood burning aerosols, which demonstrate minimal absorption
within the visible to near-infrared wavelength domain resulting in lower AAE values. Conversely, it exhibits the
highest absorption within the ultraviolet spectrum domain, leading to higher AAE values in the UV-visible
range”*? (Fig. 1).

This type of daily dynamics of AAE agrees well with many earlier studies’ results?>*°. These dynamics of AAE
align closely with the distinctive properties of aerosols originating from their respective sources. The aerosols
dominated by traffic activities have the lowest AAE, i.e., nearly 1, while the aerosols dominated by wood burning
have higher AAE values®”°. The daily dynamics of the AAE are primarily driven by the emission strengths of
the sources®!. In the daytime, when traffic activities are dominant, the AAE is lower, while in the late afternoon
and at night, when residential heating is prevailing, the AAE is increased. The steep drop in AAE values around
15:00-17:00 shows the abundance of vehicles on the road. The measured optical absorption and the AAE
values are depicted in the two representative periods of the day (Fig. 2). At 6:00 AM, when the residential
heating activities are dominant, the AAE value is higher than 2, while at 14:00 when the relative contribution of
traffic aerosol is increased, it decreased to around 1.8 in the 370-520 nm wavelength domain. However, in the
520-950 nm wavelength range, the AAE shows negligible deviations in these two periods of the day. Although
many earlier studies using free-floating (filter-free) samples have experimentally demonstrated the wavelength
dependency of AAE, this study provides the first experimental evidence of this phenomenon using optical
absorption measurement based on the transmission measurement of the filter-accumulated aerosol (Fig. 2).
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The measured size distribution and its mode structure

The particle size is the key parameter in the transport and deposition of ambient aerosols. Figure 3 presents the
number-size distributions of aerosol particles using data from DMPS. We applied the lognormal multipeak
fitting method on measured size distribution data to determine the bi-modal size distribution of the ambient
aerosols®®72 The data is averaged over each hour of the day. Each multi-peak lognormal fitting revealed a
bi-modal structure, with modal sizes falling within the ranges of 20-40 nm and 90-170 nm for the first and
second modes. The aerosol falls into the modes having the count median diameter (CMD) between 20 and
40 nm is referred to as CMD,,, while the mode dominated by larger size particles with higher CMD values
around 130 nm is termed as CMD,,. Furthermore, the convolution of the two identified modes gives the
measured size distribution back with high accuracy, which further confirms the reliability of the assumption
that the two sources can be segregated from each other through the bimodal fitting procedure. The bi-modal
size distributions for the two representative periods of the day are shown in Fig. 3. Based on the earlier literature
studies, it is experimentally verified that the aerosol that falls into the CMD,; modes dominantly originated from
traffic emission, while in the CMD ,; mode, the wood burning aerosol is decisive in rural areas®®”*>7% One
can see from Fig. 3. that the emission strengths represented by the ratio of the total number concentration of
the modes (TNC) of the two sources differ significantly from each other in the depicted representative periods
of the day (Fig. 3). At 6:00, the aerosol number concentration falls into the CMD, ,; mode is higher than that of
CMD,, mode. On the contrary, during the afternoon, the number concentration of the CMD,, becomes more
prominent, indicating the relative increase of the traffic-related aerosol emissions.

The correlation between measured absorption and thermoanalytical data

We obtained the elemental carbon data from OC/EC analyzer with 6-h average and the measured data is plotted
as a function of optical absorption at the longer operational wavelength of the Aethalometer (950 nm) (Fig. 4).
The OAC data is averaged and synchronized with the same sampling period for this correlation. The correlation
between measured OAC and EC values offers opportunities to calculate the mass-specific absorption cross-
sections of the EC aerosols originating from traffic and wood burning emissions. The identified linear correlation
is quantified by its slope, the coefficient of correlation (R), and the coefficient of determination (R?) (Fig. 4). The
slope of the plot gives the mass-specific absorption cross section of EC content of the measured aerosol assembly
at the specified wavelength of the Aethalometer, 0 g (950 nm) = 6.39( m?/pg). The strong correlation of 0.99
between the measured quantities highlights the reliability of this relationship in the determination of o gc.

The correlation and quantification of AAE with a ratio of measured size modes and OC/EC have also been
demonstrated (Fig. 5a-b). The OC/EC data is directly obtained from OC/EC analyzer, and its correlation with the
AAE emphasizes the significant influence of aerosol chemical composition on AAE values®*73. The OC fraction
is more dominant in wood burning than in fossil fuel aerosol, therefore, the OC/EC ratio carries information
regarding the relative strengths of wood burning in the measured aerosol assembly>’. Moreover, the identified
correlation between the AAE and the OC/EC ratio opens novel possibilities to measure the relative strengths of
OC/EC in real time through the measured optical absorption data’®. The slope of OC/EC correlation is 0.07, and
the correlation coefficient and the standard deviation of the fitting were found to be 0.8 and 0.6, respectively. The
strong correlation of the ratio of the modes TNC,, /TNC,  with AAE implies that both the diurnal dynamics
of AAE and mode structure are driven by the emission strength of different sources associated with traffic and
heating activities.

Source apportionment with Aethalometer and the proposed model

First, the source apportionment results were obtained using the originally proposed Sandradewi model or
the so-called Aethalometer model'®. The total carbonaceous particulate matter was obtained simply by using
the OC/EC analyser measurement data here. The AAE was set fixed at 1.1 while AAE_, was varied between
1.1 and the maximum value of the measured AAE data. Then for each AAE , value the linear regression was
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Fig. 3. The measured size distribution followed by mode structure for two representative periods of the day
(Fig. 1).
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Fig. 4. The optical absorption calculated at highest wavelength of Aethalometer versus elementary carbon
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Fig. 5. The AAE obtained and its corelation as function of (a) OC/EC measurements (b) mode-structure.

performed to obtain conversion coefficients c; and c_,, thereby estimating the mass-specific optical absorption
of two aerosol types in Eq. 6. The c;and ¢, values were then used to calculate CM, , and CM; using Eq. 6. The
optimal AAE_; value was selected based on the best 1:1 correlation between the estimated CM,, + CM and the
thermoanalytlcally measured OC+EC data (Fig. 6). Based on this calibration procedure the . AAE 1s found
1.69 + 0.2 which is well agreed with the previously reported values”>”*. From the scatterplot of CM., " ° CMin
the function of OC + EC data, we obtain a slope of 0.96 + 0.1 with a correlation coefficient of 0.95, which further
confirms the reliability of the applied model.

Since the OC fraction of the emitted carbonaceous particulates is more dominant in wood burning than in
traffic aerosol, the relative strengths of the wood burning emission can be represented by the estimated CM,,/
(CM,,;, +CM) ratio'®. The scatterplot of the CM,,/(CM_, +CMy) in the function of OC/TC ratio has shown
a good correlation between the measured quantltles using AAE =1.1 and AAE , =1.69 in the data evaluation
procedure (Fig. 7). The slope of the fitted curve is 0.91 + 0.1 with the correlation coeﬁicient of 0.65 which yields
a determination coeflicient of 0.43.

The mass concentration of the fossil fuel and wood-burning aerosols using site-specific AAE values along
with a wavelength-independent multiple scattering correction factor is shown in Fig. 8a. For comparison
purposes, the source apportionment results using generally accepted values of AAEz=1and AAE ; =2 are also
presented in Fig. 8b. The wavelength-independent multiple scattering correction factor of 2.14 was used for the
calculations? (Fig. 8).
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Fig. 7. The scatter plot of the CM_,/CM,_, versus OC/TC data obtained from OCEC analyzer.

In the proposed, alternative source apportionment model, the determination of aerosol mass concentrations
originating from traffic and wood-burning emission is deduced from the site and source-specific AAE values
defined by the correlation between the mode structure and the measured optical absorption coefficient
(described in Sect. 3.3.) and the thumb-of-rule relation between EC and TC of the traffic and wood burning
emission (Egs. 18-19).

Based on the experimentally verified assumption that when the traffic and wood-burning aerosols are the
dominant emission sources of carbonaceous emission, the two sources can be identified through their bimodal
size distribution deduced from the measured size distribution data of ambient aerosols (Fig. 3). Take advantage
of parallel measurements of size distribution and optical absorption, the source-specific AAEs can be defined
through Egs. 9-11. The correlation between the ratio of the optical absorption coefficient measured at the
ultimate wavelengths of the instrument in the function of the ratio of the number concentration falls into the
two identified modes, is depicted in Fig. 9.

Defining the fitting line based on the form of Eq. 9, the source-specific AAE values can be determined as the
ultimate limits of the fitted curve shown in Fig. 9. In this limit, when the NCMDISO/ Nempso converges to 0 means
that the measured light absorption dominantly corresponds to the traffic activities, while when the N, /

CMD13(0

NCMD30 converges to infinity means that the contribution of wood burning aerosol to the light absorption is

dominant (Eqs. 10 and 11). Based on this extrapolation, the AAE; and AAE_, are 1.03+0.l.and 1.96+0.2,
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AAE and wavelength-independent multiple scattering correction factor (C=2.14) (b)employing commonly
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Fig. 9. The ratio of the measured optical absorption coefficient in the function of the ratio of the number
concentration of the two identified modes.

respectively. These AAE values agree well with the general exception and the earlier experimental results'®. The
correlation coefficient and the standard deviation of the fitting were found to be 0.87 and 0.15, respectively.
Using the defined AAE values the contribution of the wood burning and traffic aerosol to the measured
one at any specific wavelength can be determined from Eqs. 2-5. Using the AAE value of 1.03, the CM can
be calculated from Eq. 10. In this calculation the default value of mass-specific absorption cross section i.e.,
o (550 nm) = 7.5 g/m?” was used’>””. The CM, , was calculated by using thermoanalytically measured EC
data and the thumb-of-the-rule relation between the EC and TC ratio of the two sources (Eq. 11). Based on this
approach, the source apportionment results obtained from the proposed model are depicted in Fig. 10.
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AAE OC/EC | OC/EC OC/EC
(Wavelength-pair) | (Slope) | (Standard deviation) | (Corelation coefficient)
370-950 0.07 0.0546 0.8

370-520 0.06 0.045 0.88

520-950 0.3 0.65 0.65

Table 1. The slope, the standard deviation, and the correlation coefficient deduced from the correlation
between the AAE and the OC/EC ratio.

Summary and discussion

The parallel measurement of size distribution and absorption response of the ambient was measured in this study.
Although the wavelength dependency of the measured AAE was experimentally demonstrated in many earlier
studies®®’® using filter accumulated transmission measurement for the determination of the optical absorption
coefficient of the ambient aerosols, we demonstrated here for the first time that the measured OAC from filter
sampling can be characterized by two AAEs. One is related to the 390-550 nm, while the other is associated with
550-920 nm wavelength domain. The absolute value of the AAE and its dynamics increase towards the shorter
wavelength range (Figs. 1 and 2). We also further experimentally confirmed that the size distribution of the
measured aerosol assembly can be fitted with two log-normal unimodal modes, and each mode is characteristic
of the emission sources of the carbonaceous particulate (Fig. 3). We also demonstrated the correlation between
the real-time measured AAE and the off-line measured OC/EC ratio (Fig. 5b). Using the site and source-specific
slope of this correlation as a calibration factor, this correlation makes it possible to measure the OC/EC ratio in
real time through the measurement of the wavelength dependency of the absorption. Since the AAE depends on
the applied wavelength pair, the sensitivity of the AAE for the measurement of the OC/EC ratio is changed when
the AAE is calculated using a different wavelength domain (Table 1).

One can realize from Table 1, that the stronger correlation of evaluated AAE with measured OC/EC
increased towards the shorter wavelength domain (higher correlation coefficient and lower standard deviation).
The highest correlation can be found in the 370-520 nm wavelength range.

The Aethalometer and the proposed source apportionment model were used to determine the CM; and
CM,, of ambient in real-time (“Source apportionment with Aethalometer and the proposed model” Section).
Using the Aethalometer model, the thermoanalytically measured TC data were applied to determine the source-
specific AAE of the different sources!?. Alternatively, the commonly used AAE;=1and AAE , =2 was also used
to determine the CM and CM_, in the Aethalometer model®>*. Although the results of the two approaches
show similar dynamics, the average and the ratio of the different sources calculated for the whole measurement
period differ from each other (Table 2).

This discrepancy underscores the importance of incorporating site-specific characteristics for source
apportionment studies. The necessity for a straightforward, on-site measurement technique for source
apportionment results arises from minor fluctuations in AAE leads to substantial changes in source
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AAE, | AAE | CM, (ug/m’) (avg) | CM,, (ug/m®) (avg)

Aethalometer-model using site-specific AAE | 1.1 1.69 2.87 4.1
Aethalometer-model using default AAE values | 1 2 233 3.36
Proposed approach using site-specific AAE 1.03 1.96 2.99 3.98

Table 2. The average and the ratio of PMand PM_, concentrations using different approaches.

apportionment results. Such a technique should ensure efficient and reliable source apportionment results while
minimizing time requirements and simplifying data evaluation. Hence, the demonstration of our improved
model is important to address this pressing need.

In the proposed spectral-based source apportionment model, the source-specific AAE data is determined by
the correlation between the ratio of the total number concentration of the aerosol falls into the different modes
and the ratio of the optical absorption measured at the ultimate operational wavelengths of the Aethalometer?!
(Fig. 9). Using this approach, the AAE; and the AAE , are 1.03+0.2 and 1.96+0.15 respectively. Applying
the AAE data and the proposed thumb-of-rule relation between the EC and TC of the different sources, we
have calculated the PM and the PM_, (Fig. 10). The correspondence in mass-specific absorption cross-section
values between the improved model and the originally defined Aethalometer model underscores the validity of
our proposed model. The percentage difference between outcomes of Aethalometer-model by employing site-
specific AAE values and by employing the simplified assumptions of AAE results in 21% and 20% for traffic and
wood burning aerosols respectively (Table 2). The outputs of the classical Aethalometer model using site-specific
AAE values and the proposed model are closely related (Table 2). The percentage difference between the outputs
of the two models is 4% and 3% for fossil fuel and wood-burning aerosols respectively.

In this study, we demonstrate a simplified alternative source apportionment model utilizing real-time,
parallel measurements of size distribution and optical absorption data using DMPS and Aethalometer. The
model is based on an empirical relationship between TC and EC for different sources. Additionally, we examined
the wavelength dependence of the AAE derived from the measured OAC from the Aethalometer. The source
apportionment results from our model were compared with those from the conventional Aethalometer model.
The percentage difference between the proposed model output and the originally introduced Aethalometer
model output is less than 10% at each measurement point, which further validates the proposed alternative
model.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 11 February 2025; Accepted: 23 May 2025
Published online: 04 June 2025

References

1. Luoma, K. et al. Spatiotemporal variation and trends in equivalent black carbon in the Helsinki metropolitan area in Finland.
Atmos. Chem. Phys. 21, 1173-1189. https://doi.org/10.5194/acp21-1173-2021 (2021).

2. Janssen, N. A. et al. Black carbon as an additional indicator of the adverse health effects of airborne particles compared with PM, |
and PM, .. Environ. Health Perspect. 119, 1691-1699. https://doi.org/10.1289/ehp.1003369 (2011).

3. Segersson, D. et al. Health impact of PM,, PM, . and black carbon exposure due to different source sectors in Stockholm,
Gothenburg and Umea, Sweden. Int. J. Env. Res. Pub. Health 14, 742. https://doi.org/10.3390/ijerph14070742 (2017).

4. Bond, T. C. et al. Bounding the role of black carbon in the climate system: A scientific assessment. Journal of geophysical Research:
Atmospheres 118(11), 5380-5552. https://doi.org/10.1002/jgrd.50171 (2013).

5. IPCC: Climate Change 2014: Synthesis Report. in Contribution of Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (eds Core Writing Team, Pachauri, R. K. & Meyer, L. A.) 151 (IPCC, 2014).

6. Andreae, M. & Ramanathan, V. Climate’s dark forcings. Science 6130, 280-281. https://doi.org/10.1126/science.1235731 (2013).

7. Kompalli, S. K. et al. Mixing state of refractory black carbon aerosol in the South Asian outflow over the northern Indian Ocean
during winter. Atmos. Chem. Phys. 21, 9173-9199. https://doi.org/10.5194/acp-21-9173-2021 (2021).

8. Zhang, B., Wang, Y. & Hao, J. Simulating aerosol-radiation-cloud feedbacks on meteorology and air quality over eastern China
under severe haze conditions in winter. Atmos. Chem. Phys. 15, 2387-2404. https://doi.org/10.5194/acp-15-2387-2015 (2015).

9. Erik, S. G. et al. Observed aerosol-layer depth at station nord in the high arctic. Int. J. Climatol. 43, 3247-3263. https://doi.org/10.
1002/joc.8027 (2023).

10. Szabados, G., Bereczky, A., Ajtai, T. & Bozdki, Z. Evaluation analysis of particulate relevant emission of a diesel engine running on
fossil diesel and different biofuels. Energy 161, 1139-1153. https://doi.org/10.1016/j.energy.2018.07.154 (2018).

11. Fei, Z., Lou, R,, Xiao, Z. & Ren, X. L: Contamination assessment and source apportionment of heavy metals in agricultural soil
through the synthesis of PMF and Geog detector models. Sci. Total Environ. 747, 141293 https://doi.org/10.1016/j.scitotenv.2020.
141293 (2020).

12. Guo, S. et al. Elucidating severe urban haze formation in China. Proc. Natl. Acad. Sci. U. S. A. 111, 17373-17378. https://doi.org/1
0.1073/pnas.1419604111 (2014).

13. Szidat, S. et al. Dominant Impact of residential wood burning on particulate matter in Alpine valleys during winter. Geophys. Res.
Lett. 34, 1L05820. https://doi.org/10.1029/2006GL028325 (2007).

14. Gelencser, A. et al. Source apportionment of PM, , organic aerosol over Europe. J. Geophys. Res. 112, D23504. https://doi.org/10.1
029/2006]D008094 (2007).

15. Hodezic, A. et al. Can 3-D models explain the observed fractions of fossil and non-fossil carbon in and near Mexico City?. Afmos.
Chem. Phys. 10, 10997-11016. https://doi.org/10.5194/acp-10-10997-2010 (2010).

16. Kumar, A. et al. Two different approaches for source apportionment of ambient black carbon in highly polluted environments.
Atmosphe. Environ. 338, 120863. https://doi.org/10.1016/j.atmosenv.2024.120863 (2024).

Scientific Reports |

(2025) 15:19501 | https://doi.org/10.1038/s41598-025-04022-3 nature portfolio


https://doi.org/10.5194/acp21-1173-2021
https://doi.org/10.1289/ehp.1003369
https://doi.org/10.3390/ijerph14070742
https://doi.org/10.1002/jgrd.50171
https://doi.org/10.1126/science.1235731
https://doi.org/10.5194/acp-21-9173-2021
https://doi.org/10.5194/acp-15-2387-2015
https://doi.org/10.1002/joc.8027
https://doi.org/10.1002/joc.8027
https://doi.org/10.1016/j.energy.2018.07.154
https://doi.org/10.1016/j.scitotenv.2020.141293
https://doi.org/10.1016/j.scitotenv.2020.141293
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.1029/2006GL028325
https://doi.org/10.1029/2006JD008094
https://doi.org/10.1029/2006JD008094
https://doi.org/10.5194/acp-10-10997-2010
https://doi.org/10.1016/j.atmosenv.2024.120863
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Favez, O. et al. Inter-comparison of source apportionment models for the estimation of wood burning aerosols during wintertime
in an Alpine city (Grenoble, France). Atmos. Chem. Phys. 10, 5295-5314. https://doi.org/10.5194/acp-10-5295-2010 (2010).
Martinsson, J., Sporre, M. K., Pédehontaa-Hiaa, G. & Azeem, H. A. On the relationship of biogenic primary and secondary organic
aerosol tracer compounds on the Aethalometer model parameters. Aerosol Air Qual. Res. 20, 2654-2668. https://doi.org/10.4209/
aaqr.2020.01.0035 (2020).

Sandradewi, J. et al. Using aerosol light absorption measurements for the quantitative determination of wood burning and traffic
emission contributions to particulate matter. Environ. Sci. Technol. 42, 3316-3323. https://doi.org/10.1021/es702253m (2008).
Ajtai, T. et al. Inter-comparison of optical absorption coeflicients of atmospheric aerosols determined by a multi-wavelength
photoacoustic spectrometer and an Aethalometer under sub-urban wintry conditions. J. Aerosol Sci. 42, 859-866. https://doi.org/
10.1016/j.jaerosci.2011.07.008 (2011).

Ajtai, T. et al. A method for segregating the optical absorption properties and the mass concentration of winter time urban aerosol.
Atmos. Environ. 122, 313-320. https://doi.org/10.1016/j.atmosenv.2015.09.072 (2015).

Massabo, D. et al. Multi-wavelength optical determination of black and brown carbon in atmospheric aerosols. Atmos. Environ.
108, 1-12. https://doi.org/10.1016/j.atmosenv.2015.02.058 (2015).

Ajtai, T. et al. The investigation of diesel soot emission using instrument combination of multi-wavelength photoacoustic
spectroscopy and scanning mobility particle sizer. Sci. Rep. 14(1), 2254. https://doi.org/10.1038/s41598-024-52832-8 (2024).
Bond, T. C., Anderson, T. L. & Campbell, D. Calibration and intercomparison of filter-based measurements of visible light
absorption by aerosols. Aerosol Sci. Tech. 30, 582-600 (1999).

Weingartner, E. et al. Absorption of light by soot particles: determination of the absorption coefficient by means of aethalometers.
J. Aerosol Sci. 34, 1445-1463. https://doi.org/10.1016/S0021-8502(03)00359-8 (2003).

Savadkoohi, M. et al. Source-dependent absorption Angstrom™ exponent in the Los Angeles Basin: Multi-time resolution factor
analyses of ambient PM25 and aerosol optical absorption. Sci. Total Environ. 958, 178095. https://doi.org/10.1016/j.scitotenv.2024
.178095 (2025).

Forello, A. C. et al. Gaining knowledge on source contribution to aerosol optical absorption properties and organics by receptor
modelling. Atmos. Environ. 243, 117873. https://doi.org/10.1016/j.atmosenv.2020.117873 (2020).

Salma, I. et al. Fossil fuel combustion, biomass burning and biogenic sources of fine carbonaceous aerosol in the Carpathian Basin.
Atmos. Chem. Phys. 20, 4295-4312. https://doi.org/10.5194/acp-20-4295-2020 (2020).

Horvath, L. & Sutton, M. A. Long term record of ammonia and ammonium concentrations at K-puszta, Hungary. Atmos. Environ.
32, 339-344. https://doi.org/10.1016/S1352-2310(97)00046-0 (1998).

Yli-Juuti, T. et al. Characteristics of new particle formation events and cluster ions at K-puszta, Hungary. Boreal Environ. Res. 14,
683-698 (2009).

Maenhaut, W, Raes, N., Chi, X., Cafmeyer, ]. & Wang, W. Chemical composition and mass closure for PM, . and PM, ; aerosols at
K-puszta, Hungary, in summer 2006. X-Ray Spectrom. 37, 193-197. https://doi.org/10.1002/xrs.1062 (2008).

Hoffer, A., Téth, A., Posfai, M., Eddy, C. & Gelencsé, A. Brown carbon absorption in the red and near-infrared spectral region.
Atmos. Meas. Tech. 10, 2353-2359. https://doi.org/10.5194/amt-10-2353-2017 (2017).

Drinovec, L. et al. The “dual-spot” Aethalometer: an improved measurement of aerosol black carbon with real-time loading
compensation. Atmos. Meas. Tech. 8(5), 1965-1979. https://doi.org/10.5194/amt-8-1965-2015 (2015).

Casquero-Vera, J. A. et al. New particle formation at urban and high-altitude remote sites in the south-eastern Iberian Peninsula.
Atmos. Chem. Phys. 20, 14253-14271 (2020).

Wiedensohler, A. et al. Mobility particle size spectrometers: Harmonization of technical standards and data structure to facilitate
high quality long-term observations of atmospheric particle number size distributions. Atmos. Meas. Tech. 5, 657-685. https://doi
.org/10.5194/amt-5-657-2012 (2012).

Brown, S. et al. Review of sunset OC/EC instrument measurements during the EPA’s Sunset carbon evaluation project. Atmosphere
10(5), 287. https://doi.org/10.3390/atmos10050287 (2019).

Sedlacek, A. J., Aethalometer™ Instrument Handbook (No. DOE/SC-ARM-TR-156). DOE Office of Science Atmospheric Radiation
Measurement (ARM) Program (United States) (2016).

Kozlov, V. S., Shmargunov, V. P. & Panchenko, M. V. Modified aethalometer for monitoring of black carbon concentration in
atmospheric aerosol and technique for correction of the spot loading effect. in 22nd International Symposium on Atmospheric and
Ocean Optics: Atmospheric Physics, vol. 10035, 650-660 (2016). https://doi.org/10.1117/12.2248009

Hansen, A. D. A., Rosen, H. & Novakov, T. Real-time measurement of the aerosol absoprtion-coefficient of aerosol particles. Appl.
Opt. 21, 3060-3062. https://doi.org/10.1364/A0.21.003060 (1982).

Hansen, A. D. A., Rosen, H. & Novakov, T. The aethalometer: An instrument for the real-time measurement of optical absorption
by aerosol particles. Sci. Total Environ. 36, 191-196. https://doi.org/10.1016/0048-9697(84)90265-1 (1984).

Moosmiiller, H. & Arnott, W. P. Particle optics in the Rayleigh regime. J. Air Waste Manag. Assoc. 59(9), 1028-1031. https://doi.or
¢/10.3155/1047-3289.59.9.1028 (2009).

Ajtai, T. et al. Diurnal variation of Aethalometer correction factors and optical absorption assessment of nucleation events using
multi-wavelength photoacoustic spectroscopy. J. Environ. Sci. 83, 96-109. https://doi.org/10.1016/j.jes.2019.01.022 (2019).
Petzold, A. & Schonlinner, M. Multi-angle absorption photometry: A new method for the measurement of aerosol light absorption
and atmospheric black carbon. J. Aerosol Sci. 35, 421-441. https://doi.org/10.1016/j.jaerosci.2003.09.005 (2004).

Subramanian, R., Roden, C. A., Boparai, P. & Bond, T. C. Yellow beads and missing particles: Trouble ahead for filter-based
absorption measurements. Aerosol. Sci. Tech. 41, 630-637. https://doi.org/10.1080/02786820701344589 (2007).

Virkkula, A. et al. 5 A simple procedure for correcting loading effects of aethalometer data. J. Air Waste Manage. 57(10), 1214-
1222. https://doi.org/10.3155/1047-3289.57.10.1214 (2007).

Yus-Diez, J. et al. Determination of the multiple-scattering correction factor and its cross-sensitivity to scattering and wavelength
dependence for different AE33 Aethalometer filter tapes: A multi-instrumental approach. AMT 14, 6335-6355. https://doi.org/10
.5194/amt-14-6335-2021 (2021).

Ferrero, L. et al. Consistent determination of the heating rate of light-absorbing aerosol using wavelength- and time-dependent
Aethalometer multiple-scattering correction. Sci. Total Environ. 791, 148277. https://doi.org/10.1016/j.scitotenv.2021.148277
(2021).

Chow, J. C. et al. Equivalence of elemental carbon by thermal/optical reflectance and transmittance with different temperature
protocols. Environ. Sci. Technol. 38(16), 4414-4422. https://doi.org/10.1029/2004]D004999 (2004).

Giannoni, M. et al. A Comparison between thermal-optical transmittance elemental carbon measured by different protocols in
PM,  samples. Sci. Total Environ 571, 195-205. https://doi.org/10.1016/j.scitotenv.2016.07.128 (2016).

Elser, M. et al. Urban increments of gaseous and aerosol pollutants and their sources using mobile aerosol mass spectrometry
measurements. Atmos. Chem. Phys. 16,7117-7134. https://doi.org/10.5194/acp-16-7117-2016 (2016).

Martinsson, J. et al. Carbonaceous aerosol source apportionment using the Aethalometer model - evaluation by radiocarbon and
levoglucosan analysis at a rural background site in southern Sweden. Atmos. Chem. Phys. 17, 4265-4281. https://doi.org/10.5194/
acp-17-4265-2017 (2017).

Marjan, S., Andres, A., Marco, P. & Xavier Q. Source apportionment of Black carbon (BC) particles in urban background in
European cities in the frame of the RI-URBANS project. in 11th International Aerosol Conference (IAC) (2022).

Scientific Reports |

(2025) 15:19501 | https://doi.org/10.1038/s41598-025-04022-3 nature portfolio


https://doi.org/10.5194/acp-10-5295-2010
https://doi.org/10.4209/aaqr.2020.01.0035
https://doi.org/10.4209/aaqr.2020.01.0035
https://doi.org/10.1021/es702253m
https://doi.org/10.1016/j.jaerosci.2011.07.008
https://doi.org/10.1016/j.jaerosci.2011.07.008
https://doi.org/10.1016/j.atmosenv.2015.09.072
https://doi.org/10.1016/j.atmosenv.2015.02.058
https://doi.org/10.1038/s41598-024-52832-8
https://doi.org/10.1016/S0021-8502(03)00359-8
https://doi.org/10.1016/j.scitotenv.2024.178095
https://doi.org/10.1016/j.scitotenv.2024.178095
https://doi.org/10.1016/j.atmosenv.2020.117873
https://doi.org/10.5194/acp-20-4295-2020
https://doi.org/10.1016/S1352-2310(97)00046-0
https://doi.org/10.1002/xrs.1062
https://doi.org/10.5194/amt-10-2353-2017
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-5-657-2012
https://doi.org/10.5194/amt-5-657-2012
https://doi.org/10.3390/atmos10050287
https://doi.org/10.1117/12.2248009
https://doi.org/10.1364/AO.21.003060
https://doi.org/10.1016/0048-9697(84)90265-1
https://doi.org/10.3155/1047-3289.59.9.1028
https://doi.org/10.3155/1047-3289.59.9.1028
https://doi.org/10.1016/j.jes.2019.01.022
https://doi.org/10.1016/j.jaerosci.2003.09.005
https://doi.org/10.1080/02786820701344589
https://doi.org/10.3155/1047-3289.57.10.1214
https://doi.org/10.5194/amt-14-6335-2021
https://doi.org/10.5194/amt-14-6335-2021
https://doi.org/10.1016/j.scitotenv.2021.148277
https://doi.org/10.1029/2004JD004999
https://doi.org/10.1016/j.scitotenv.2016.07.128
https://doi.org/10.5194/acp-16-7117-2016
https://doi.org/10.5194/acp-17-4265-2017
https://doi.org/10.5194/acp-17-4265-2017
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Velazquez-Garcia, A., de Brito, J. E, Crumeyrolle, S., Chiapello, I. & Riffault, V. Assessment of light-absorbing carbonaceous
aerosol origins and properties at the ATOLL site in northern France. Aerosol. Res. 2, 107-122. https://doi.org/10.5194/ar-2-107-2
024 (2024).

Bernardoni, V. et al. Determination of Aethalometer multiple-scattering enhancement parameters and impact on source
apportionment during the winter campaign in Milan. Atmos. Meas. Tech. 14, 2919-2940. https://doi.org/10.5194/amt-14-2919-20
21 (2021).

Healy, R. M. et al. Ambient measurements and source apportionment of fossil fuel and biomass burning black carbon in Ontario.
Atmos. Environ. 161, 34-47. https://doi.org/10.1016/j.atmosenv.2017.04.034 (2017).

Chakraborty, M., Amanda, G. A. & Naomi, Z. N. Performance evaluation of portable dual-spot micro-aethalometers for source
identification of black carbon aerosols: Application to wildfire smoke and traffic emissions in the Pacific Northwest. Atmos. Meas.
Tech. 16, 2333-2352. https://doi.org/10.5194/amt-16-2333-2023 (2023).

Zotter, P. et al. Evaluation of the absorption Angstrom exponents for traffic and wood burning in the Aethalometer-based source
apportionment using radiocarbon measurements of ambient aerosol. Atmos. Chem. Phys. 17, 4229-4249. https://doi.org/10.5194/
acp-17-4229-2017 (2017).

Weissenbok, R. H. et al. Accelerator mass spectrometry analysis of non-soluble carbon in aerosol particles from high alpine snow
(Mt. Sonnblich, Austria). Radiocarbon 42(2), 285-294. https://doi.org/10.1017/S0033822200059099 (2000).

Utry, N. et al. Correlations between absorption Angstrom exponent (AAE) of wintertime ambient urban aerosol and its physical
and chemical properties. Atmos. Environ. 91, 52-59. https://doi.org/10.1016/j.atmosenv.2014.03.047 (2014).

Filep, A. et al. Absorption spectrum of ambient aerosol and its correlation with size distribution in specific atmospheric conditions
after a red mud accident. Aerosol. Air Qual. Res. 13, 49-59. https://doi.org/10.4209/aaqr.2012.04.0078 (2013).

Dumka, U. C. et al. Assessment of biomass burning and fossil fuel contribution to black carbon concentrations in Delhi during
winter. Atmos. Environ. 194, 93-109. https://doi.org/10.1016/j.atmosenv.2018.09.033 (2018).

Zhang, Y. et al. On the fossil and non-fossil fuel sources of carbonaceous aerosol with radiocarbon and AMS-PMF methods during
winter hazy days in a rural area of North China plain. Environ. Res. 208, 112672. https://doi.org/10.1016/j.envres.2021.112672
(2022).

Correa-Ochoa, M. A. et al. A review on the characterization and measurement of the carbonaceous fraction of particulate matter.
sustainability 15(11), 8717. https://doi.org/10.3390/sul5118717 (2023).

Mahfouz, M. M. K. et al. Contribution of black carbon and desert dust to aerosol absorption in the atmosphere of the eastern
Arabian Peninsula. Atmos. Environ. 32024, 120427. https://doi.org/10.1016/j.atmosenv.2024.120427 (2024).

Bond, T. C. & Bergstrom, R. W. Light absorption by carbonaceous particles: An investigative review. Aerosol. Sci. Technol. 40,
27-67. https://doi.org/10.1080/02786820500421521 (2006).

Bond, T. C., Covert, D. S., Kramlich, J. C., Larson, T. V. & Charlson, R. J. Primary particle emissions from residential coal burning:
optical properties and size distributions. J. Geophys. Res. Atmos. https://doi.org/10.1029/2001JD000571 (2002).

Schnaiter, M. et al. Absorption amplification of black carbon internally mixed with secondary organic aerosol. . Geophys. Res.-
Atmos. 110, 1-11. https://doi.org/10.1029/2005]D006046 (2005).

Chakrabarty, R. K. et al. Emissions from the laboratory combustion of wildland fuels: Particle morphology and size. J. Geophys.
Res.-Atmos. 111, D07204. https://doi.org/10.1029/2005]D006659 (2006).

Pintér, M. et al. Optical properties, chemical composition and the toxicological potential of urban particulate matter. Aerosol. Air
Qual. Res. 17, 1515-1526. https://doi.org/10.4209/aaqr.2016.09.0395 (2016).

Reddington, C. L. et al. The mass and number size distributions of black carbon aerosol over Europe. Atmos. Chem. Phys. 13,
4917-4939. https://doi.org/10.5194/acp-13-4917-2013 (2013).

Wehner, B. & Wiedensohler, A. Long term measurements of submicrometer urban aerosols: Statistical analysis for correlations
with meteorological conditions and trace gases. Atmos. Chem. Phys. 3, 867-879. https://doi.org/10.5194/acp-3-867-2003 (2003).
Rissler, J. et al. Size distribution and hygroscopic properties of aerosol particles from dry-season biomass burning in Amazonia.
Atmos. Chem. Phys. 6, 471-491. https://doi.org/10.5194/acp-6-471-2006 (2006).

Favez, O., Cachier, H,, Sciare, J., Sarda-Estéve, R. & Martinon, L. Evidence for a significant contribution of wood burning aerosols
to PM, . during the winter season in Paris, France. Atmos. Environ. 43, 3640-3644. https://doi.org/10.1016/j.atmosenv.2009.04.035
(2009).

Wang, Q. et al. Optical source apportionment and radiative effect of light-absorbing carbonaceous aerosols in a tropical marine
monsoon climate zone: The importance of ship emissions. Atmos. Chem. Phys. 20, 15537-15549. https://doi.org/10.5194/acp-20-1
5537-2020 (2020).

Deng, J. et al. Source apportionment of black carbon aerosols from light absorption observation and source-oriented modeling: An
implication in a coastal city in China. Atmos. Chem. Phys. 20, 14419-14435. https://doi.org/10.5194/acp-20-14419-2020 (2020).
Saliou, M. et al. Mass absorption cross-section and absorption enhancement from long term black and elemental carbon
measurements: A rural background station in Central Europe. Sci. Total Environ. 794, 148365. https://doi.org/10.1016/j.scitotenv.
2021.148365 (2021).

Feng, Y., Ramanathan, V. & Kotamarthi, V. R. Brown carbon: A significant atmospheric absorber of solar radiation?. ACP 13,
8607-8621. https://doi.org/10.5194/acp-13-8607-2013 (2013).

Zhang, X., Lin, Y., Surratt, J. & Weber, R. Sources, composition and absorption Angstrom exponent of light-absorbing organic
components in aerosol extracts from the Los Angeles basin. Environ. Sci. Technol. 47(8), 3685-3693. https://doi.org/10.1021/es30
5047b (2013).

Acknowledgements

This work was partially funded by the National Research, Development and Innovation Office (NKFIH) of
Hungary through projects 2022-2.1.1-NL-2022-00012. This work was also supported by the Sustainable De-
velopment and Technologies National Programme of the Hungarian Academy of Sciences (FFT NP FTA) and
the TKP2021.NVA-19: Development of an instrument for the photoacoustic detection of chlorofluorocarbons”,
project number EZFF/136/2022_TIM_SZERZ.

Author contributions
AR. and T.A. wrote the main manuscript text. G.C., H.S., and .M. and prepared figures. S.G. and Z.B. worked
on scientif shaping ofthe article. All authors reviewed the manuscript.

Funding
Open access funding provided by University of Szeged.

Scientific Reports |

(2025) 15:19501 | https://doi.org/10.1038/s41598-025-04022-3 nature portfolio


https://doi.org/10.5194/ar-2-107-2024
https://doi.org/10.5194/ar-2-107-2024
https://doi.org/10.5194/amt-14-2919-2021
https://doi.org/10.5194/amt-14-2919-2021
https://doi.org/10.1016/j.atmosenv.2017.04.034
https://doi.org/10.5194/amt-16-2333-2023
https://doi.org/10.5194/acp-17-4229-2017
https://doi.org/10.5194/acp-17-4229-2017
https://doi.org/10.1017/S0033822200059099
https://doi.org/10.1016/j.atmosenv.2014.03.047
https://doi.org/10.4209/aaqr.2012.04.0078
https://doi.org/10.1016/j.atmosenv.2018.09.033
https://doi.org/10.1016/j.envres.2021.112672
https://doi.org/10.3390/su15118717
https://doi.org/10.1016/j.atmosenv.2024.120427
https://doi.org/10.1080/02786820500421521
https://doi.org/10.1029/2001JD000571
https://doi.org/10.1029/2005JD006046
https://doi.org/10.1029/2005JD006659
https://doi.org/10.4209/aaqr.2016.09.0395
https://doi.org/10.5194/acp-13-4917-2013
https://doi.org/10.5194/acp-3-867-2003
https://doi.org/10.5194/acp-6-471-2006
https://doi.org/10.1016/j.atmosenv.2009.04.035
https://doi.org/10.5194/acp-20-15537-2020
https://doi.org/10.5194/acp-20-15537-2020
https://doi.org/10.5194/acp-20-14419-2020
https://doi.org/10.1016/j.scitotenv.2021.148365
https://doi.org/10.1016/j.scitotenv.2021.148365
https://doi.org/10.5194/acp-13-8607-2013
https://doi.org/10.1021/es305047b
https://doi.org/10.1021/es305047b
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:19501 | https://doi.org/10.1038/s41598-025-04022-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿A demonstrative study of a novel approach for spectral based source apportionment of ambient aerosols
	﻿Measurement site and methods
	﻿Measurement site
	﻿Instrumentation and sampling
	﻿The Aethalometer and its alternative source apportionment models
	﻿The Aethalometer model
	﻿The alternative spectral-based source apportionment


	﻿Results
	﻿Diurnal variation and wavelength dependency of AAE
	﻿The measured size distribution and its mode structure
	﻿The correlation between measured absorption and thermoanalytical data
	﻿﻿Source apportionment with Aethalometer and the proposed model

	﻿Summary and discussion
	﻿References


