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H I G H L I G H T S

Equivalent black carbon (eBC) in Rome 
primarily driven by traffic emissions.
Nominal MAC biases eBC; site-specific 
MAC (MAC𝑒𝑥𝑝) significantly influences 
eBC.
Local factors (meteorology, emissions) 
strongly affect eBC and MAC from daily 
to yearly scales.
Winter–summer eBC ratio rises from 2.17 
to 2.76 when MAC variability is in-
cluded.
Variable MAC removes the apparent −10% 
𝑦𝑟−1 eBC decline caused by absorption 
changes.
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 A B S T R A C T

Black carbon (BC) aerosols in urban areas affect human health and climate, leading to increased monitoring 
efforts.

This study presents a comprehensive assessment of equivalent BC (eBC) in a Mediterranean urban 
environment (Rome, Italy).

Harmonized protocols by ACTRIS and RI-URBANS were adopted to enhance data comparability.
The study examined: (i) temporal eBC variability contributing to submicrometer aerosol mass; (ii) source 

apportionment into fossil fuel (eBCff) and biomass burning (eBCbb) using the ‘‘aethalometer model’’; (iii) local 
Mass Absorption Cross-section (MACexp); (iv) eBC trend analysis with and without MAC corrections.

Results indicate traffic emissions are the primary source, with eBCff approximately 70% of the total eBC 
mass. The findings underscore the importance of considering the local MAC to assess eBC: the difference 
between eBC estimated using MACexp (eBCMACexp  ) and uncorrected eBC varies with time. The decline in eBC 
inferred using a constant MAC (−10% yr−1, 𝑝 < 0.001) disappears when accounting for MAC variability, while 
MACexp itself decreases at an exceptional rate of −12% yr−1 (-1 m2g−1yr−1) . The intraannual eBCMACexp -to-
eBC ratio is on average close to 1, but it ranges from  0.7 in summer to  1.2 in winter. Temporal changes 
in meteorological conditions and emission patterns were found to influence both MACexp and BC aerosol 
properties. The eBCff -to -eBC ratio showed a significant positive trend (+0.01 yr−1), linked to increased vehicle 
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numbers and complemented by the eBCbb-to-eBC ratio exhibiting a similar but negative trend, associated with 
a +1.2 ◦C rise in temperature (+0.3 ◦Cyr−1). Accordingly, the observed decrease in MACexp is coherent with a 
negative trend in the absorption Ångström exponent (AAE) (−0.018 yr−1).

These findings highlight BC dynamics in urban areas, aiding efforts to harmonize measurements and 
improve climate and air quality models, guiding public health strategies.
1. Introduction

Black carbon (BC) is defined as a light-absorbing substance com-
posed of carbon, formed primarily through incomplete combustion 
of carbonaceous matter or pyrolysis processes (Petzold et al., 2013). 
BC strongly absorbs solar radiation across the spectrum of ultraviolet 
and infrared light (Bond and Bergstrom, 2006). A substantial body 
of scientific evidence summarized in the 6th Assessment Report of 
the International Panel on Climate Change (IPCC) highlights BC as a 
significant short-lived climate forcer (Szopa et al., 2021). Despite its 
short residence time in the atmosphere, BC is refractory in nature, 
sequestering carbon in marine and terrestrial environments for cen-
turies to millennia, and the contribution of BC to the total carbon 
budget cannot be overlooked (Coppola et al., 2022). In urban areas, 
BC is commonly attributed to residential cooking and heating, in the 
form of biomass burning (bb), and to vehicular traffic, combustion of 
fossil fuels (ff), the latter being the predominant fraction (Bimenyimana 
et al., 2023; Briggs and Long, 2016; Fung et al., 2024; Grange et al., 
2020; Savadkoohi et al., 2023; Sirignano et al., 2019). Cities serve 
as primary sources of anthropogenic BC aerosols, acting as major 
contributors to climate change and global pollution. They are also 
critical hotspots where numerous detrimental impacts are experienced, 
given the increasing proportion of the world’s population living in 
urban areas. BC exposure has been associated with mortality, lung 
cancer, cardiovascular effects, and impacts on the birth and nervous 
system (Chowdhury et al. 2022; EPA USA, 2012; Janssen et al. 2011; 
Kirrane et al. 2019; Song et al. 2022; WHO, 2013). The reduction in BC 
emissions is a global concern, and the need for accurate monitoring of 
BC atmospheric concentrations and their emission sources, especially 
in urban areas, has also been emphasized in the recent EC ambient 
air quality Directive (EC/2024/2881). As an emerging air pollutant, 
BC has been included to be systematically monitored with canonical 
air quality indicators, specifically to attribute the contribution of the 
emitting sources to exposure assessment studies, and finally propose 
reduction policies to achieve the zero-pollution goals (WHO, 2021).

There are multiple approaches to quantify atmospheric BC; how-
ever, these are operationally defined (Lack et al., 2014; Petzold et al., 
2013). Among these approaches, filter absorption photometers (FAPs), 
such as the aethalometer (AE), provide continuous BC data by mea-
suring the light attenuation of particles collected on a filter at specific 
wavelengths (𝜆), compared to an unloaded reference area of the filter. 
The raw attenuation data are converted to absorption coefficients, 
babs(𝜆), correcting for filter scattering effects that account for multiple 
scattering (Weingartner et al., 2003) and loading effects (Drinovec 
et al., 2015). FAPs are well suited for long-term unattended monitoring 
and are particularly effective in capturing the variability needed to 
better understand the characteristics of urban BC and to perform source 
apportionment, that is, the identification of BC emission sources and 
the contribution of each emission source to the total BC load (Belis 
et al., 2013). The ‘‘aethalometer model’’ (Sandradewi et al., 2008a,b) 
is widely used for source apportionment of BC in different urban 
environments in Europe and the Mediterranean (Barreira et al., 2023, 
2021; Becerril-Valle et al., 2017; Bimenyimana et al., 2023; Blanco-
Alegre et al., 2022; Bounakhla et al., 2022; Christodoulou et al., 2024, 
2023; Favez et al., 2010; Grange et al., 2020; Savadkoohi et al., 2023; 
Helin et al., 2018; Kaskaoutis et al., 2021; Luoma et al., 2021; Tobler 
et al., 2021). However, climate model evaluations of the contribution 
of BC to climate change (Bond et al., 2013; Everett et al., 2022), 
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air pollution monitoring in BC (EC/2024/2881), and health impact 
assessment studies in BC (WHO, 2013) are all mass-based. Therefore, 
conversions are required to transform babs (𝜆) measured by FAP into 
the mass concentration of BC (eBC, equivalent black carbon). There 
is no direct method to measure BC mass concentration, and official 
protocols and standardized methods for eBC determination are still 
lacking. However, several initiatives (e.g., CEN Working Group WG35, 
Standardization of Black Carbon Aerosol Metrics for Air Quality and 
Climate Modeling, https://stanbc.com/, and the ‘‘ACTRIS eBC working 
group’’) and recent literature (Savadkoohi et al., 2024a,b; Muller and 
Fiebig, 2021) are promoting standardized procedures to improve data 
consistency and comparability.

The mass absorption cross section (MAC) is the conversion factor 
from absorption units to mass concentration (Petzold et al., 2013; Zhao 
et al., 2021). Despite the widespread use of FAPs for monitoring eBC 
in urban air quality networks, critical uncertainties remain regarding 
MAC used to convert light absorption coefficients to eBC mass concen-
trations. Most FAPs employ fixed, manufacturer-specified MAC values 
that assume uniform and unchanging optical properties of atmospheric 
BC (e.g., 7.77  m2∕g at 880 nm for AE, https://aerosolmageesci.com/
products/aethalometer-ae33). A nominal MAC of 6.6  m2∕g is employed 
at 637 nm by Multi-Angle Absorption Photometer - MAAP (Petzold 
and Schönlinner, 2004) - long considered as a reference methodol-
ogy among on-line filter-based devices (Muller et al., 2011; Muller 
and Fiebig, 2021). However, the current state of knowledge does not 
support the use of simplistic generalizations or assumptions about 
MAC in the atmosphere (Asmi et al., 2026), as MAC is known to 
exhibit significant variability depending on particle size, morphology, 
mixing state, and coating thickness, which in turn depend on emis-
sion sources, atmospheric aging processes, and seasonal meteorological 
conditions (Corbin et al., 2022; Li and May, 2022; Liu et al., 2020; 
Mbengue et al., 2021; Srivastava et al., 2022; Wang et al., 2013; Yuan 
et al., 2021; Zhao et al., 2021). For example, the presence of multi-core 
BC particles significantly enhances absorption, which is underestimated 
by conventional core–shell models (Chen et al., 2025). These micro-
physical complexities introduce significant uncertainties in radiative 
forcing estimates, with model-observation discrepancies of 20%–30% 
common when realistic particle structures are not represented (Chen 
et al., 2023). Therefore, more consistent and location-specific ground-
based observational data are needed to provide more comprehensive 
information on source contributions and their fluctuations coupled with 
atmospheric processes and removal rates to improve the accuracy of 
the climate model in estimating direct and indirect radiative forcing of 
BC (Everett et al., 2022).

Relying on nominal MAC (that is, the default MAC set in the 
software instrument) can lead to estimates of eBC deviating up to more 
than 50% from the values that account for site specific MAC variabil-
ity (Savadkoohi et al., 2024a,b). Therefore, explicitly addressing MAC 
variability has emerged as a critical need to provide a reliable and 
accurate estimate of eBC from FAPs (Grange et al., 2020; Helin et al., 
2018; Savadkoohi et al., 2024b; Srivastava et al., 2022) and continuous 
normalization against site specific MAC is especially recommended to 
analyze long-term trends of eBC (Savadkoohi et al., 2024a,b).

While spatial variability in MAC has been documented across Eu-
rope, with reported values ranging from 5 to 12  m2∕g at 880 nm
(Savadkoohi et al., 2024b) and from 7 to 13  m2∕g at 637 nm (Zanatta 
et al., 2016), temporal trends in MAC remain poorly characterized. 
The existing long-term studies report contrasting behaviors, including 
strong declines in London (−5.5 to −10.1% yr−1 during 2014–2019) (Ciu-
pek et al., 2021), a moderate decrease in Rochester, USA (−3.76% yr−1

https://stanbc.com/
https://aerosolmageesci.com/products/aethalometer-ae33
https://aerosolmageesci.com/products/aethalometer-ae33
https://aerosolmageesci.com/products/aethalometer-ae33
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during 2009–2022) (Savadkoohi et al., 2024b), and inconsistent pat-
terns across Mediterranean sites, with marginal decreases in Barcelona
(Savadkoohi et al., 2024b) and increasing trends in Lecce (Merico et al., 
2025). Furthermore, the experimental MAC values exhibit significant 
seasonal dependencies, with heterogeneous patterns between summer 
and winter across different regions (Savadkoohi et al., 2024b). This lack 
of systematic understanding is particularly critical because temporal 
variability in MAC can fundamentally modify the interpretation of 
eBC trends, potentially resulting in erroneous conclusions regarding air 
quality improvements, the effectiveness of emission control strategies, 
and the reliability of the evaluation of climate models quantifying both 
direct and indirect radiative forcing.

In this study, we address these gaps by presenting a comprehensive 
analysis of intraannual and interannual variability in experimental 
MAC (MACexp) and eBC at a Mediterranean urban background site in 
Rome over the period 2020–2024. Using harmonized state-of-the-art 
methodologies consistent with ACTRIS protocols, we derive absorption 
coefficients at 880 nm and site-specific MACexp values and investigate 
their implications for the quantification of eBC. Specifically, our aims 
were:

• assessing the temporal eBC variability contributing to submicrom-
eter aerosol mass;

• apportioning eBC into its source components, fossil fuels (eBCff) 
and biomass burning (eBCbb), using the ‘‘aethalometer model’’;

• quantifying the magnitude of MAC temporal variability,
• evaluating the impact and statistical significance of this variabil-
ity on the apparent eBC trends,

• examining links between MAC variability and changes in emission 
source composition, placing the Rome observations in the context 
of other European and Mediterranean urban sites.

Our results highlight the critical importance of explicitly accounting 
for MAC variability both in seasonal and in long-term BC monitor-
ing and provide new insights into the emission dynamics in Mediter-
ranean urban environments, seasonally and during the rapidly evolving 
post-COVID scenario.

2. Methods

2.1. Experimental

In situ observations of the light absorption of PM1 particles (that is, 
particles with an aerodynamic diameter < 1 μm) have been carried out 
in the center of Rome, at an urban background location, continuously 
from July 2020 to July 2024, apart from maintenance breaks.

2.1.1. Site
Measurements were taken in Rome’s city center inside the perimeter 

of a large urban park, the Villa Ada station (Lat. 41.93◦ 𝑁 , Lon. 12.51◦ 𝐸, 
50 m a. s.l.). The Metropolitan City of Rome, which covers an area 
of approximately 1300 km2, is home to roughly 2.7 million residents, 
making it one of Europe’s most populous metropolitan regions. The 
city’s urban core stretches along the Tiber Valley, positioned approx-
imately 27 km from the Tyrrhenian coastline. The region is influenced 
by two predominant anemological regimes: the drainage flow through 
the Tiber Valley (Petenko et al., 2011), which can facilitate the disper-
sion of pollutants emitted in the city, and the sea breeze regime that 
generates southwest winds during the day, transporting clean air from 
the sea over the center of Rome (Di Bernardino et al., 2021).

2.1.2. In situ measurements
Light absorption was measured at 1 min resolution using a dual-spot 

aethalometer (model AE33, Magee Scientific; Drinovec et al., 2015). 
The sampling line was equipped with a head with an airflow cutoff 
size of 1 μm aerodynamic diameter. The relative humidity (RH) of the 
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aerosols sampled was maintained below 40% using a Nafion dryer. The 
sampling line was stainless steel tubing with a length of 2 m, and the 
standardized conditions for volume measurements were specified as 
294 K (21 ◦C) for temperature and 1013 hPa for pressure. The detection 
limit of the instrument is reported to be 0.1 Mm−1.

AE33 was placed at a fixed air quality monitoring station that serves 
as a representative site for the evaluation of air quality conditions in 
urban settings and is an integral component of the air quality moni-
toring network administered by the Regional Environmental Protection 
Agency (ARPA; website: https://www.arpalazio.it).

At the same station, other air pollution proxies, including particu-
late matter mass below a diameter of 2.5 μm (PM2.5) or 1 μm (PM1) and 
elemental carbon (EC), were obtained using ARPA equipment. Daily 
averages of PM2.5 and PM1 concentrations were measured from samples 
collected over a 24-h period using the SWAM 5a Dual Channel Monitor 
(FAI Instruments, Fonte Nuova, Rome, Italy). EC measurements were 
conducted offline every 5–6 days by sampling a punch (1.5 cm2) of a 
quartz filter (Pallflex® Tissuquartz™) collecting 24-h PM2.5 sample.

The temperature record was taken from https://www.arpalazio.
it/rete-micrometeorologica, for AL007 via Boncompagni (RM), (Lat. 
41.91◦ 𝑁 , Lon. 12.50◦ 𝐸), the closest urban background station, which 
had a time series consistent with the data reported in this study.

2.2. Data analysis

2.2.1. eBC from instrumental mass concentration
eBC is calculated from FAP measurements of light attenuation, 

which are subsequently transformed into light absorption using the 
harmonized procedure detailed in Savadkoohi et al. (2024a,b) and 
according to the ACTRIS protocols (Muller and Fiebig, 2021). AE33 
continuously measured the light attenuation of atmospheric aerosol at 
seven wavelengths (𝜆 = 370, 470, 520, 590, 660, 880, and 950 nm). 
Raw attenuation data are converted to absorption coefficients, babs(𝜆), 
by correcting for filter scattering effects that account for multiple 
scattering (Weingartner et al., 2003) and loading effects (Drinovec 
et al., 2015). The instrument returns 7 mass concentrations, one for 
each wavelength, BC [n], with n ranging from 1 to 7.

The absorption coefficients babs (𝜆) were recovered from the instru-
mental mass concentrations at each of the 7 channels (ie, 1 for 370 nm 
to 7 for 950 nm), following Muller and Fiebig (2021): 

𝑏abs(𝜆) = 𝐵𝐶[𝑛] ⋅
𝑀𝐴𝐶(𝜆)

𝐻∗ (1)

where MAC(𝜆) is the default mass absorption cross section at each 
wavelength assumed in the AE33. H* is the empirical multiplicative 
normalization factor of ACTRIS (harmonization factor) that takes into 
account the interaction of light and particles within the filter in addi-
tion to the instrumental multiple scattering parameter, C0 (Drinovec 
et al., 2020; Weingartner et al., 2003). Both C0 and H* depend on the 
specific filter used and are 1.39 and 1.76, respectively, for the filter 
tape M8060 (Savadkoohi et al., 2024b). BC[6], data corresponding 
to 𝜆 = 880 nm, were recovered and processed from the instrumental 
record. The processed and harmonized babs (880) were again divided by 
the nominal MAC (880) provided by the manufacturer for subsequent 
conversion into reproducible mass concentration estimates, eBC (Muller 
and Fiebig, 2021; Savadkoohi et al., 2024a,b). 

𝑒𝐵𝐶
[

μgm−3] =
𝐵𝐶[6]

[

μgm−3]

𝐻∗ =
𝑏abs(880)

[

Mm−1]

7.77
[

m2 g−1
] (2)

2.2.2. Source apportionment
The ‘‘aethalometer model’’ (Sandradewi et al., 2008a,b) was applied 

to identify local source emissions to categorize eBC into fossil fuel 
combustion (eBCff) and biomass burning (eBCbb). Fossil fuel (ff) is 
here the general term used to encompasses traffic-related and other 
fossil fuel combustion sources (both from industrial and household 
combustion facilities), while biomass burning (bb) pertains to biofuel 

https://www.arpalazio.it
https://www.arpalazio.it/rete-micrometeorologica
https://www.arpalazio.it/rete-micrometeorologica
https://www.arpalazio.it/rete-micrometeorologica
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in open fires or in household use (e.g. wood, plant residuals, and coal 
used for cooking and heating). Assuming that only these two sources 
contribute to absorption, the ‘‘aethalometer model’’ assigns the total 
absorption coefficient to the two components at a given wavelength (𝜆
= 880 nm in this study, BC6): 

𝑏abs,total(𝜆) = 𝑏abs,ff(𝜆) + 𝑏abs,bb(𝜆) (3)

This methodology is based on the difference in the spectral de-
pendence in absorption between bb and ff emissions. The spectral 
dependency of the light absorptions due to different aerosol particles, 
i.e. 𝑏abs(𝜆) ∝ 𝜆−𝐴𝐴𝐸 , with AAE being the absorption Ångstrom exponent.

AAE = −
log

(

𝑏abs(𝜆1)∕𝑏abs(𝜆2)
)

log
(

𝜆1∕𝜆2
) (4)

BC of fossil fuel aerosols exhibits uniform absorption throughout the 
spectrum;therefore, the AAE of fossil fuel aerosols is AAEff ≈ 1, while 
for biomass burning it is AAEbb > 1, due to the observation that BC 
from biomass burning shows enhanced absorption at shorter wave-
lengths (Kirchstetter et al., 2004; Russell et al., 2010). In this study, 
the fraction of biomass burning (BB) contributing to light absorption 
at 880 nm (and therefore eBC) was recovered from the instrumental 
record, based on light absorption measurements at two extreme wave-
lengths, 𝜆1 = 470 nm and 𝜆2 = 950 nm (Sandradewi et al., 2008a; 
Favez et al., 2010; Becerril-Valle et al., 2017). Absorption at 470 nm 
was used instead of the ultraviolet (UV) channel of the Aethalometer 
at 370 nm to minimize interference introduced by various organic 
compounds (Zotter et al., 2017). 
𝑏abs,bb(470)
𝑏abs,bb(970)

=
( 470
970

)−𝐴𝐴𝐸bb
(5)

𝑏abs,ff(470)
𝑏abs,ff(970)

=
( 470
970

)−𝐴𝐴𝐸ff
(6)

𝐵𝐵% =
𝑏abs,bb(950)
𝑏abs,total(950)

(7)

𝑒𝐵𝐶bb = 𝐵𝐵 ⋅ 𝑒𝐵𝐶 (8)

𝑒𝐵𝐶ff = (1 − 𝐵𝐵) ⋅ 𝑒𝐵𝐶 (9)

The source apportionment of eBC concentrations was calculated 
according to the default AAE values (1 and 2) provided by the manufac-
turer, following several previous works (see, for example, Savadkoohi 
et al. (2023), and references therein) and a previous study conducted in 
Rome (Valentini et al., 2020). Based on a high-time resolution analysis 
of patterns of optical and physicochemical aerosol properties, Valentini 
et al. (2020) proved that the application of this method, as it is, is 
suitable for local conditions.

2.2.3. Site specific MAC and influence on eBC
Thermo-optical transmission EC measurements were performed of-

fline using the thermal protocol EUSAAR_2 (Cavalli et al., 2010), with 
an optical correction for pyrolysis, according to the CEN standard 
EN16909:2017. eBC measurements and concurrent measurements of 
the EC mass concentration were used to determine experimental MAC 
(880), here reported as MACexp (Grange et al., 2020; Laborde et al., 
2013; Pileci et al., 2021). In the following text, MAC refers to the 
wavelength of 880 nm, unless otherwise indicated.

Given that eBC and EC particles are mostly submicrometer in size, 
variations in the cutoff heads of their inlets would introduce mini-
mal uncertainty and the overall accuracy of eBC and EC measure-
ments and the precision of their comparability would remain relatively 
unchanged (Savadkoohi et al., 2024b,a).

Whenever EC data were available, MACexp was calculated starting 
from b  observations aggregated into daily mean (‘‘Supplementary 
abs

4 
Material’’, Figure  S1, Figure  S2 and Figure  S3). MACexp was de-
termined as the ratio of babs (in Mm−1, that is 1∕106𝑚) to the mass 
concentration of EC: 

𝑀𝐴𝐶𝑒𝑥𝑝 =
𝑏abs(880)
EC (10)

In order to improve the time resolution in the dataset, we ap-
plied a rolling mean fit to assign, when feasible, a mean daily value 
(MACexp rol) (Savadkoohi et al., 2024b) moving a window over the 
entire sample period of MACexp observations. A 14-day time window 
is considered the best time window to leverage the granularity and 
periodicity of the data by a sensitivity study conducted by Savadkoohi 
et al. (2024b) and therefore also used in this study. This 14-day window 
was centered on the date when more than three different observations 
were available, else moved to the left or, finally, to the right, to 
fill as many gaps as possible (Figure S3). This procedure smoothed 
out anomalous variations and provided missing observations, when 
feasible. For the complete workflow (including schematic, flowcharts, 
decision steps, QC, and uncertainty propagation for MAC handling and 
eBC reporting) we refer the reader to Savadkoohi et al. (2024b). A 
constant site specific MAC was also assessed from the slope of the 
regression model between babs (880) and EC (MACreg; Figure S4).

To evaluate the influence of site specific MAC on eBC estimates, we 
assessed both the effect of different constant MAC values, as well as 
the effect of a dynamic normalization based on the variable MAC. The 
different MAC values were used to obtain corrected values of eBC by 
replacing the value of 7.77 m2∕g in the denominator of Eq.  (2). In order 
to avoid redundant formalisms, eBCMACexp  indicates eBC incorporating 
the site-specific MAC, termed MACexp, regardless the approach used, 
i.e. constant normalization factor (i.e. mean value during the study 
period) or variable estimates on the days when EC measurements were 
available. eBCMACexp rol  is eBC corrected for MACexp rol, instead, when 
no EC observations were available and the rolling mean procedure 
was able to produce a valid daily MACexp rol value. eBCMACreg  is eBC 
corrected for MACreg.

2.2.4. Data processing
The raw instrumental BC [n] data and the derived babs (𝜆) and AAE 

data were quality checked for unreliable values. Before merging, they 
were filtered using a cut-off filter that excluded data lower than the 1st 
percentile and higher than the 99.9th percentile, applied daily, and zero 
and negative values were also removed. When aggregated into daily 
intervals for the determination of the experimental MAC, only days 
with 75% of data coverage were considered. For EC, PM1 and PM2.5, 
a cut-off filter excluded data lower than the 1st percentile and higher 
than the 99th percentile, applied over 3-month intervals. All data were 
processed and analyzed using RStudio (Version 2024.12.1 +563 -2025 
Posit Software, PBC). In addition to basic libraries for data handling 
and processing, data cleaning and aggregation were conducted using 
the dplyr and tidyr packages from the tidyverse, the statistical 
analysis presented here was implemented using rstatix package and 
the openair package tools (Carslaw and Ropkins, 2012).

The smooth rolling mean fit through the MACexp observations was 
implemented using the generic function rapply in the ‘‘zoo’’ package 
in R (Zeileis and Grothendieck, 2005). Monthly means derived from 
minute measurements were used to estimate the statistical signifi-
cance and slope values of trends during the study period. The method 
used for trend analysis was a Theil–Sen slope regression estimator, 
a robust nonparametric estimator, provided by the open-air R pack-
age (Carslaw and Ropkins, 2012). Theil–Sen method accurately cal-
culates 95% confidence intervals, even when dealing with nonnormal 
data and nonconstant error variance, and it is also resilient to outliers. 
The monthly mean values were derived using a data coverage criterion 
of ≥90%, except for observations related directly to the available EC 
measurements (for example, EC, MACexp or eBCMACexp ). Here, a ‘‘≥10%’’ 
coverage criterion was used to exclude only the months when fewer 
than 3 EC measurements were available, since usually 3 to 6 samples 
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Table 1
Descriptive statistics of the variables of interest examined throughout the study period.
 MEAN SD p1 p99 p25 p75 MEDIAN n  
 μg/m3  
 eBC 0.87 0.87 0.06 4.08 0.31 1.11 0.58 2005735 
 eBCbb 0.35 0.49 0.01 2.40 0.08 0.37 0.17 1881457 
 eBCff 0.54 0.54 0.03 2.48 0.21 0.69 0.39 1881457 
 PM1 6.6 3.3 1.7 16.4 4.3 8.3 6.0 1353  
 PM2.5 11.7 6.5 3.3 32.8 7.1 14.6 10.2 1363  
 EC 0.86 0.56 0.21 2.79 0.47 1.11 0.68 204  
 m2/g  
 MACexp 9.0 3.8 2.7 21.2 6.8 10.7 8.4 198  
 MACexp rol 9.1 2.9 4.0 18.0 7.0 10.6 8.7 1066  
  
 AAE 1.40 0.28 0.76 2.10 1.26 1.54 1.36 1997329 
 eBCff/eBC 0.66 0.16 0.27 0.99 0.56 0.78 0.71 1395  
 eBC/PM1 0.13 0.06 0.04 0.32 0.09 0.16 0.12 1326  
a month were taken. The time series were de-seasonalized using the 
stl (seasonal trend decomposition using loess) function, missing data 
were first imputed using a Kalman filter and Kalman smooth (Carslaw 
and Ropkins, 2012). A similar approach for trend analysis has been 
used in several studies (for example, Di Ianni et al., 2018; Savadkoohi 
et al., 2023). The purpose of this analysis was to assess the statistical 
significance and slopes of the overall trend during the study period.

3. Results and discussion

3.1. Time variability of eBC and source contributions

Table  1 summarizes the descriptive statistics of the key variables 
investigated in this study, which are presented, described, and dis-
cussed in detail in the following sections. During a period of summer 
2020 to summer 2024, the mean concentration of eBC measured was 
0.87 μg/m3 [standard deviation (SD) = 0.87 μg/m3], with contributions 
from sources of biomass burning (eBCbb) and fossil fuel (eBCff), with 
a mean of 0.35 μg/m3 (SD, 0.49 μg/m3) and 0.54 μg/m3 (SD, 0.54 
μg/m3), respectively. AAE derived from the spectral dependence of 
light absorptions between 470 nm and 950 nm had a mean of 1.40 
(SD, 0.28), indicating mixed sources with a predominant fossil fuel 
component. The mean MAC values for the specific site were consistent 
in point-to-point ratio and smooth fit, averaging around 9m2/g. A 
dominant contribution of fossil fuels was observed, eBCff/eBC was 66% 
(SD, 16%) on average during the period. With an average eBC/PM1
ratio of ∼13 % (SD, 6%), eBC constitutes a substantial fraction of 
fine particulate matter in Rome. The minute resolution time series 
(Figure S1) and the concurrent time series of the integrated daily 
concentrations of PM1, EC and PM2.5 (Figure S2) can be found in the 
‘‘Supplementary Material’’.

3.1.1. Diurnal variability
Fig.  1 presents the diurnal variability of eBC. The eBC data (gray), 

measured with minute resolution within the submicrometer PM frac-
tion, were apportioned into eBCff, in black, and eBCbb, in brown. The 
diurnal cycles of the hourly concentrations of eBC, eBCff and eBCbb
throughout the period are divided into seasons, work days (weekdays) 
and weekends. The solid lines in Fig.  1 show the median value and the 
shaded areas show the variability between the 95th and 5th percentiles 
of the aggregated data. The hourly aggregated mean values of the diur-
nal cycles typical for each season are in the ‘‘Supplementary Material’’ 
(Table  S1, Table  S2, Table  S3, Table  S4).

A distinct and significant diurnal variation was evident in all con-
centrations, also exhibiting clear weekly and seasonal differences. eBC 
and eBC  exhibited a typical bimodal pattern, peaking during morning 
ff
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and evening rush hours and dipping in the afternoon and late night 
(Fig.  1). This reflects the interaction between source contributions and 
meteorological factors such as wind speed and boundary layer height. 
In Rome, the boundary layer increases rapidly in the late morning, ex-
ceeding 2 km in summer (Bellini et al., 2025), enhancing the dispersion 
of pollutants. eBCbb showed a less pronounced bimodal pattern, since 
the increase in local emissions and the lowering of the mixing layer 
occur mainly at the same time.

eBC levels were higher on weekdays than on weekends, especially 
from 6 am to 8 pm, (0.82 ± 0.05 μg/m3 vs. 0.62 ± 0.03 μg/m3). eBCff
followed a similar trend (0.56 ± 0.03 μg/m3, on weekdays, vs. 0.39 ±
0.02 μg/m3, on weekends), while eBCbb remained relatively constant 
(0.27±0.03 μg/m3 vs. 0.25±0.02 μg/m3). In summer, eBC levels at night 
were slightly higher on weekends, probably due to increased traffic 
from the nightlife.

The interplay between source contributions and meteorological fac-
tors also influences the seasonal variability of the diurnal cycles. In 
winter, elevated levels of eBC were associated with residential heating 
and a shallow mixing layer, during the night. eBCbb concentrations 
were higher during colder hours and seasons, consistent with domestic 
heating patterns. Summer convection and sea breezes reduce daytime 
concentrations of eBCff. The morning peaks in eBC and eBCff were 
driven by traffic before the boundary layer expanded, causing diluting 
traffic emissions. Evening peaks were less distinct in summer due to 
continued atmospheric mixing. The difference between eBCbb and eBCff
during summer rush hours (∼1  μg/m3) highlights the predominant role 
of local traffic sources in shaping eBC levels.

The diurnal cycle of eBC in Rome driven by traffic-related eBCff
is consistent with patterns observed in other European cities (Crilley 
et al., 2015; Fuller et al., 2014; Herich et al., 2011; Jereb et al., 2018; 
Barreira et al., 2021; Pashneva et al., 2024; Costabile et al., 2017). 
The diurnal variability of eBC observed in Rome aligns closely with 
patterns reported across Mediterranean urban environments. Previous 
studies in Athens (Greece) (Diapouli et al., 2017; Kaskaoutis et al., 
2021; Kalogridis et al., 2018), Lecce (Southern Italy) (Merico et al., 
2025; Cesari et al., 2025), Valencia (Spain) (Matos et al., 2025a,b), 
Nicosia (Ciprus) (Christodoulou et al., 2023), Algiers (Algeria) (Merabet 
et al., 2019), Istanbul (Turkey) (Çolak et al., 2026), and Barcelona 
(Spain) (Fung et al., 2024; Rivas et al., 2020) consistently describe 
a distinct bimodal daily cycle, characterized by morning and evening 
peaks primarily driven by traffic emissions and modulated by meteo-
rological conditions. Minimum concentrations typically occur around 
midday, coinciding with the maximum boundary layer height and 
enhanced pollutant dispersion. In Athens, the bimodal pattern is more 
pronounced during the cold season, with biomass burning (eBCbb) 
contributing significantly at night, reaching up to 30% of total eBC 
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Fig. 1. The typical diurnal variability in the atmospheric concentration of eBC 
within the sub-micron PM fraction in Rome, from mid-July 2020 to mid-July 
2024. Solid lines represent the medians of hourly aggregated values, measured 
at minute resolution. The different contributions from fossil fuels (eBCff) and 
biomass burning (eBCbb) are shown in black and brown, respectively. The 
shaded areas indicate the confidence intervals, specifically the 5th and 95th 
quantiles. The diurnal cycles are divided into seasons and further categorized 
into work days (weekday) and weekends. The hours are presented in local 
time, taking daylight savings time into account.

during winter (Diapouli et al., 2017). Similar trends were reported in 
Nicosia, where eBCbb accounted for approximately 33% of total BC 
during cold periods (Christodoulou et al., 2023). Nighttime peaks rival-
ing or exceeding morning peaks in winter, reflecting domestic heating 
contributions, are observed in Lecce (Merico et al., 2025; Cesari et al., 
2025). Conversely, in Valencia and Barcelona, evening peaks weaken 
in summer due to stronger atmospheric mixing and higher boundary 
layer heights, while weekends exhibit smoother profiles and lower eBC 
levels (Matos et al., 2025a,b; Rivas et al., 2020). Across all sites, fossil 
fuel fractions (eBCff) dominate traffic-related peaks, whereas biomass 
burning fractions rise during colder periods, particularly at night.

3.1.2. Seasonal variability
Fig.  2 provides a comprehensive visual summary of the monthly 

central tendency and variability of eBC, eBCff, and eBCbb concen-
trations. The box plot illustrates the interquartile range (IQR), with 
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Fig. 2. Box Plot of eBC, eBCff, and eBCbb showing the seasonal variability over 
the study period. The lower and upper edges of the boxes correspond to the 
first and third quartiles, respectively. The line within each box represents the 
median value of the data, second quartile. Whiskers extend to the smallest 
and largest values within 1.5 times the inter-quartile range, indicating the 
data’s range. The points and the lines passing through them represent the mean 
values for each variable. The blue points and labels indicate the monthly mean 
shares of eBCff to eBC.

the lower and upper edges representing the first and third quartiles, 
respectively. The median (second quartile) is shown as a line within 
each box, while the whiskers extend to the smallest and largest values 
within 1.5 times the IQR. The superimposed points and connecting lines 
indicate the mean values, offering additional insight into the central 
tendencies. The blue points represent the monthly mean fraction (%) 
of the fossil fuel component in total eBC.

Seasonal variations in eBC concentrations in Rome are pronounced, 
with elevated levels during winter and reduced levels in summer. 
During winter, the mean concentration of eBC reaches 1.3 μg/m3 (SD, 
1.2 μg/m3), while in summer it drops to 0.6 μg/m3 (SD, 0.4 μg/m3). 
Similarly, eBCbb peaks in winter at 0.7 μg/m3 (SD, 0.7 μg/m3) and 
declines during summer 0.1 μg/m3 (SD, 0.1 μg/m3). Notably, eBCff
concentrations remain relatively stable throughout the seasons, ranging 
from 0.4 μg/m3 (SD, 0.4 μg/m3) in spring to 0.7 μg/m3 (SD, 0.7 μg/m3) 
in fall. eBCff is the dominant contributor to total eBC, up to 80% 
(SD, 12%) in summer. However, this proportion drops to 50% in 
winter due to the increased contribution from eBCbb, agreeing with 
patterns observed in urban European sites where vehicular traffic is 
the main source; for example, in Paris, fossil fuel contributions reached 
93% in summer and 77% in winter during 2017–2019 (Savadkoohi 
et al., 2023). Several factors have been reported to contribute to the 
winter increase in eBC levels. First, atmospheric conditions such as 
inversion layers and reduced mixing layer heights trap pollutants near 
the surface, further increasing concentrations (Bellini et al., 2025). 
Second, residential heating, particularly biomass burning, contributes 
significantly to eBC levels in winter. This is especially relevant in areas 
where wood burning is common (Pashneva et al., 2024; Barreira et al., 
2023; Zotter et al., 2017; Becerril-Valle et al., 2017), and is also evident 
in Rome as shown by the winter peak and summer decrease of eBCbb. 
Lastly, traffic emissions might increase due to the increased use of 
private vehicles and cold starts, increasing black carbon emissions from 
fossil fuel combustion (Veratti et al., 2024). In contrast, the summer 
months exhibit lower eBC levels as a result of improved atmospheric 
dispersion and reduced heating-related emissions.

Table  2 summarizes the main features of eBC variability in typ-
ical urban sites in the Mediterranean. Source apportionment analy-
ses show consistently high fossil fuel contributions, with Barcelona 
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Table 2
Comparison of eBC reported in Mediterranean urban background sites using nominal MAC@880 nm, when not differently indicated, fossil fuel contribution to eBC 
(in %). Values represent means ± SD, when available, and seasonal means: W = Winter (December, January, February) and S = Summer (June, July, August), 
or means of measurements taken in different periods during winter and fall (Cold) or during spring and summer (Warm).
 Site eBC (μg m−3) eBCff/eBC (%) PM size Period Source  
 Barcelona 1.51 ± 1.53; W: 1.7; S: 1.4 84 ; W: 76; S: 93 PM10 2017–2019 [a]  
 Valencia 1.0 ± 0.5; W: 1.4 ± 0.6; S: 0.7 ± 0.5 92 ± 11 PM10 2011–2023 [b,c]  
 Madrid † 1.35 ± 1.83; W: 0.82; S: 2.40 80; W: 71; S: 86 PM2.5 2017–2019 [a]  
 Granada † 2.08 ± 2.04; W: 2.92; S: 1.48 70; W: 63; S: 76 total 2017–2019 [a]  
 Marseille 1.61 ± 1.46;W: 2.15; S: 1.38 80; W: 71; S: 86 PM2.5 2017–2019 [a]  
 Athens 1.76 ± 2.29;W: 2.5; S: 1.24 69; W: 59; S: 74 PM10 2017–2019 [a]  
 Nicosia Cold: 2.01 ± 2.31; Warm: 1.01 ± 1.46 Cold: 74; Warm: 82 PM1 2018–2019 [d]  
 Lecce 0.8 ± 0.7; Cold: 1.0 ± 0.7; Warm: 0.6 ± 0.4(*) 65(**) PM10 2015–2022 [e,f]  
 Milan† 3.15 ± 2.90; W: 5.01; S: 1.34 74; W: 61; S: 86 PM10 2017–2019 [a]  
 Istanbul 3.2 ± 0.5; W: 2.8 ± 3.1; S: 2.8 ± 2.0(***) 2023–2024 [g]  
 Algiers 1.1 ± 2.0; W: 1.0 ± 1.2; S: 1.3 ± 1.3 96;W: 90; S: 92(+) PM2.5 2018–2019 [h]  
 Rome 0.87 ± 0.87; W: 1.3 ± 1.2; S: 0.6 ± 0.4 66 ± 16; W: 50 ± 10; S: 80 ± 7 PM1 2020–2024 Present

work

(*) obtained by a MAAP (Thermoscientific, mod. 5012), operating at a wavelength of 𝜆 = 670 nm and calculated using the MAC670 in situ of 12.6 ± 2.5 m2 g−1(**) indicative value 
measured during spring 2023 by Cesari et al. (2025)(***) fall peak of (3.9 ± 3.9) μg m−3(+) spring peak of 98.96% † Madrid, Milan and Granada are inland (300+, 150+, and 70+ 
km from Mediterranean coast, respectively), included for comparison with Rome (30 km from the seashore).
References: [a] Savadkoohi et al. (2023); [b] Matos et al. (2025a); [c] Matos et al. (2025b); [d] Christodoulou et al. (2023); [e] Cesari et al. (2025); [f] Merico et al. (2025); [g] 
Çolak et al. (2026); [h] Merabet et al. (2019).
(84%), Madrid (83%), and Marseille (80%) all exceeding 80% during 
2017–2019 (Savadkoohi et al., 2023). In Milan, the share attributed to 
eBCff was 85% in summer and 61% in winter (Savadkoohi et al., 2023). 
Rome’s seasonal pattern characterized by winter-to-summer eBC ratio 
of 2.17 is consistent with a typical Mediterranean urban background 
site, which is not directly on the coast. This pattern aligns well with 
Granada (W/S = 2.13), and is lower than the inland or continental 
patterns shown in Madrid (W/S = 2.93) and Milan (W/S = 3.7) (Savad-
koohi et al., 2023). Although Granada presents a higher concentration 
of eBC than Rome and together with Milan is among the highest 
reported in Europe during 2017–2019, due to meteorological patterns, 
orographic factors, and high biomass-burning emissions (Savadkoohi 
et al., 2023). The winter-to-summer ratio of eBC in Rome is higher than 
coastal sites where milder winters and maritime influences moderate 
seasonal contrasts. Athens (W/S = 1.50) (Savadkoohi et al., 2023), 
Marseille (W/S = 1.56) (Savadkoohi et al., 2023), and Lecce (W/S 
= 1.66) (Merico et al., 2025), show moderate seasonality. Data col-
lected in Athens from March 2013 to February 2014 show winter 
levels averaging 2.4 ± 1.0 μg m−3 compared to summer averages 
of 1.6 ± 0.6 μg m−3, and a contribution from biomass burning sig-
nificantly higher during the cold period (21 ± 1%) compared to the 
warm period (6 ± 7%) (Diapouli et al., 2017). More recently con-
firmed by Savadkoohi et al. (2023) showing summer- winter range of 
1.24 → 2.5 μg m−3, for the years 2017–2019. Seasonal variability of eBC 
in Lecce (1.0 ± 0.7 μg m−3, in winter, and, 0.6 ± 0.4 μg m−3, in summer) 
is largely driven by biomass burning during cold months (35%) and 
traffic emissions year-round (65%) (Merico et al., 2025; Cesari et al., 
2025). Barcelona shows minimal seasonal variation (1.34–1.68 μg m−3, 
spring and winter respectively) (Savadkoohi et al., 2023), explained 
as combined effect of a weaker atmospheric inversion and a minor 
contribution of biomass-burning in winter, confirmed by lower levels of 
biomass-burning organic aerosol in winter compared to other European 
sites (Via et al., 2021). Markedly different patterns are shown in Istan-
bul and Algiers. Algiers shows winter averages of 1.02 ± 1.19 μg m−3

and anomalous summer peaks of 1.28 ± 1.35 μg m−3, reflecting com-
bined effects of traffic, heating, and transboundary dust transport (Mer-
abet et al., 2019). Istanbul shows its highest seasonal mean in autumn
(3.9 ± 3.9 μgm−3), followed by spring (3.5 ± 3.9 μgm−3) and summer
(2.8 ± 2.0 μgm−3), with winter also at 2.8 ± 3.1 μgm−3 (Çolak et al., 
2026).

3.2. Site-specific MAC: variability and influence on eBC

The MAC assessed at the site, its variability and its influence on eBC 
are presented in Fig.  3, and discussed in this section. The overall mean 
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MACexp over the four years (2020–2024) was 9.0 m2∕g (SD = 3.8 m2∕g, 
IQR = 3.9 m2∕g, 𝑛 = 198; Table  1 and Fig.  3a), significantly higher than 
the nominal MAC used by the instrument, according to a one-sample t-
test (𝑡 = 4.5, 𝑝 < 0.001, 95% CI: [8.45, 9.50]). In addition to MACexp, the 
regression-derived MAC, calculated from the slope of the linear regres-
sion between babs (880 nm) and EC (MACregr, Figure S4) was 6.5 m2∕g
(SE(standard error) = 0.3 m2∕g), significantly lower than the nominal 
MAC (t=−4.23; 𝑝 > 0.001; 95% CI: [5.91, 7.09]). A through-origin 
sensitivity fit yielded a slope 7.7(±0.2) m2 g−1 with higher 𝑅2 (0.9), but 
the intercept in the unconstrained model was significantly non-zero, 
supporting the with-intercept specification as primary. The site specific 
MAC derived in this study for the Mediterranean urban site of Rome 
falls within the range 4.9–12.4m2 g−1 reported by Savadkoohi et al. 
(2024b) for 12 European sites using AE (i.e., at 880 nm). However, the 
choice of MAC has direct implications for eBC estimates. Using the fixed 
nominal MAC to normalize the daily mean babs (880) yields a mean eBC 
of 0.87 μ gm−3 (SD = 0.54, IQR = 0.54, n = 1395). When recalculated 
with MACexp, the mean eBC decreases to 0.75  μg m−3 (SD = 0.50 
μg m−3, N = 1395), while applying MACregr would increase the mean to 
1.04  μg m−3 (SD = 0.69  μg m−3, N = 1395). Paired t-tests confirmed 
that the differences between eBC calculated with constant experimental 
and regression-based MAC values compared to the reference MAC were 
highly significant (p < 0.001). Specifically, using MACexp reduces eBC 
by 14% compared to the nominal value, while MACregr increases it by 
20%. The monthly means, both the point to point ratio (MACexp) and 
the smooth fit by rolling mean (MACexp rol) are reported in Fig.  3a. 
The fitting procedure is useful to increase the granularity of the eBC-
corrected and produce a data-set of eBCMACexp rol  with daily resolution. 
The comparison between daily MACexp and MACexp rol (𝑛 = 1066, mean 
= 9.1m2 g−1, SD = 2.9m2 g−1) did not show statistically significant 
differences according to Welch’s t-test (𝑡 = −0.3, 𝑝 = 0.75, 95% CI 
for mean difference: [−0.65, 0.47]). The rolling mean does not alter 
the central tendency of the daily MAC estimates compared to point-
by-point values. When using the dynamic point-by-point experimental 
MAC, the mean eBCMACexp  was 0.84  μg m−3 (SD = 0.55  μg m−3, N 
= 198), statistically indistinguishable from the reference eBC (paired 
𝑡-test, 𝑝 = 0.16). Using dynamically the values of the rolling mean 
MAC, the mean eBCMACexp rol  was 0.81  μg m−3 (SD = 0.58  μg m−3, 
N = 1038), just slightly but significantly lower than the reference eBC 
(paired 𝑡 = 6.31, 𝑝 < 0.0001).

Both MACexp and MACexp rol showed a clear comparable seasonality 
(Fig.  3a). The monthly means of MACexp ranged from the lowest in 
December (6.8m2 g−1, SD = 2.1m2 g−1, 𝑛 = 14) to the highest in July 
(11.5m2 g−1, SD = 6.2m2 g−1, 𝑛 = 15). Monthly differences in MACexp
were significant (Kruskal–Wallis 𝐻 = 30.56, 𝑝 = 0.0013).
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Fig. 3. The MAC seasonal variability as represented by the monthly means over the study period and its influence on eBC. Lines indicate the means and shaded 
boxes represent the 95% confidence intervals. (a) The monthly mean MACexp, depicted by a solid red line, and MAC derived from daily extrapolations using the 
rolling mean procedure (MACexp rol, blue). These are compared to the value derived from the slope of the regression (dashed purple line), the overall MACexp
mean for the study period (red dashed line), and the nominal value of 7.77 m2/g provided as a reference (black dashed line). (b) Ratio of eBCMACexp rol  to eBC, 
showing the effect of seasonal MAC variability on BC mass estimation. (c) Monthly variation of BC relative to PM1: eBC/PM1 (black) and eBCMACexp rol/PM1 (blue), 
highlighting the influence of MAC seasonality on eBC-to-PM ratios.
Comparable winter values were previously measured in February 
2017, when 2-h MAC of BC in the urban background of Rome was 
assessed at 𝜆= 637 nm, using EC mass concentration from 2-h Sunset, 
and the absorption coefficient from MAAP (Costabile et al., 2017). The 
site-specific MAC in Rome during the winter time reported by Costabile 
et al. (2017) is 6.23m2∕g (95% CI = [6.15 ; 6.3] m2∕g), after converting 
MAC measured at 𝜆= 637 nm to 𝜆= 880 nm, following Corbin et al. 
(2022), Bond et al. (2013) and Liu et al. (2020). In Lecce, the monthly 
pattern of MAC at 637 nm shows slightly larger values during summer 
and early autumn (14.0m2∕g in August–September) compared to winter 
(11.5m2∕g in December–February) attributed to factors such as changes 
in aerosol composition, morphology, mixing state, and meteorological 
conditions (Merico et al., 2025). Ciupek et al. (2021) analyzed measure-
ments at three sites in London and southeast England between March 
2014 and December 2019 and seasonal variation in MAC at 880 nm 
(AE22 aethalometer) was only clearly observed at the traffic site, 
which showed slightly lower MAC values in winter (∼9.5–10.0m2∕g in 
December–February) compared to summer (∼10.0–10.5m2∕g in June–
August, with peak in July at ∼10.5m2∕g). Higher MAC in summer were 
also reported by Savadkoohi et al. (2024b) for Marseilles (6.5 m2 g−1, 
with statistically significant summer–winter variation) or Barcelona (10 
m2 g−1, with statistically significant summer–spring variation, MAAP 
637 nm). Other urban background sites show, instead, a higher MAC in 
winter, for example, Granada (12 m2 g−1, with statistically significant 
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winter–spring variation, MAAP 637 nm) or Milan (15.5 m2 g−1, with 
statistically significant summer–spring variation, MAAP 637 nm) linked 
to changes in emission sources such as biomass burning (Savadkoohi 
et al., 2024b).

The observed variability in MAC, including its distinct summer 
enhancement, is consistent with seasonal changes in the physicochem-
ical properties of black carbon driven by aging processes (Moteki, 
2023) often leading to increased absorption through coating-induced 
enhancement (‘‘lensing’’) (Fuller et al., 1999; Bond and Bergstrom, 
2006). Yuan et al. (2021) attribute the variability in MAC primarily 
to the degree of internal mixing of BC (coating thickness), while 
other factors such as BC source, core size, and coating composition 
had only minor effects at a rural background site in Germany during 
winter. Zanatta et al. (2016) present evidence that MAC increases with 
increasing ratio of non-absorbing matter to EC due to the internal 
mixing of BC with other aerosol components. Coating materials, ex-
pected to be more prevalent in summer due to the enhanced formation 
of secondary aerosols, and BC mixing states can significantly affect 
MAC values (Mbengue et al., 2021; Pandolfi et al., 2014; Zhao et al., 
2021). Furthermore, Zhang et al. (2018) demonstrate that secondary 
organic aerosols (SOA) significantly increases the light absorption of 
BC particles, particularly during the summer. According to Yus-Díez 
et al. (2022), in Montseny (regional background site ∼50 km from 
Barcelona, 2010–2020), MAC was significantly higher (23%) during the 
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warm season compared to the cold season driven by enhanced biogenic 
volatile organic carbon emissions and photochemical SOA production. 
Enhancements in MAC values have been reported to exhibit significant 
time variability also due to sampling and instrument’ responses (Ram 
and Sarin, 2009; Grange et al., 2020). While these mechanisms provide 
a plausible framework for interpreting the observed MAC summer 
maximum, fully resolving their relative contributions at our site would 
require detailed measurements of BC mixing state, coating thickness, 
and chemical composition—data that are beyond the scope of the 
present study.

The influence of this seasonal variability of MAC on eBC is shown in 
Fig.  3b, which presents the monthly means of the ratio of eBCMACexp rol
to eBC. Comparing the two most contrasting months, December and 
August, we find that on the same timestamps (paired rows) the dynamic 
MAC correction increases December eBC from 1.35 ± 0.83 to 1.50 ±
0.87 μg m−3 (n = 52; +10.8%), while it reduces August eBC from 
0.61 ± 0.26 to 0.40 ± 0.19 μg m−3 (n = 95; −33.7%). Consistently, the 
monthly mean of the ratio eBCMACexp rol/eBC indicates a +20.8% scaling 
in December (1.21, SD = 0.34, 𝑛 = 63) and a −32.3% scaling in August 
(0.68, SD = 0.21, 𝑛 = 95). Dynamic MAC adjustment increases the 
winter eBC slightly, but reduces the summer eBC markedly, from 0.62±
0.21 to 0.47±0.22 μgm−3 (𝑛 = 279). Consequently, the seasonal contrast 
between the winter and summer eBC ratio (2.17, see Section 3.1.2 
‘‘Seasonal Variability’’) would rise to ∼2.76.

The different contribution of eBC to PM1 under the seasonal vari-
ability of MAC is shown in Fig.  3c. Over the full year, the mean ratio 
was 0.13 (SD = 0.06; n = 1326 for eBC/PM1), (SD = 0.07; n = 999 
for eBCMACexp rol/PM1). Overall, both ratios exhibit pronounced winter-
to-summer differences, with a stronger amplitude in the corrected 
eBCMACexp rol/PM1 ratio. Both show a clear enhancement during winter 
up to 0.16 (SD = 0.05; n = 314, for eBC/PM1 and SD = 0.08; n = 
216, for eBCMACexp rol/PM1). In summer, the corresponding means were 
0.09 (SD = 0.03; n = 345) for eBC/PM1 and 0.07 (SD = 0.03; n = 
272) for eBCMACexp rol/PM1. This behavior suggests that the roll-mean 
MAC correction enhances the seasonal signal by reducing the BC mass 
more markedly during summer, when photochemical aging and thicker 
coatings lead to higher MAC values.

Various studies have reported that eBC contributes significantly 
to the fine particle composition up to 24% in highly polluted sites, 
for example in South Korea (Lim et al., 2023); while coastal back-
ground sites in Ireland show average relative contributions ranging 
from 2.2% to 7.6% (Spohn et al., 2022). Across different European 
environments, chemical characterization studies of fine particulate mat-
ter show that eBC typically accounts for roughly 15%–20% of PM1. 
During a winter conducted in a small Finnish town, the eBC/PM1
ratio varies with the level of pollution: it increases from approximately 
0.15–0.25 at low PM1 (0–5 μg m−3) to 0.25–0.35 at moderate con-
centrations (5–15 μg m−3), decreasing to 0.10–0.20 at higher PM1
(15–25 μg m−3) (Barreira et al., 2023). Similar proportions were ob-
served at a Helsinki street canyon, where long-term MAAP measure-
ments showed a stable seasonal contribution of 16%–18% (Barreira 
et al., 2021). Comparable values were also reported in Marseille, where 
eBC represented 17.1% of PM1 in an urban background site (Chazeau 
et al., 2021). A broader perspective, covering 13 urban sites across 
France, confirms this variability: eBC contributed between 5% and 
11% of PM1 at urban background locations, with higher fractions at 
traffic-influenced sites (Chebaicheb et al., 2024).

3.3. Interannual tendencies

Fig.  4 shows the interannual evolution of eBC and eBC-related opti-
cal and source parameters over the period July 2020–July 2024 based 
on Theil–Sen trend estimates applied to monthly deseasonalized means. 
As the data analyzed showed all strong seasonality, the tendencies 
over the study period were assessed using a procedure that removes 
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the seasonal influence from the monthly means. Rome exhibited ex-
ceptional decreasing trends in both nominal eBC concentration, Fig. 
4a, (−10%/year, −0.1 [−0.11,−0.09] μgm−3∕yr, 𝑝 < 0.001) and ex-
perimental MAC, Fig.  4b, (−12%/year, −1.25 [−1.35,−1.19] m2g−1yr−1, 
𝑝 < 0.001). Critically, the eBC decline disappears entirely when cor-
recting for variable MAC (eBCMACexp ; 0.01 [−0.01, 0.03] μgm−3 yr−1, 
not significant, Fig.  4d), demonstrating that the apparent eBC re-
duction is driven by decreasing absorption efficiency rather than ac-
tual BC mass concentration changes. This is further confirmed by 
the strongly increasing ratio of dynamic MAC-corrected to nominal 
eBC (eBCMACexp/eBC, 0.12 [0.1, 0.15] yr−1, 𝑝 < 0.001, Fig.  4g), which 
mathematically reflects the declining MAC. The absorption Ångström 
exponent between 470 and 950 nm, Fig.  4e, also exhibits a significant 
negative trend (−0.018 [0.025, 0.011] yr−1, 𝑝 < 0.001). This progressive 
shift in aerosol optical properties also appears in a significant positive 
trend in the fractional contribution of fossil fuel combustion to total 
eBC (eBCff/eBC) (Fig.  4c; ∼0.01 yr−1). Because total eBC is partitioned 
into contributions from only two components, an increase in the fossil 
fuel fraction (eBCff/eBC) necessarily implies a complementary decrease 
in the biomass burning fraction (eBCbb/eBC). The observed upward 
trend in eBCff/eBC therefore indicates that biomass burning has become 
relatively less important over the study period. As an additional insight 
into the evolution of source-resolved eBC components derived using 
MACexp, an increase in the contribution related to fossil-fuels is ob-
served when a variable MAC is accounted for. The trend of eBCffMACexp
(Fig.  4f) is small but statistically significant (0.014 μgm−3 yr−1), while 
the biomass-burning-related component eBCbbMACexp  (Fig.  4i) exhibits a 
weak negative statistically non-significant trend (∼− 0.01 μgm−3 yr−1). 
The relative shift of eBC towards fossil-fuel-related contributions under 
an evolving MAC is temporally coherent with a statistically significant 
increase in near-surface air temperature in Rome of approximately 
0.3 ◦C yr−1 (Fig.  4i) and the increase in vehicle number in Rome 
during the selected years (+4% from 2020 to 2023, Figure S5). In the 
Supplementary Materials, Figure S6 shows the tendencies derived from 
the monthly means as they were and Table  S5 reports the slopes (Theil–
Sen) with confidence intervals and related percent values, derived from 
the trend analysis of the deseasonalized monthly data for all variables 
considered here.

The trend of the uncorrected eBC which translates into 1 μg/m3

every decade is consistent with previous 17 years (2001–2017) trend 
analysis of eBC mass concentration in Rome through AERONET. Di 
Ianni et al. (2018) inferred surface aerosol light absorption coefficients 
validated using surface aerosol light absorption coefficients measured 
in-situ and estimated a statistically significant negative trend for eBC 
mass concentration of −0.76 μg/m3 decade, with 90% uncertainty 
bounds of −1.2 to −0.28 μg/m3 decade. Statistically significant decreas-
ing trends were observed in eBC concentrations in other Mediterranean 
sites: ranging from −15.0%/yr in autumn to −5.0%/yr in winter, 
Valencia (Matos et al., 2025a); −4.95%/year, Barcelona (Savadkoohi 
et al., 2024b), −1.3%/ year, Lecce (Merico et al., 2025). Rome exhibits 
the fastest eBC decline, potentially suggesting more rapid air quality 
improvements especially compared to Barcelona and Lecce. However, 
this comparison based solely on nominal eBC trends is misleading, 
as it fails to account for temporal variations in MAC. The different 
time periods — Valencia (2011–2023, pre/post COVID), Barcelona 
(2010–2020, pre/during COVID), Lecce (2017–2022, spanning COVID), 
and Rome (2020–2024, entirely post-COVID) — further complicate 
direct comparisons, as emission dynamics may have evolved differ-
ently across these periods. These findings align with a larger body of 
research, reinforcing the evidence that not only MAC values are site-
specific But also that a constant MAC value (nominal, local, or median) 
could mislead interpretation of eBC trends (Grange et al., 2020; Helin 
et al., 2018; Savadkoohi et al., 2024b; Srivastava et al., 2022). Rome’s 
MAC decline is not a common feature among urban background sites 
recently documented in Europe (Savadkoohi et al., 2024b) and rarely 
observed in other Mediterranean cities. Barcelona during 2010–2020 
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Fig. 4. Theil–Sen slope estimates and trend significance tests for selected parameters over the period July 2020-July 2024. De-seasonal monthly means are shown 
as circles. For each panel, the estimated slope (expressed as a yearly rate) is reported at the top of the plot, with 95% confidence intervals given in square brackets. 
Trend significance is indicated using a star notation: *** denotes 𝑝 < 0.001. Trends without stars correspond to 𝑝 ≥ 0.05 and indicate the absence of a statistically 
significant monotonic trend over the study period. (a) Trend in eBC concentration assuming a constant MAC of 7.77 m2g−1. (b) Trend in MACeBC. (c) Trend in 
the fossil fuel contribution to eBC (eBCff/eBC). (d) Trend in eBCMACexp , derived using a variable MAC. (e) Trend in MACexp, obtained from point to point ratios. 
(f) Trend in eBCff concentration. (g) Trend in the ratio eBCMACexp/eBC. (h) Trend in eBCbb. (i) Trend in the temperature record in Rome over the study period.
showed only a marginal MAC decline of −0.57%/year (𝑝 < 0.1) (Savad-
koohi et al., 2024b). Savadkoohi et al. (2023) report a statistically 
significant decline in the MAC trend of −3.76% per year only for 
the urban site in Rochester (US). Despite geographic proximity ( 300 
km from Rome), Lecce (Southern Italy) exhibited an opposite MAC 
trend (+2.5%/year, 0.32 [0.18, 0.48] m2g−1yr−1,), reported for the period 
2015–2022, using a MAAP instrument at 𝜆 = 670 nm (Merico et al., 
2025). Similar strong declines in eBC, not accompanied by equivalent 
EC reductions, were observed at both traffic and urban background sites 
in London and Southeast England (up to −12.5% per year) (Ciupek 
et al., 2021). Rome’s MAC trend closely matches that of London’s 
traffic site, indicating a rapid shift toward fresher and traffic-dominated 
BC with lower absorption efficiency. The consistent decrease in MAC 
across these sites highlights the need for caution when using such 
metrics to assess the success of clean air policies. These exceptional 
trends likely reflect rapid changes in BC optical properties and emission 
source composition specific to Rome during the post-COVID period 
(2020–2024), distinguishing it from longer-term patterns (2010–2020) 
observed at other Mediterranean sites. Taken together, these trends 
show that the temporal combined variability of local factors such 
as temperature and fossil fuel emissions can significantly affect the 
temporal variability of MACexp and therefore BC aerosol properties and 
accurate mass concentration estimates based on a fixed value of MAC.
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3.4. Limitations

A large source of uncertainty in the aethalometer model is associ-
ated with the selection of AAEff and AAEbb values (Healy et al., 2017; 
Zotter et al., 2017; Grange et al., 2020), since these AAE values depend 
on the sampling site and the selected wavelength range or pairs. Studies 
have indicated that AAE values are influenced by the core size of BC 
particles, width of size distribution, chemical composition, and thick-
ness of the coating on BC particles and can fluctuate significantly over 
time, based on fuel types, combustion conditions, and microphysical 
properties of BC particles (Helin et al., 2021). Research has shown that 
AAEff typically ranges from approximately 0.8 to 1.2 in ambient air, 
while AAEbb can vary from 1.6 to 2.2 (Rovira et al., 2025; Sandradewi 
et al., 2008b; Savadkoohi et al., 2023; Zotter et al., 2017). In fact, 
the choice of the most suitable pair of values is strongly dependent 
on local conditions. Numerous researchers have extensively applied 
the default values of 1 and 2 to distinguish between the components 
of eBC together with the Zotter pair of 0.90 and 1.68 (Zotter et al., 
2017). The latter were determined at Swiss sites, strongly influenced by 
biomass burning emissions, and have been proven to overestimate their 
contribution to eBC when applied in Mediterranean cities, for example, 
in Barcelona (Savadkoohi et al., 2023). Previous studies at the site, 
based on numerical Mie simulations in the visible range, demonstrate 
that AAE= 1 corresponds to soot nanoparticles (diameters < 40 nm), 
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AAE = 2 corresponds to accumulation mode bb particles (diameters 
of approximately 200 nm), and that secondary brown carbon particles 
would exhibit 𝐴𝐴𝐸 > 2.5 (Costabile et al., 2017, 2013). The AAE value 
in this study was always less than or equal to 2, and for the scope of 
this study we are confident that the approximation of the aethalometer 
model can be applied, as it is.

Another source of uncertainty is related to the cross-sensitivity to 
scattering (Yus-Díez et al., 2021). This is not observed in urban and 
traffic sites (Savadkoohi et al., 2023; Valentini et al., 2020), and the 
assumption of constant H* has been applied to this study.

Finally, the uncertainty associated with the approach adopted in 
this study to estimate the MAC at 880 nm was reported to be around 
30%–35% (Savadkoohi et al., 2024b) which is comparable to or ex-
ceeding the changes introduced by dynamic, condition-specific MAC 
adjustments.

4. Conclusions

This study provides a comprehensive characterization of the vari-
ability, sources, and measurement dependencies of eBC at an urban 
Mediterranean background site in Rome over the period 2020–2024, 
using harmonized measurements, according to ACTRIS and RI-URBANS 
protocols.

Fossil fuel combustion was the dominant contributor to eBC (mean 
fraction 66%, SD 16%), consistent with an absorption Ångström expo-
nent (AAE470–950 = 1.40, SD 0.28) indicative of mixed sources with a 
predominant traffic component. Throughout the year, eBC constituted 
a substantial fraction of fine particulate matter (PM1), with an annual 
average contribution of 13% (SD 6%) and a marked enhancement 
during winter. The diurnal cycle exhibited a robust bimodal structure 
for both eBC and eBCf f , driven by traffic emissions and the evolution 
of the boundary-layer, while eBCbb increased primarily during the cold 
season and night. Seasonally, the total eBC approximately doubled from 
summer (0.6 μg m−3) to winter (1.3 μg m−3), the fraction of fossil fuel 
reaching approximately 80% in summer and decreasing to roughly 50% 
in winter due to enhanced biomass-burning contributions.

A central finding is the substantial site-specific and temporally 
varying MAC at 880 nm. The mean experimental MAC (MACexp) was 
9.0 m2 g−1 (SD 3.8), significantly higher than the nominal instrument 
value of 7.77 m2 g−1. The monthly variability of the MAC was pro-
nounced, ranging from a minimum in December (6.8 m2 g−1) to a maxi-
mum in July (11.5 m2 g−1). Applying a dynamic, site-specific MAC pro-
duced substantial adjustments in eBC estimates: eBC was moderately 
increased in winter and markedly reduced in summer (e.g., +10.8% 
in December; −33.7% in August). The intraannual eBCMACexp -to-eBC 
ratio is on average close to 1, but it ranges from  0.7 in summer 
to  1.2 in winter. As a consequence, the winter-to-summer eBC ratio 
increased from 2.17 to approximately 2.76 when MAC variability was 
considered. The seasonal behavior of the eBC/PM1 ratio exhibited a 
correspondingly amplified contrast under a dynamic MAC correction.

Trend analysis of deseasonalized monthly means revealed that the 
apparent decline in nominal eBC concentrations (−10% yr−1) was en-
tirely attributable to a concurrent decrease in MAC (−12% yr−1). After 
correcting for MAC variability, the trend in eBC was not statistically 
significant, pointing to the fact that changes in absorption efficiency 
dominate the apparent reduction in eBC, rather than changes in BC 
mass. Over the same period, the absorption Ångström exponent exhib-
ited a significant decreasing trend. We also observed a positive trend 
in the fossil fuel fraction of eBC and rise in temperature of +1.2 ◦C
(+0.3 ◦Cyr−1), consistent with a shift towards fresher, traffic-related 
aerosol and evolving optical properties. These combined findings high-
light that use of a fixed MAC value, whether nominal, median, or locally 
derived but time-invariant can lead to biased assessments of levels, 
seasonal patterns, and especially long-term trends in eBC, confirm-
ing that using a site-specific MACexp is scientifically justified because 
aerosol composition, mixing state, and aging processes vary by location 
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and season. However, the measurement uncertainties are large. There-
fore, many observed MAC changes may fall within methodological 
uncertainty rather than indicating real physical variability.

By delving into the relationships between these various factors, 
this research seeks to enhance our understanding of aerosol dynamics 
in urban Mediterranean environments. The findings of this study are 
expected to have significant implications for multiple areas of atmo-
spheric science and public health. They may support future research 
aimed at characterizing BC in urban settings and contribute to the 
development of new health-related air quality metrics. Furthermore, 
the results could play a crucial role in improving the accuracy of 
climate and air quality models, particularly at the urban scale in 
Mediterranean regions. This comprehensive approach to studying black 
carbon aerosols promises to provide valuable insights that bridge the 
gap between atmospheric composition, climate impacts, and public 
health concerns in urban Mediterranean areas.
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