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ARTICLE INFO ABSTRACT

Keywords: This work is focused on the temporal characterization of equivalent Black Carbon (eBC) mass concentrations
Urban pollution and their sources in a suburban station notably impacted by traffic, located in the metropolitan area of
Absorbing aerosols Valencia, Spain (western Mediterranean Sea). The average (+ standard deviation) concentrations of fossil fuel

Equivalent black carbon
Source apportionment
Mann-Kendall test

(eBCy) and biomass burning (eBC,,) contributions were 0.9 + 0.5 pgm~ and 0.06 + 0.05 pgm™, respectively.
These values represent the anthropogenic character of local aerosols. Both contributions also show a very
marked seasonality: higher values in winter and lower in summer, corresponding to the strong dependence
of the atmospheric conditions. The eBCi; concentrations exhibit a daily pattern consistent with the evolution
of traffic: a morning peak (around 8 LT) and other in the evening (around 19 LT). The seasonal Mann-
Kendall test was applied to identify long-term trends and the Sen slope estimation to quantify the annual
variation. Decreasing trends were found for eBCy; concentrations (—0.023 pgm~/yr), showing the effectiveness
of air quality regulations. Less noticeable trends were found for eBCy, concentrations. This fact evidences the
contribution of biomass burning is not only related to changes in anthropogenic emissions, but also to natural
phenomena, making it more difficult to interpret long-term trends.

1. Introduction they play a key role in the terrestrial climate system and local air
quality, especially in urban environments. The climate effects of BC
According to the World Health Organization (WHO), around 99% of aerosols are related to its strong absorption of light at all wavelengths

the world’s entire population is exposed to air exceeding the guidelines of the visible spectrum, in addition to its resistance to chemical trans-
and containing too high levels of some pollutants (WHO, 2013). On the formations (Bond et al., 2013). Other effects on the climate system
other hand, anthropogenic aerosols play a major role in the observed are related to the formation and modification of clouds properties
changes in the climate system over the last decades. Certain air pol- processes, the perturbation of the atmospheric temperature profile and

lutants are currently regulated by a set of EU directives. The Ambient the melting of snow and ice sheets, affecting the terrestrial albedo (Ding
Air Quality Directives (AAQD) and other legislative frameworks aim et al., 2016; Ji, 2016; Lee et al., 2017; Kang et al., 2020). BC aerosols
to avoid, prevent, or reduce harmful effects on human health and
the environment by keeping pollution levels across the EU within air
quality standards. WHO (2021). To adhere to the WHO’s latest targets,
AAQD will include unregulated air pollutants, such as ultrafine particles
(UFP), Black Carbon (BC) and ammonia (NH;) (Council of the European
Union, 2023). The climate and health effects of these pollutants are well
known, making them pollutants of emerging concern.

BC has emerged as one of the most significant light-absorbing par-
ticulate components in the atmosphere. It represents a distinct fraction
of carbonaceous aerosols, characterized by unique physicochemical compounds, many of which are co-emitted by a wide variety of sources.
properties. The characterization of BC aerosols is important because The formation of BC occurs during the combustion processes of fossil

are also associated with health effects, mainly related to increases in
premature mortality from cardiovascular and respiratory diseases and
lung cancer (Ljungman et al., 2019; Farzad et al., 2020). Much of
the adverse health effects related to BC aerosols are caused, in large
part, because of carbonaceous material such as semivolatile organic
compounds and Polycyclic Aromatic Hydrocarbon (PAH) are adsorbed
onto BC’s core (Grahame et al., 2014).

Typically, BC particles are found in mixtures with other chemical
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and non-fossil carbonaceous fuels. Consequently, the study of BC is
typically associated with analyzing the contributions of traffic and
biomass burning, as they represent the most common sources in urban,
rural and residential areas across Europe (Healy et al., 2017; Zotter
et al., 2017; Mbengue et al., 2020; Savadkoohi et al., 2023). However,
the presence of BC is also significant in port and industrial areas (Marin
et al., 2017; Brewer, 2020).

In recent years, there has been a lack of consensus on the appro-
priate terminology for BC, considering all aspects of the properties,
measurements methods, and associated uncertainties (Petzold et al.,
2013; Lack et al., 2013) . Essentially, the terminology is linked to
the measurement method, with “BC” serving as a qualitative term
and “eBC” referring to the mass concentration of BC derived from the
absorption coefficients (b,,,) obtained through optical methods. Instru-
ments such as aethalometers, which conduct spectral measurements
of b,,, enable the source apportionment quantifying the contribution
from fossil fuels and biomass burning to the total eBC. The source
apportionment analysis is particularly pertinent in locations where
emission sources are well defined, such as urban and metropolitan
areas (Healy et al., 2017; Helin et al., 2018; Herich et al., 2011; Cheng
et al., 2022; Savadkoohi et al., 2023), but also in residential zones and
in regional backgrounds, where the biomass burning contribution is
predominant (Helin et al., 2018; Mbengue et al., 2020).

The recent incorporation of BC in European legislation requires a
comprehensive understanding of its temporal behavior and patterns,
as this knowledge is crucial for the development of effective pollu-
tion control strategies. The concentration of eBC usually exhibits a
marked seasonal dependence, largely influenced by atmospheric condi-
tions (Titos et al., 2017; Jing et al., 2019; Shen et al., 2021; Matos et al.,
2025). Several studies have shown that eBC, particularly the fossil fuel
fraction (eBC;;), follows a distinct daily pattern closely linked to traffic
variations. This pattern is especially pronounced in urban and suburban
areas, where vehicular emissions are the dominant source, as observed
in various European (Jarvi et al., 2008; Luoma et al., 2021) and Spanish
cities (Casquero-Vera et al., 2021; Savadkoohi et al., 2023). Conversely,
rural and residential areas display moderate fluctuations, as eBC from
biomass burning plays a more significant role, particularly in Central
and Northern Europe where biomass combustion is widely used in do-
mestic heating devices (woodstoves/heating system), especially during
the weekend (Herich et al., 2011; Zotter et al., 2017; Helin et al., 2018;
Mbengue et al., 2020).

Temporal trends in eBC concentrations have also been documented
in recent years across Europe, as reported by Sun et al. (2020), Lu-
oma et al. (2021), Savadkoohi et al. (2023) and Matos et al. (2025).
These findings indicate a substantial decline in traffic-related eBC levels
and slight increasing in biomass burning contribution (Mousavi et al.,
2018; Savadkoohi et al., 2023). The reduction of eBC;; agree with the
reduction in gaseous pollutants and particulate matter observed over
the last decades (Sicard et al.,, 2021), but also in aerosol radiative
properties (Gupta et al., 2022; Collaud Coen et al., 2020a; Garcia-Sufier
et al.,, 2023). This evidence underscores the necessity of continued
monitoring of eBC concentrations and demonstrates the effectiveness
of air quality policies.

This study is the first to characterize the long-term contributions
of traffic (BC;;) and biomass burning (eBC,;) to the total eBC concen-
trations in the metropolitan area of Valencia, situated in the western
Mediterranean Sea. By examining interannual, intraannual, seasonal,
and daily time scales, a comprehensive temporal analysis is provided.
Furthermore, the temporal trends of eBC components concentrations
over the last 12 years using the seasonal Mann—Kendall test and Sen’s
slope estimator are analyzed. This robust method identifies increasing
or decreasing trends over time, highlighting the annual rate of change.
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Fig. 1. Location of the measurement site: (a) BASS, Valencia center and Mediterranean
Sea and (b) LCA location and traffic sensor.

2. Site description and instrumentation
2.1. Measurement site

Measurements used in this study were taken from the Atmospheric
Pollution Laboratory (LCA, Laboratorio de Contaminacién Ambiental),
which is part of the Burjassot AtmoSpheric Station (BASS), located in
the Burjassot Campus of the University of Valencia (39.51°N, 0.42°W,
60 m.a.s.l.).

Burjassot is a town located in the Metropolitan Area of Valencia
(MAV), in the eastern coast of Spain (Fig. 1(a)). The population of
Burjassot is 39,702 inhabitants, while in the MAV there are 1,599,656
inhabitants, from which 807,693 live in Valencia city. Burjassot is
located 5 km northwest from Valencia city center and 10 km from the
Mediterranean Sea.

The LCA is located near to a six-lane highway (CV-35), being one of
the main roads leading to the center of Valencia. The traffic intensity of
the CV-35 is high (more than 100k vehicles per day) especially during
rush hours (approximately 14k vehicles from 7 to 8 Local Time, LT).
Local authorities monitor the traffic intensity (expressed in number
of vehicles per hour) in both ascending and descending directions
(Fig. 1(b)). Although traffic is locally the main source of aerosols, the
measurements are occasionally affected by particles transported from
Sahara Desert, industrial areas of continental Europe or maritime and
oceanic source regions (Esteve et al., 2012a). Additionally, they are
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often influenced by agricultural activities (such as burning of biomass
debris, or resuspension of particles by soil preparation) (Estellés et al.,
2005), as well as forest fires, primarily during summer (Gémez-Amo
et al., 2017). Due to the location and anthropogenic influences, the LCA
is considered a traffic suburban monitoring station.

2.2. Aethalometer AE31

An Aethalometer model AE31 (Magee Scientific) has been measur-
ing from April 2011 to March 2023 at the LCA. The aethalometer is the
most widely used filter-based instrument for real-time measurement of
the b,,, and monitoring of the eBC mass concentrations.

The measurement principle is based on determining the attenuation
measured by two photodetectors, one serving as a reference, while the
filter continuously collects the aerosol samples. From the raw mea-
surements of the two photodetectors, the beam attenuation (ATN) at
a given time and for each wavelength can be derived. The attenuation
coefficient, b,,, is determined from the change in attenuation that the
beam suffers during a time interval At:

ATN(4,t + At) — ATN(4, ) A
At \

b, =

atn

(€Y

where A represents the spot area (1.67 cm?) and V is the flow rate
(4 L-min™!). The by, differs from the b, due to three systematic
artifacts, which need to be compensated: loading, multiscattering and
single scattering effects. The compensation of these effects is based on
different proposed algorithms: Weingartner et al. (2003), Arnott et al.
(2005), Schmid et al. (2006), Virkkula et al. (2007) and Collaud Coen
et al. (2010), although reference values that have been obtained in
other works are usually used due to the inability to determine them
experimentally.

The seasonal variations of the aerosol optical and radiative proper-
ties at this location, previously analyzed by Estellés et al. (2007), Esteve
et al. (2012b) and Segura et al. (2016) require a specific-site compen-
sation. In this work, the compensation proposed by Segura et al. (2014)
is used, because the procedure is completely experimental and allows
to obtain the spectral dependence of the parameters.

2.3. Atmospheric data

Meteorological variables (temperature, relative humidity, wind
speed, pressure and precipitation) were monitoring with a Vaisala
Weather Transmitter WXT520 sensor installed at BASS. This data were
used to explain the seasonal behavior observed in the concentrations.
Additionally, ERA5 reanalysis from ECMWF (European Centre for
Medium-Range Weather Forecasts) (Hersbach et al., 2020) meteoro-
logical global model was used to obtain hourly data of the Boundary
Layer Height (BLH), with a spatial resolution of 0.25°x0.25° (latitude
X longitude).

3. Methodology
3.1. Compensation of the AE31 measurement

As mentioned above, raw measurements from the aethalometer
allow the determination of the b, (Eq. (1)). Then, the b, is obtained

by applying the following equation, which represents the compensation
of the three effects suffered by the aethalometer measurements:

baps(4) = Bain(4) @
abs c. [(; _ 1) . InCATN()-In(10%) 1]
£(4) 1n(50%)~In(10%)

The shading factor, represented as f, is used to compensate for the
loading effect. This factor was calculated for the seven wavelengths
of the aethalometer, varying slightly from Weingartner et al. (2003)
proposal. Basically, the dependence between the attenuation (ATN) and

the b,,, which appears when the aerosol loading deposited on the filter
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is high, was used. The values of b, before the filter advance should
agree with the measurements made immediately after. The values of
f(4) are selected by minimizing the differences between the values of
the attenuation coefficient before and after filter advance (Sandradewi
et al., 2008b; Favez et al., 2010; Segura et al., 2014; Matos et al., 2025).

The parameter C represents the enhancement of absorption by parti-
cles in the filter matrix due to multiple scattering. To obtain the values
of C(4), the completely experimental approach proposed by Segura
et al. (2014) and applied in Segura et al. (2016) and Matos et al.
(2025) was used. This proposal arises from a combination of Wein-
gartner et al. (2003) and Schmid et al. (2006) compensations methods.
This proposal requires simultaneous complementary measurements of
absorption and scattering coefficients: (a) for the measurements of
reference absorption coefficients, a Multi-Angle Absorption Photometer
(MAAP) Model 5012 was installed at the LCA from 2013 to 2015;
(b) for the scattering coefficients, a TSI Model 3563 three-wavelength
integrating nephelometer was used. The C(4) values obtained by Segura
et al. (2016) at our measurement site were applied in this work. Both
compensation parameters, f, and C,, are given in Table S1. For more
detailed information on the compensation method, see Segura et al.
(2014).

3.2. Fossil fuel and biomass burning contribution to eBC

The source apportionment of eBC methodology proposed by San-
dradewi et al. (2008a), known as Aethalometer Model (hereafter AM),
was used to quantify the relative contribution of eBC emitted from
the burning of fossil fuel in traffic emissions (eBC;;) and biomass
burning (eBCy,). This methodology has been widely used to analyze
separately eBC contributions (Favez et al., 2010; Tiwari et al., 2014;
Diaz Resquin et al., 2018; Mousavi et al., 2018, 2019; Mbengue et al.,
2020; Cheng et al., 2022; Savadkoohi et al., 2023). The AM is based on
the parameterization of the spectral dependence of b, of eBC emitted
by both sources, assuming that the spectral dependence is different.
Assuming that the total b, is only influenced by these two sources,
the contributions from traffic and biomass burning can be determined
by using:

babs(}‘) = babs(}')ff + babs(}‘)bb (3)
babs(A)r _ </11 >_AAE” @
baps (A2 A
b.bs (A1)bb _ <ﬁ>7AAEhb ®
Babs (42)bb A
P= Dabs(A2)er _ eBCye ©)

T byp(Ay) eBC

where 1, should be a wavelength in the N-IR range, where eBC is the
main absorber, while A; should be taken in the N-UV range, where
other organic components also contribute to solar absorption. The
most typical pair of values is 470—950 nm (Zotter et al., 2017), being
identified as the optimal spectral selection for the application of the
AM when using AE31 aethalometer measurements across Europe (Favez
et al., 2010; Herich et al., 2011; Healy et al., 2017; Becerril-Valle et al.,
2017; Helin et al., 2018; Diaz Resquin et al., 2018; Cheng et al., 2022).
Consequently, the pair 4, = 470 and 1, = 950 was adopted in this
work for estimating the relative contribution of fossil fuel and biomass
burning to the ambient eBC concentration.

The Absorption i\ngstrém Exponents AAE;; and AAE,, represent the
spectral dependence of fossil fuel and biomass burning, respectively.
Generally, AAE;; and AAE, are selected from previous experimental
results at similar locations or under similar conditions, when auxiliary
measurements are not available. Experimental AAE;; values range be-
tween 0.9 and 1.1 (Favez et al., 2010; Zotter et al., 2017; Helin et al.,
2018; Mousavi et al., 2019).
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In this work, the experimental value of AAE;; was determined
from b, at 470 and 950 nm obtained during the weekday morning
rush hours (7-9 LT). Previous results in our measurement site have
shown that by, and AAE follow daily patterns according to traffic
intensity variability (Segura et al., 2016; Matos et al., 2025). Fig. S1
represents the Angstrom matrix (AAE vs. SAE) during weekday morning
rush hours (7-9 AM). The BC is the predominant aerosol type (60%),
followed by mixtures of large particles and BC (30%). The median
AAE obtained from b, during daily rush period was assumed as our
experimental AAE;; = 1.25 + 0.08.

Our experimental AAE;; value is slightly higher compared to the
typical values range (0.9-1.1). The reason is the compensation applied
to the b, from the AE-31 measurements. Assuming a value of C =
2.14, as proposed by Weingartner et al. (2003) (the most commonly
used method of compensation in the absence of complementary instru-
mentation), instead of the experimental compensation, we obtain AAE;
= 1.04. However, the site-specific compensation must be applied when
the required instrumentation is available, being the Weingartner et al.
(2003) proposal only an alternative compensation.

While for diesel/road traffic emissions there is a consensus on the
value of the AAE (~1), AAE for biomass burning emissions is not so
well-defined. Wood or biomass smoke often contains other organic
compounds, such as PAHs or BrC, which absorb mainly in the blue and
UV region of the spectrum. This strong absorption at lower wavelengths
leads to an increase in AAE (Tiwari et al., 2014). The AAE value in
the case of these mixtures depends on several factors, and it is usually
within a wider range (1.5-2.2), depending on the type of biomass
and combustion efficiency (Favez et al., 2010), the combustion regime
(higher the slower the combustion) (Garg et al., 2016) and the state of
internal mixing with other non-absorbing components, leading to the
large discrepancies in values.

The site-specific value of AAE,;, was selected by analyzing different
values in the most typical range of experimental values: 1.6-2.2 (San-
dradewi et al., 2008a; Diaz Resquin et al., 2018; Mousavi et al., 2019).
In this work, a similar procedure applied by Dumka et al. (2019), Jing
et al. (2019) and Shen et al. (2021) was used. Basically, the procedure
was as follows: (1) assuming the experimental value of AAE;; equal to
1.25, the AM is applied following Egs. (3)-(6) and varying AAE,, in
intervals of 0.2 (from 1.6 to 2.2); (2) the number of negative values
of each contribution (eBC;; and eBGC,;) was evaluated. The higher the
value of AAE,,, the lower the number of negative values of eBC;;
(3) the number of P values (Eq. (6)) less than 0.2 at peak traffic
hours (7-9 LT) was calculated, i.e. the number of occurrences the
biomass burning contribution was more than 80% being the traffic the
dominant contribution. With this criteria, higher values of the AAE,,
(1.8-2.2) provide better results; (4) finally, AAE,;, = 2.0 is chosen and
the graphical method was applied (Figure S2), obtaining a value of
AAEy, = 2.11 (calculating the AAE when P = 0 from the equation of the
linear fit). Shen et al. (2021) obtained a similar value (2.16) following
the same method, and also the value obtained by Titos et al. (2017)
in Granada and by Diapouli et al. (2017) in Athens (2.0) is consistent
with that obtained in the present work.

3.3. Convert b, (1) to eBC concentration

The b, (1) are converted into equivalent Black Carbon (eBC) con-
centrations (Petzold et al., 2013) using the Mass Absorption Cross
section (MAC):

babs,/L

MAC, )

Several variables strongly influence the value of the MAC, such as
particle size, morphology or mixing state (Zanatta et al., 2016; Zotter
et al.,, 2017), as well as location (Herich et al., 2011; Savadkoohi
et al., 2024). Because of the insufficient instrumentation required to
determine the MAC experimentally, it is crucial to select a well rep-
resentative value for our station. In this study, we used a reference

eBC(4) =
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MAC value obtained at an urban background site in Barcelona (Spain),
by Yus-Diez et al. (2022): 7.55 + 2.06 m? g~! at 950 nm. The principal
factor considered in selecting this reference value is the significant local
traffic influence at both locations, along with similar atmospheric and
geographical conditions.

3.4. Mann—Kendall and Sen’s slope estimator

The temporal trends exhibited by the concentrations of eBCy; and
eBCy,, were analyzed using the Mann-Kendall (MK) test (Mann, 1945;
Kendall, 1975). This is one of the most widely used non-parametric tests
for estimating trends in aerosol properties, particularly useful when
there are missing values, negatives or values below the detection limits
in the database. The Sen’s slope estimator (Theil, 1950; Sen, 1968), also
a non-parametric test, is closely related to MK test, since it determines
the magnitude of change. The Sen’s slope represents the global slope of
the entire time series, and it is calculated as the median of the slopes
between each pair of time values.

Kendall (1975) demonstrated that when the number of values in
the time series (n) is as small as 10 the normal approximation can
be used unless there are numerous tied data (Gilbert, 1987). On the
other hand, if data exhibit seasonal changes, they should be considered
before applying the MK test. Hirsch et al. (1982) extended the MK test
to account for seasonality, resulting in what is known as the seasonal
MK test. Essentially, daily medians concentrations are segmented by
meteorological seasons, and the procedure is applied using the seasonal
or monthly medians, instead of the annual values.

MK test also requires serially uncorrelated time series. There are
several methods proposed to eliminate or reduce the autocorrelation,
known as “prewhitening”. Yue et al. (2002) proposed the Trend-Free
PreWhitening (TFPW) procedure, compared by Collaud Coen et al.
(2020Db) with five other prewhitening algorithms, being one of the most
common. The daily medians of eBC;; and eBC,; concentrations show
a statistically significant autocorrelation, so the algorithm proposed
by Yue et al. (2002) was applied before the seasonal MK test. The
confidence levels chosen for identifying statistically significant trends
in eBCy; and eBCy, concentrations were 80%, 90%, 95% and 99%. The
annual trends are considered only if the seasonal slopes are homoge-
neous at the 90% confidence level (Gilbert, 1987; Collaud Coen et al.,
2020a). The seasonal MK test was also applied to eBC;; during rush
hours. In addition, the test was applied to daily traffic, in order to
compare with eBC;; concentrations trends.

4. Results and discussion

Hourly concentrations of eBC;; and eBCy, were calculated from
compensated b,.. The statistics were calculated ensuring the avail-
ability of more than 60% of data and removing the measurements
corresponding to COVID-19 lockdown period (March 14 to June 15,
2020). The changes exhibited by traffic and total eBC concentrations
during this period have been analyzed in Matos et al. (2025).

4.1. Interannual evolution

Fig. 2 shows the evolution of the daily averages of the concentration
of both contributions eBC;; and eBGCy,, from April 2011 to March 2023.
The eBCy, concentrations in Fig. 2(b) are much lower than eBCg;
concentration in Fig. 2(a): most daily levels are between 0 and 0.2
pg m~3, while the traffic component levels are often ranging between
0.5 and 2 pg m=3.

The annual means (+ standard deviation) of eBC;; range from 0.7
+ 04 pg m™3 to 1.1 + 0.5 pg m~3, being the average for the entire
period 0.9 + 0.4 ug m~3. The eBC; levels in other Spanish regions are
usually higher; most of them are urban background stations but the
measurement periods are usually shorter. Casquero-Vera et al. (2021)
obtained in Granada (southern Spain) eBC;; levels of 1.9 + 2.2 pg m™3
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at a suburban station and 2.3 + 2.6 pg m~> at an urban station, during
a winter campaign (December 2015-April 2016). The higher values
should also be related to the season. At the same location, Savadkoohi
et al. (2023) obtained eBCy concentration of 1.45 pg m™> during
two years (2017-2019). Savadkoohi et al. (2023) also report eBCg
concentrations at two urban background stations: 1.12 pg m~3 and 1.26
pg m~3 in Madrid and 1.29 pug m~3 in Barcelona. eBCg; concentrations
at Burjassot are similar to those measured at other traffic stations in
Europe (Healy et al., 2017; Savadkoohi et al., 2023), and lower than
the results reported by Diaz Resquin et al. (2018) in the Metropolitan
Area of Buenos Aires (Argentina), where the medians were in the
range 1.23-3.57 pg m=3; or in Nanjing (China), where Shen et al.
(2021) found levels of eBC; between 0.90 + 0.72 pg m™> and 2.46 +
1.66 pg m~3 during one year.

The interannual evolution of eBC;; is quite similar to total eBC
levels (Matos et al., 2025). The reason is the dominance of the traffic
contribution, represented by P (Eq. (6)). The mean and median values
of P (+ standard deviation) for the entire period are 92 + 11% and
95 + 11%, respectively, evidencing the traffic as the main source of eBC
at the suburban station. Savadkoohi et al. (2023) found similar P values
in urban locations in Madrid and Barcelona (Spain) (> 80%), and also
in several European locations such as Paris (France) (88%), Hyytidla
(Finland) (89%) and Stockholm (Sweden) (87%). Similar contributions
were also found in other European urban stations (Herich et al., 2011;
Tiwari et al., 2014; Healy et al., 2017; Zotter et al., 2017; Mousavi
et al., 2018; Diaz Resquin et al., 2018; Cheng et al., 2022); and lower
than those measured in rural locations where residential wood com-
bustion is more frequent, especially in winter for home heating (Healy
et al., 2017; Mbengue et al., 2020), but also in suburban or residential
city-areas where wood burning for heating is typically used during the
winter (Herich et al., 2011; Healy et al., 2017; Zotter et al., 2017; Helin
et al., 2018; Jing et al., 2019; Mbengue et al., 2020; Shen et al., 2021).

In the case of the eBC,, (Fig. 2(b)), the concentrations are clearly
lower than eBC;; levels. The annual means range between 0.04 and
0.09 pg m=3. Levels corresponding to 2012 are specially high. Ac-
cording to the Spanish National Inventory of Atmospheric Pollutants
(NIAP), which reports emissions of air pollutants, BC emissions due to
forest fires increased in 2012, 2015, 2017, 2019 and 2021. The increase
of forest fires may be related to some variations in eBC,,, concentrations
linked to the transport of particles from other regions.

The mean (+ standard deviation) of eBC,, over the entire period
(2011-2023) is 0.06 + 0.05 pg m™3, considerably lower than that ob-
tained in the rest of urban background stations in Spain (Becerril-Valle
et al., 2017; Casquero-Vera et al., 2021; Savadkoohi et al., 2023) and
similar to that obtained by Diaz Resquin et al. (2018) in Metropolitan
Area of Buenos Aires (Argentina): 0.06 (0.02-0.13) pg m~>; also in the
range of levels obtained at 7 stations near to busy highways (>10k
vehicles per day) reported by Healy et al. (2017) in Ontario (Canada):
0.08-0.25 pg m=3; and very close to that determined by Cheng et al.
(2022) at a traffic location in Taiwan. The eBCy, concentrations in
Burjassot are lower compared to levels where biomass burning is
prevalent, such as residential (Helin et al., 2018) or rural areas (Healy
et al., 2017).

Fig. 3 shows the interannual evolution of atmospheric variables
(temperature, T; relative humidity, RH; wind speed, u; boundary layer
height, BLH) and traffic intensity, all of them following a particular
annual patterns. The atmospheric variables (Figs. 3(a)-3(d)) indicate
that the climatic conditions in Burjassot are characterized by mild win-
ters, with the lowest temperatures rarely falling below 10 °C, and hot,
humid summers, with maximum temperatures around 25-30 °C and
relative humidity approximately 60%. Additionally, relative humidity,
wind speed and boundary layer height exhibit greater variability during
the winter months.

Moreover, daily traffic consistently ranges between 100k and 150k
vehicles throughout the year, with the exception of August. This an-
nual minimum is attributable to the summer vacation period, which

Atmospheric Pollution Research 16 (2025) 102527

4 I I

0 I I I h |
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

median =0.77 pgm™
SD =043 pgm™

3
eBCy (ngm™)
- o
e
T

(a)

Ul

0 ba LTV | 8 P
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

(b)

mean = 0055 pgm™
‘median = 0.039 igm™>
SD =0048 pgm™

3
eBCbb (ugm™)
Z o
G
—

°
T

oos bl
I

Fig. 2. Interannual evolution of daily means concentrations of (a) eBC;; and (b) eBC,
from April 2011 to March 2023.

results in a significant decrease in daily traffic. Fig. 3(e) also shows
a significant reduction of traffic resulting from the lockdown imple-
mented in March 2020 to avoid the spread of the respiratory syndrome
coronavirus 2 (SARS-COV-2), responsible for COVID-19. Matos et al.
(2025) analyzed the annual variation of traffic on the CV-35 highway
during 2020, comparing it with previous and subsequent years. The
60% decrease in daily traffic was unequivocally related to the 50%
lower concentration of total eBC at our measurement site. In this study,
contributions from traffic and biomass burning during the confinement
period exhibited reductions of 53% and 14%, respectively.

4.2. Intra-annual evolution

The intra-annual characterization of V, BLH and both eBC compo-
nents concentrations is shown in Fig. 4, where the monthly distribution
based on daily concentrations is represented using box-whiskers plots.
The horizontal line in each box is the median (50th percentile), edges of
each box are the 25th and 75th percentiles, being the distance between
the two extremes the interquartile range. The whiskers indicate the 5th
and 95th percentiles. Data exceeding the whisker length are marked as
outliers. The asterisk in each box is the mean value.

Daily eBC;; and eBCy, concentrations in Burjassot show a marked
annual pattern, with higher values in winter, while the lower levels
occur in summer. This seasonality seems mainly due to atmospheric
influence: both atmospheric variables (u and BLH) show a particular
seasonal pattern. The daily development of the Atmospheric Boundary
Layer (ABL) depends directly on the temperature, which also has a
strong seasonal character (Fig. 3(a)). The lower the temperature, the
more limited the vertical development of the ABL. Higher concentra-
tions of eBC;; and eBCy,, in winter are due to a combined effect of lower
BLH and frequent stagnation events.

In addition, Fig. 4 confirms the variability in winter months, show-
ing by larger interquartile range. The variability of daily concentration
in winter and autumn is related to the greater variability also observed
in atmospheric conditions (Figs. 4(a) and 4(b)). The annual medians
are slightly lower than the averages, which usually occurs in long-
term temporal series, due to the high temporal variability and outliers
occurrences.
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(c) wind speed (u), (d) boundary layer height (BLH) and (e) traffic intensity.

The daily traffic intensity on the highway near our measurement site
does not exhibit clear seasonality (Matos et al., 2025). Consequently,
the seasonality observed in the eBC;; and eBC,, concentrations does

not appear to correlate with seasonal variations in local traffic.
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Table 1

Seasonal MK test statistics of eBC;; and eBC, at Burjassot station: number of seasonal
data (N), test statistic (Z), Sen’s slope (Sen), Confidence Intervals of the slope at 90%
confidence level (CI), interpretation of the trend (Trend): 1 (increasing), | (decreasing)

and ® (no trend); and significance level of the test (Sign): a= 0.01(****), 0.05(***),
0.1(**) and 0.2(*).
N z Sen CI Trend  Sign
pg m=3/yr (%/yr) pg m™?
eBCy;
Winter 12 -2.40 -0.017 (-6.6) (-0.026, —0.006) 1
Spring 13 -2.87 —0.018 (-10.7) (-0.024, —0.009) 1
Summer 11  -3.89 —0.024 (-16.6) (-0.028, —0.018) 1
Autumn 12 -3.91 —0.033 (-15.4) (-0.036, —0.028) l
Annual 48 -6.59 —-0.023 (-12.4) (-0.026, —0.019) 1
eBC,,
Winter 12 1.71 0.0016 (8.3) (0.0002, 0.0031) 1
Spring 13 0.67 - - ® -
Summer 11 2.96 0.0009 (8.7) (0.0006, 0.0015) 1 ok
Autumn 12 1.57 0.0011 (9.7) (—0.0003, 0.0022) 1 *
Annual 48 3.44 - - ® -

4.3. Annual and seasonal trends

Over the last years, various aerosol optical and radiative properties
have been suffered reductions across Europe, particularly in urban sites
highly influenced by traffic (Sun et al.,, 2020; Luoma et al., 2021;
Savadkoohi et al., 2023). These trends highlight the effectiveness of
the regulations implemented for reducing anthropogenic emissions and
improving air quality. This section focuses on the assessment of the
temporal trends exhibited by the eBC;; and eBCy, concentrations. The
seasonal MK test and Sen’s slope estimator were applied, with slopes
normalized to facilitate the interpretation of the trends

Table 1 presents the test statistics exhibited by seasonal concentra-
tions of both components. The eBC;; concentration shows statistically
significant (ss) decreasing trends in all seasons, at higher than 90%
confidence level, which allows to determine the annual decreasing
trend of the traffic contribution, and the slope is —12.4%/yr at 99%
confidence level. The inter-annual reduction of eBC;; is consistent
with data reported in the NIAP: annual estimates of emissions of the
primary atmospheric pollutants (NO,, PM and BC) are reported for the
period 1900-2021. Emissions of NO,, from road transport decreased by
50.7% since 1990 and 52.7% since 2011. National BC emissions due
to on-road traffic have decreased by 42% since 2011. These trends
are consistent with the findings of Sun et al. (2020), who observed
decreasing eBC concentrations from 2009 to 2018 at 16 stations in
Germany with a 95% confidence level. Similar trends of eBC;; have
been reported in other urban sites, primarily in Europe. The trends of
eBC;; also agree with the decreasing trends observed in total eBC at our
measurement site by Matos et al. (2025). The seasonal concentrations
of total eBC decreased annually since 2011, with slopes varying from
—15%/yr (autumn) to —5.0%/yr (winter). Matos et al. (2025) also
studied the temporal trends of the AAE, showing increasing trends
for all seasons at 99% confidence level. Aerosol properties such as
AOD (Aerosol Optical Depth) and b, have exhibited decreasing trends
in recent years (Collaud Coen et al., 2020a; Gupta et al., 2022). At
our measurement site, Garcia-Sufer et al. (2023) found statistically
significant (at > 80% confidence level) decreasing trend in AOD for
most months; whereas AE and SSA do not show statistically significant
long-term trends, only for a few months of the year.

On the contrary, not ss annual trend was found for eBCy, concen-
trations. In this case, seasonal MK test determined ss increasing trends
in winter, summer and autumn, with slopes ranging 8-10%/yr, at
90%, 99% and 80% confidence levels, respectively. Similar trends have
been observed in several European locations, related to the increase
in biomass burning for domestic and commercial uses (Mousavi et al.,
2018; Savadkoohi et al., 2023).
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period (March 15-June 22, 2020) was removed in ¢ and d.

The traffic influence on eBCg; concentrations requires an in-depth
study of the temporal variations of traffic in the metropolitan area
of Valencia, which allows relating the eBC; concentrations trends to
the traffic as the main emission source. For this purpose, the seasonal
MK test was applied to the daily traffic intensity. The only “seasonal”
dependence of traffic is the annual minimum reached in August (Fig.
3(e)). For the rest of the year, daily traffic is relatively constant. To
respect its seasonality, the MK test is applied to daily light, heavy
and total traffic for all months excluding August, and for August data
separately. A distinction was also made between traffic on WeekDays
(WD) and WeekEnd days (WE), as the daily traffic pattern changes
during the week. Statistics values of seasonal MK test are presented in
Table 2.

Generally, eBC;; concentrations showed a decreasing trend over the
years, but traffic does not show the same behavior. As shown in Table
2, light traffic shows decreasing trends for weekdays and weekends,
but they are ss only for weekends at 99% confidence level, with a very
low slope (—0.1%/yr). On the other hand, heavy traffic shows more
temporal trends, although they are not homogeneous. For weekdays,
increasing trend is found, with a slope of 1.4%/yr in August; while on
weekends a decreasing trend is exhibited (at 90% confidence level) only
for monthly values excluding August. The trends found in total traffic
are similar to those of light traffic, since it is predominant.

Following the results of Table 2, there is no direct relationship
between the trends of traffic and eBC;; concentrations. The temporal
decrease in traffic is not the only factor to consider when analyzing pol-
lutant trends. While traffic may remain constant over time, emissions
may suffer changes, primarily related to air pollution controls and new
emission standards, as well as the recent increase of electric and hybrid
vehicles (both in public and particular transport). This may be related
to the reduction of the levels of primary pollutants, such as BC, even if

the traffic intensity is constant or increasing (Jarvi et al., 2008; Luoma
et al., 2021).

4.4. Diurnal variability

The daily variability of eBC;; and eBCy, is presented in Fig. 5, where
seasonally (winter, spring, summer and autumn) and weekly (weekdays
and weekends) separation was made, in order to analyze the weekend
effect on the concentrations, as well as the seasonal dependence of
atmospheric variables.

The daily pattern shown by eBC; is the typical shape reported in
locations strongly influenced by traffic (Herich et al., 2011; Tiwari
et al., 2014; Helin et al., 2018; Jing et al., 2019; Shen et al., 2021;
Luoma et al., 2021). Basically, the pattern is characterized by a first
morning peak (between 7-9 LT) and a second peak in the evening
(between 19-21 LT). The second peak almost disappears in spring
and summer, which is usually related to a combination of higher
atmospheric turbulence conditions with higher BLH. The disappearance
of the second peak of eBCg in spring and summer is also related to
the reduction in traffic during the summer due to the adjustment of
working hours, with earlier departures from work. These peaks, mainly
observed on weekdays, are clearly related to the traffic daily maximum
occurring between 7-9 LT and 18-20 LT for both light and heavy
vehicles on weekdays (Fig. 6). The weekend effect is evident in Fig.
5(a-d), where the morning peak is markedly reduced, showing another
afternoon peak, especially in winter and autumn. This second daily
peak is related to the increase in traffic in the evening on weekends
(Fig. 6). Generally, eBC; levels on weekends are lower and show a
smoother pattern than weekdays levels, due to decreases of 70% and
30% in heavy and light traffic, respectively. However, at earlier hours
of the weekend days, eBC;; concentrations are highest, because the
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Fig. 5. Daily-seasonal variability of eBC;; and eBC,, concentrations on (a-d) weekdays and (e-h) weekends.

nighttime traffic intensity is higher than on weekdays (Fig. 6(a)). The
minimum eBCy; concentrations at noon is related to the maximum daily
BLH and wind speed (Matos et al., 2025), favoring pollutant dispersion
and causing concentrations to decrease.

Levels of eBCy,, do not show significant changes during the week,
which is also common in traffic influenced locations (Zotter et al., 2017;
Becerril-Valle et al., 2017). However, slightly higher concentrations are
reached on weekends, mainly in winter, which may be related to the
transport of some nearby contribution. On weekends, travels by car to
rural areas are typical, being likely that the higher eBC,;, concentrations
in winter may be due to emissions from wood burning for heating from
towns around Valencia.

Therefore, changes observed in eBC components concentrations
during the day are mainly governed by traffic (especially on weekdays
for eBCy) and atmospheric variables (BLH and wind speed).

4.4.1. Maximum eBCy; concentrations trends

As discussed in Section 4.3, daily traffic does not exhibit ss trends.
However, the eBC;; concentrations do exhibit ss decreasing trends for
all seasons. Considering the relevance of traffic in the measurements,
seasonal MK test was applied to concentrations during rush hours, when
the traffic influence is stronger, in order to analyze the temporal trends
of temporally segregated eBC;; concentrations.

Table 3 shows the MK statistics corresponding to eBC;; concentra-
tions around the first morning traffic peak (TR1), between 7-9 LT, and
the second evening traffic peak (TR2), which occurs at 20 LT. The eBCy;
concentrations exhibit ss decreasing trends in all seasons, at 90% (or
higher) confidence levels. The annual slopes varies between —5%/yr
and —2.6%/yr for the morning peak and —5.5%/yr and —3.1%/yr for
the second peak. There are also seasonal differences in the trends. For
example, the relative annual decrease is higher in autumn and summer
comparing with winter trends, which is also observed in Table 1. In
addition, the confidence level is also lower in winter. Although the
exhibited changes of eBC;; concentration may have a direct dependence
on the temporal variability of traffic emissions, the seasonal differences
may be due to the fact that traffic in winter is not the main influence
on eBCy; changes. Due to the atmospheric conditions during winter
(mainly atmospheric instability), the observed changes in eBC;; con-
centrations may be more influenced by atmospheric conditions than by
traffic. Therefore, the decrease in eBCy; during winter is less significant,
as it depends on atmospheric conditions, which have not changed
interannually at our location (Matos et al., 2025).

The seasonal MK test was also applied to traffic intensity during
rush hours (TR1 and TR2) and not ss trends were found. Therefore,
decreasing trends exhibited by eBC;; concentrations are more related
to changes in traffic emissions rather than traffic intensity.
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Table 2

Seasonal MK statistics of daily traffic intensity: test statistic (Z), Sen’s slope (Sen),
Confidence Intervals of the slope at 90% confidence level (CI), interpretation of the
trend (Trend): 1 (increasing), | (decreasing) and ® (no trend); and significance level
of the test (Sign): a= 0.01(****), 0.05(***), 0.1(**) and 0.2(*).

Tend

Period? Z Sen CI Sign
(N, /day)/yr (%/yr) (N,./yr)

Light

Mensual-WD -1.17 - - ® -

Aug-WD 0.48 - - ® -

Mensual-WE -3.83 -61 (-0.1) (—86.98, —34.26) 1

Aug-WE 0.34 - - ® -

Heavy

Mensual-WD 1.39 0.53 (0.02) (-0.13, 1.15) 1 *

Aug-WD 1.71 22.05 (1.42) (4.89, 36.20) 1 bl

Mensual-WE -1.75 —0.44 (-0.06) (-0.90, —-0.02) l i

Aug-WE -1.03 - - 2] -

Total

Mensual-WD -1.18 - - ® -

Aug-WD 0.34 - - ® -

Mensual-WE —-3.82 —61.63 (—0.07%) (—34.58, —0.07) l ok

Aug-WE 0.34 - - ® -

2 Periods: Mensual (all months excluding August); WD (WeekDays); WE (WeekEnds).

Table 3

Seasonal MK test statistics of eBCy; during traffic peaks: number of seasonal data (N),
test statistic (Z), Sen’s slope (Sen), Confidence Intervals of the slope at 90% confidence
level (CI), interpretation of the trend (Trend): 1 (increasing), | (decreasing) and ® (no
trend); and significance level of the test (Sign): a= 0.01(****), 0.05(***), 0.1(**) and
0.2(%).
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weekends (blue).

5. Main conclusions

This work is the first climatological study on traffic and biomass
burning contributions to equivalent Black Carbon carried out in Valen-
cia. During 12 years, fossil fuel (eBC;;) and biomass burning (eBCy,)
contributions were estimated using a source apportionment method
(Aethalometer Model). The temporal analysis includes four time scales:
interannual, intra-annual, daily and seasonal, but also the relation be-
tween both contributions of eBC with atmospheric and anthropogenic
variables. The second general objective of this work was to determine
the existence of decreasing/increasing trends of the eBC;; and eBCy,
concentrations, applying the non-parametric seasonal Mann-Kendall
test and Sen’s slope estimator. The main conclusions of this work are:

The average daily concentration (+ standard deviation) between
2011 and 2023 of eBCy; was 0.9 + 0.5 pg m=3, while the mean daily
concentration of eBCy, was 0.06 + 0.05 pg m~>. The difference between
the two contributions is the evidence of the anthropogenic character of
the local absorbing aerosols. The average value of P (eBC;;/eBC) over
the entire study period is 92 + 11%, demonstrating the strong influence
of traffic emissions on the measurements.

The concentrations of eBC; and eBC,;, showed a marked seasonal
dependence, characterized by higher values in winter than in summer.
The annual changes are related to the annual evolution of the boundary

Period® N z Sen CI Tend  Sign
pg m=3/yr (%/yr) pg m~’
eBCy;
Winter-TR1 12 -1.44 —0.045 (-2.6) (—0.090,0.001)
Spring -TR1 13 -2.26 —0.048 (-2.9) (-0.083, —0.019)
Summer-TR1 11  -2.49 —0.085 (-5.0) (-0.119, —0.065)
Autumn-TR1 12 -2.26 -0.101 (-5.0) (-0.155, —0.022)
Annual-TR1 48 -4.33 - -
Winter-TR2 12 -1.58 —0.057 (-4.3) (-0.102, 0.002)
Spring-TR2 13 -1.89 —-0.017 (-3.1) (-0.040, —0.004)
Summer-TR2 11 -2.18 —-0.021 (-5.3) (-0.030, —0.010)
Autumn-TR2 12 -2.67 —0.062 (-5.5) (-0.085, —0.028)
Annual-TR2 48 -4.26 - -

a Traffic peaks: TR1 (7-9 LT) and TR2 (18-21 LT).

layer height, but also to the seasonality of wind speed. Both variables
reach their higher values in summer, facilitating the dispersion of the
pollutants.

Concentrations of eBC;; also show a daily variability: one morning
peak around 7-8 LT and other second peak around 20 LT (in autumn
and winter). This behavior corresponds with typical increase of traffic
intensity in the early morning and late afternoon (rush hours). During
weekends, these peaks are considerably reduced, which is consistent
with the decrease in traffic. The minimum concentration observed
at noon is related to the maximum boundary layer height, and not
due to the traffic, since it increases at 14 LT. On the contrary, the
concentrations of eBC,;, does not have a marked daily variability. The
concentration during winter days seems to be higher at night than
during the day. Since there appear to be no local sources of emission,
the concentration of eBC,, is expected to be more related to the
atmospheric boundary layer, which is developing during the day as
the temperature increases. This causes pollutants that were confined
in the stable boundary layer (or nighttime boundary layer) to disperse,
reducing the surface concentration.

The eBC;; concentrations show statistically significant decreasing
trends in all seasons. The Sen’s slopes are —16.6%/yr in summer,
—15.4%/yr in autumn, —10.7%/yr in spring and —6.6%/yr in win-
ter at 99%, 99%, 99% and 95% confidence levels, respectively. The



V. Matos et al.

annual slope of eBCy is —0.023 pg m=3/yr or —12.4%/yr. Applying
the seasonal MK test to the concentrations of eBCy during the two
daily peaks of traffic, statistically significant decreasing trends are
also found for all seasons. These results provide clear conclusions:
the concentrations of eBC associated with traffic emissions has been
significantly reduced since 2011. However, traffic intensity does not
show statistically significant trends to explain the reduction observed
in concentrations. The decreasing trends exhibited by eBC;; are related
to reductions or changes in local traffic emissions.

On the contrary, eBC,;, concentrations exhibit increasing trends in
all seasons except to spring time. The slopes of the trends are 8.3%/yr in
winter, at 90% confidence level; 8.7%/yr in summer, at 99% confidence
level; and 9.7%/yr in autumn at 80% confidence level. Biomass burning
of anthropogenic origin is related to heating installations and regional
agricultural fires, so the positive slopes may be related to the increase
in biomass burning installations in the rural surroundings of Valencia.

Based on these conclusions, future research directions may focus
on quantifying the influence of several factors (both atmospheric and
anthropogenic) on the contributions of traffic and biomass burning to
ambient eBC. The findings of this study offer essential insights for the
development of policies aimed at regulating anthropogenic emissions.
Consequently, it is vital to continue monitoring the concentration of
eBC in metropolitan areas, where traffic plays a predominant role.
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