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ABSTRACT
Black carbon (BC) aerosol characteristics have been analysed from January 2016 to March 2017
in an urban background area (Ledn, Spain), located in a coal-mining region, where this fuel is
commonly used. The monthly and seasonal variations of BC and source contributions were
examined. The mean equivalent BC concentration (eBC) during cold and warm months were
1.0+0.5 and 0.6+0.2 ug m?3, respectively. eBC can be further divided into eBCyr (eBC from liquid
fossil fuel) and eBCppiec (€BC from biomass burning plus coal combustion), with mean annual
values of 0.6+0.3 and 0.3£0.3 ug m™ (cold months) and 0.4+0.2 ug m> and 0.1+0.1 pg m™> (warm
months), respectively. The eBC obtained from the aethalometer and the elemental carbon (EC)
quantified through a Thermal Optical Transmittance method presented a significant strong
positive correlation in both warm (+=0.82) and cold (+=0.88) periods. A mass absorption cross-
section (MAC) of 4.46+0.16 between two techniques has been obtained. In the cold period, a
multilinear regression model to decouple eBCyb from eBC,. was established (r*=0.85) based on
two tracers: arsenic for coal combustion and potassium for biomass burning. The model
application enabled us to distinguish the contributions to eBCpp+cc (as a function of the variance
explained by the tracers) in the cold period: 74% from biomass burning and 26% from coal
combustion. The highest eBC.. concentration was estimated for December 2016 and January 2017
(0.18 ug m). This result was supported by the Absorption Angstrom Exponent (AAE), which
showed the maximum value in January 2017 (1.43+£0.37) due to the high biomass burning and

coal combustion contributions.
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1. INTRODUCTION

One of the main risks to human health and climate change is air pollution. According to
the World Health Organisation (WHO) estimates, approximately 90% of the population breathes
polluted air. The areas with the highest levels of pollution, caused by gases and particulate matter,
are the Eastern Mediterranean Region and South-East Asia (WHO, 2013).

Black carbon (BC) is one of the most important components of atmospheric particulate matter;
it is a short-lived climate pollutant released from incomplete combustion processes of fossil fuel
and biomass. It has several distinctive physical properties: it strongly absorbs visible light, it is
refractory and insoluble in water and many organic solvents, and it exists as an aggregate of small
spherules (Bond et al., 2013). The main sources of BC are: i) diesel engines used for transport, i)
residential solid fuels (wood and coal), iii) forest fires and iv) industrial processes (Bond et al.,
2013). The BC concentration depends on the source contributions and the atmospheric conditions.
A clear relationship between eBC concentration and meteorological parameters has been reported
by several authors (Kucbel et al., 2017; Meena et al., 2021; Shen et al., 2021; Tan et al., 2020),
who observed higher eBC concentration with the decrease in wind speed and the increase in
relative humidity. Another important factor is the atmospheric boundary layer (ABL) height,
which controls the BC concentration at surface level (Huang et al., 2018; Ji et al., 2017; Joshi et
al., 2016; Shen et al., 2021) during the whole year. The atmospheric lifetime of BC ranges from
days to weeks and its main sinks are wet and dry deposition (Begam et al., 2016). Blanco-Alegre
et al. (2019) have found a decrease of 40% in BC concentration after rain events in Leon, Spain.

Recent studies on BC health risks indicate that together BC and organic carbon may contribute
to around 3 million premature deaths every year (Apte et al., 2015; Bond et al., 2013; Lelieveld
et al., 2015; WHO, 2012). Other studies also relate short-term BC exposure to pulmonary
inflammation and asthma-related effects (Saenen et al., 2016). The other great impact of BC is its
effect on climate inasmuch as BC strongly absorbs solar radiation and can act as cloud and ice
nuclei. BC is the second strongest contributor to current global warming, after CO,, with an
estimated global mean radiative forcing between 0.4 and 1.2 W m 2 (ICCP, 2014). Other effects
are lower atmospheric visibility and plant growth stunting (Auffhammer et al., 2006; Chameides
et al., 1999). Therefore, studying BC is critical due to its multiple effects on climate, public health
and air quality (EEA, 2016; Kinney, 2008; Tong et al., 2017, 2016). An example of this is the
high number of publications about BC in the past few years (Blanco-Alegre et al., 2021; Kang et
al., 2020), with important advances in the knowledge of BC characteristics and its impacts (Chen
et al., 2020; Dumka et al., 2018; Tan et al., 2020; Wu et al., 2018; Yang et al., 2019).

The acthalometer (Hansen et al., 1984) has become an instrument widely used to quantify BC.

It measures the aerosol light attenuation (at wavelengths from near-ultraviolet to near-infrared)



77
78
79
80
81
82
&3
84
&5
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

and determines the equivalent BC (eBC) (Andreae and Gelencsér, 2006; Petzold et al., 2013) by
using the specific mass attenuation cross-section reported in the manufacturer manual, for the
working wavelengths. The wavelength dependence of the determined absorption coefficient was
used to estimate the contribution of the main sources to eBC, fossil fuel (eBCy) and biomass
burning (eBCup) using the so-called Aethalometer model (Sandradewi et al., 2008a) approach.
This approach can be applied whenever the presence of iron oxides is not foreseen (iron oxides
are also responsible for enhancement in the UV and visible wavelengths (Fialho et al., 2014) and
result in wrong estimations given by the Sandradewi et al. (2008a) approach).

The Aethalometer model was developed in an area with no influence of coal sources and only
considers the presence of two major sources of BC: biomass burning and fossil fuel (associated
with traffic). Following Harrison et al. (2013), this approach needs improvement for arecas where
the presence of other sources, such as coal combustion, cannot be neglected. Information on the
contribution of coal combustion to eBC is still scarce. The fact that coal smoke absorbs at the
shortest wavelengths as biomass smoke (Bond et al., 2002; Harrison et al., 2013) constitutes a
major problem in estimating the contribution of each source to the eBC, by using only the
aethalometer measurements. Thus, in regions where coal combustion is a common practice, the
Sandradewi et al. (2008a) approach can be improved by adding other types of measurements, as
Herich et al. (2011) have previously shown.

It has to be emphasised that Absorption Angstrém Exponent (AAE) values for coal
combustion can be very variable, from close to 1 to nearly 3 (Bond, 2001), depending on the type
of coal and combustion technology (Harrison et al., 2013). For biomass, AAE values also vary
with biomass type and combustion condition (Garg et al., 2016; Pokhrel et al., 2016; Xie et al.,
2018). However, in other studies the values for traffic (around 1.0) and for biomass (around 1.5-
2) are much more delimited (Kirchstetter et al., 2004; Tobler et al., 2020; Zotter et al., 2017).

The importance of BC source apportionment studies lies in the fact that coal and residential
biomass burning are the main emission sources (between 60-80%) of this carbonaceous
component, not only in Africa and Asia (Bond et al., 2013), but also in European cities with coal
power plants (Kucbel et al., 2017). In 2010, in Europe, residential combustion of solid fuels
(biomass and coal) for heating accounted for 13-21% of the total ambient PM,s emissions
(WHO/United Nations, 2018). Thus, the methodology to estimate the contribution of coal
combustion to eBC would be very useful in areas such as the city of Leon, Spain, where the use
of coal in domestic heating devices is still widespread. China or southern Poland are other
examples where this practice has become one of the most polluting activities. Along with other
contaminants, high emissions of elements such as fluorine, arsenic, selenium, mercury and lead

may have significant global repercussions and be particularly harmful to human health
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(WHO/United Nations, 2018). Evidence of this is that some authors have already found a relation

between coal combustion and mortality in Beijing (Tang et al., 2017).

The main aim of this paper is to characterise the eBC sources during a 14-month sampling
campaign in Ledn, a city located in a coal-mining region, in the NW of the Iberian Peninsula. The
annual and seasonal evolution of this pollutant was studied and the contribution for its three main
sources (traffic, coal combustion and biomass burning) was quantified. To achieve this purpose,
a methodology to decouple the eBC contribution of coal combustion and biomass burning is
established during the cold period. This work represents a step forward in the quantification of
eBC from different sources and the method developed can be very useful in regions where coal
combustion, biomass burning and traffic are the main BC sources. In addition, this study provides
new information for air quality models, which need new metrics in Europe to implement actions

that reduce BC concentrations.

2. MATERIAL AND METHODS

2.1.Sampling site

Sampling was conducted between 2 January 2016 and 31 March 2017 at the campus of the
University of Leon (Ledn, Spain) (Figure Al). In total 346 days were covered, but only 327 were
fully studied due to sampling problems. Leodn is a city located in the NW of the Iberian Peninsula
(42° 36' N, 05° 35" W at 838 m a.s.1.) with a population of about 200,000 inhabitants (population
density close to 3300 people km2) (INE, 2017). According to the Spanish Meteorological Office
(http://www.aemet.es/en/), in the past 35 years, an annual mean precipitation of 515 mm and a
temperature of 11.1 °C were registered. In the city, along the whole year, the main sources of
particulate emissions identified by Positive Matrix Factorization six-factor solution, were: traffic
(29%), aged sea salt (26%), secondary aerosols (16%), dust (13%), marine aerosol (7%) and
biomass burning (3%) (Oduber et al., 2021). The traffic density can be considered medium
compared with other Spanish cities, concentrated mainly on the ring road that surrounds the city
(~250 m northeast from the sampling point), with an average daily vehicle intensity of 25,000
vehicles day™!. The vehicular fleet is composed by 44% vehicles powered by gasoline and 56%
by diesel (DGT, 2016). Furthermore, biomass (mainly oak and beech) and coal burning for
residential heating are common in the cold months. Oduber et al. (2019) reported a decrease of
2.35 ug m* year! in PM levels in the past 19 years in this city, mainly due to the environmental
policies adopted. In the past 10 years, the city presented an average PMio concentration of

20.0+5.0 ug m (Junta de Castilla y Leon, 2018).
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In 2016, 476 tonnes of BC were emitted in the province of Leon (IDAE, 2017). The sectors
with the highest BC emission were non-industrial combustion plants (55%), waste treatment and
disposal (15%), road transport (14%), other types of transport and road-mobile machinery (10%),
industrial combustion (4%) and combustion for the production and transformation of energy (2%)
(Spanish Ministry for Ecological Transition, 2018). In Ledn, the total heat demand is 1.6x10° MW
h year! (IDAE, 2017). Regarding heating devices, the main energy sources are gas-oil (29%), gas
(28%) and electrical (11%), followed by biomass burning (6%) and coal combustion (6%) (Junta
de Castilla y Leon, 2008). The Ledén mining zone is constituted by anthracite and hard coal
deposits, with a high carbon content (>75%) (Junta de Castilla y Le6n, 2009), but a significant

fraction of the coal used is imported (~85%), mainly anthracite from Russia.

2.2.Methodology

2.2.1. Black carbon

Aerosol light-attenuation at seven wavelengths (370, 470, 520, 590, 660, 880 and 950 nm)
was continuously measured with an aethalometer, model AE-31 (Magee Scientific, USA)
equipped with an Extended Range chamber and a PM inlet without pre-drying the sample. The
sampling flow rate was set at 4 L min!, and measurements were taken every 2-minutes. To
reduce data noise 10-minutes and 1-hour averages were calculated. A detailed description of the
instrument can be found in Fialho et al. (2005) and Hansen (2005).

The eBC data recorded during the sampling period were corrected following WMO/GAW
Aerosol Measurement Procedures, Guidelines and Recommendations (WMO, 2016).
Aecthalometer data were also corrected for the loading effect (Figure A2) by using the
Weingartner et al. (2003) algorithm with the winter campaign parameters for cold months and
with the summer campaign parameters for warm months (TableA1) proposed by Sandradewi et
al. (2008b). The 470 nm (a1) and 950 nm (o) wavelengths were used to estimate hourly eBC,
eBCrr, eBCub, concentrations and AAE (Sandradewi et al., 2008a) (see Appendix). The AAE
specific values used to discriminate between fossil fuel and biomass burning contributions were
AAEx=1.0 and AAEw=1.68 (Zotter et al., 2017). Anomalous AAE data recorded every 2-
minutes (those below 0.7 and above 5) were discarded as these measurements are not indicative
of real eBC. These values were selected based on the probability density function (pdf) of the
AAE values (Figure A3). The discarded data account for less than 1% in the sampling period.

As mentioned above, coal combustion can become an important contributor to eBC during
the cold period in Leon. It is expected that eBC attributed to biomass burning also includes eBC
from coal combustion (eBCypp+cc) (Bond et al., 2002; Harrison et al., 2013) and we have used the

same AAE of 1.68 for both of them, since it is the combustion efficiency which controls the
6
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optical properties rather than the type of fuel. To achieve the aim of estimating the coal
combustion (eBC.) fraction from eBCubrcc, @ model was developed by considering the linear

regression between the eBCub+cc With biomass and coal combustion tracers.

2.2.2. Carbonaceous aerosols

A high-volume air sampler (CAV-A/Mb model) equipped with a PM ¢ inlet head and 150 mm
diameter quartz filters was used to collect the aerosol in the air flow for carbon analysis. Each
filter sampled for a period of 23.5 h (= 1 day, from 1200 UTC to 1130 UTC the following day)
and the mass content was determined by gravimetric methods. Total carbon (TC) mass was
obtained by the Thermal Optical Transmittance method (TOT). To discern between EC and OC,
the sample was first heated to 600 °C in a N, atmosphere to vaporise the organic fraction of aerosol
particles. Then, EC was determined by sequential heating at 850 °C in an atmosphere containing
4% O,. Correction for the pyrolysis contribution to EC from OC was carried out by controlling
the transmission of light across the filter with the laser beam. The distinction between OC and EC
was completed when the transmittance reached the initial value. A detailed description of the
technique and equipment used have been outlined in Pio et al. (2011) and Castro et al. (1999),
respectively. A global scheme of the methodology to split OC/EC carried out in Aveiro, Portugal,
can be seen in the European report about measurement of EC and OC in Europe (Kuhlbusch et

al., 2009).

2.2.3. Major tracers

A low volume sampler (TECORA ECHOPM) equipped with a PM;o inlet head collected
aerosol on teflon filters (47 mm diameter) for 23.5 h periods (= 1 day), later used in PIXE
(Particle-Induced X-ray Emission) for major and trace element analysis, following the
methodology described by Lucarelli et al. (2014). These daily samples were also analysed using
ionic chromatography coupled with pulsed amperometric detection (Gongalves et al., 2021) to
obtain levoglucosan concentrations. The estimated uncertainties for the ion chromatography and
PIXE measurements depend on the element analysed and its detection limit. These uncertainties

ranged from 2% to 14% during the sampling campaign.

2.2.4. Meteorological parameters

A weather station was used to record temperature (T), relative humidity (RH), pressure (P) and
wind speed (WS) and direction. The last two variables have been used as input data for polar

plots (Carslaw, 2015; Carslaw and Ropkins, 2012). Furthermore, ABL height, which controls the
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eBC concentration at ground level (Heintzenberg et al., 2016), was obtained from the National
Oceanic and Atmospheric Administration (NOAA). The meteorological data used were provided
by Global Data Assimilation System (GDAS), with a spatial resolution of 1 degree and a temporal
resolution of 3 hours. A good correlation between ABL heights from GDAS forecasts and from
LIDAR measurements has been reported by Moreira et al. (2020). Due to the importance of WS
(ms!) and ABL (m) variables in the dispersion of pollutants (Moreira et al., 2020; Zhu et al.,
2018), the so-called ventilation coefficient (VC; m?s™'), has been calculated. Because of the
temporal resolution of available ABL data, the VC was estimated every 3 h. Consistent with
meteorological variables and the use of heating devices, the year was divided into two periods:

cold period, from September 15 to April 14, and warm period, from April 15 to September 14.

2.2.5. Statistical analyses

A univariate analysis (i.e. mean, minimum, maximum and standard deviation) and bivariate
Pearson correlations with 95% confidence intervals have been used to characterise eBC in Leon.
Through the Pearson correlations, the linear association, direction, and strength of the
relationships between eBC, air pollutants and meteorological variables have been determined.
The strength of the correlation (significant over 0.1 for 10455 hours of sampling) was classified
according to the following positive or negative correlation ranges: <0.1 no correlation, 0.1-0.3
weak, 0.3-0.5 moderate, 0.5-0.7 strong, and >0.7 very strong correlation.

To characterise the days according to the concentration of pollutants, a two-stage cluster

classification was performed. Details will be presented in section 3.2.2.

3. RESULTS AND DISCUSSION

3.1.General overview

In the following subsections, after the application of the Aethalometer model (Sandradewi et
al., 2008a), we describe the evolution of eBC and AAE, the relation of eBC with meteorological

conditions and the results of the thermal optical transmittance method.

3.1.1. Evolution of eBC

After applying the Aethalometer model, and once the contribution of each source to the eBC
(eBCtr and eBCryb+c) Was known, a seasonal analysis was carried out.
A mean hourly eBC mass concentration of 0.9£0.9 ug m was obtained for the sampling

campaign. By seasons, the highest concentration was registered in winter 2017 (1.1£0.6 pg m™)
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and autumn (1.1£0.5 pg m), followed by winter 2016 (0.9+£0.4 pg m), summer (0.6+0.3 pg m™)
and spring (0.6+0.2 ug m). Leon is characterised by the absence of large manufacturing activities
compared to other industrialised cities, but with a regular use of coal combustion in domestic
heating devices (Junta de Castilla y Leon, 2009). As can be seen in Table A2, the locations with
eBC concentrations similar to Le6én like Rotterdam (0.8+0.5 ug m>), Amsterdam
(1.4+0.6 ng m~) (Klompmaker et al., 2015), Montreal (1.1+1.3 ug m~) (Weichenthal et al., 2014)
and Valparaiso (0.8-0.9 pg m) (Marin et al., 2017) present more inhabitants and larger industries
than Ledn. In the Mediterranean area, in Athens, Greece, Liakakou et al. (2020) reported a higher
mean annual eBC concentration of 1.9+2.5 pg m=. Compared to other Spanish cities of similar
population, the concentration in Leén was lower than that recorded in a winter campaign in
Granada, both in suburban (2.943.0 pg m™®) and urban (3.0+3.0 ug m) areas (Casquero-Vera et
al., 2021). This fact may be caused by the frequent stagnant conditions in this city (Lyamani et
al., 2012). Based on a one-year sampling period, Santa Cruz Tenerife (0.8+0.4 pg m*) and Huelva
(0.7+0.4 ug m) presented similar eBC concentrations due to a reduced impact of traffic in
smaller cities. However, Barcelona with a larger population and more traffic presented a higher

eBC concentration (1.7+0.6 ug m) than Leon (Reche et al., 2011).

In Figure 1, eBC concentrations are plotted throughout the sampling period, with a time
resolution of 10 minutes. In winter, high values are reached, probably due to residential biomass
burning and coal combustion. It is worth noting that the highest eBC values were registered in
January 2017 when compared to January 2016. This was probably a consequence of the lower
mean temperature recorded in January 2017 (on average, 2 °C less than in January 2016). The
dynamics of the atmospheric boundary layer height may also have played an important role. In
autumn and winter, the ABL height is lower, preventing the dispersion of pollutants (Joshi et al.,
2016), particularly in October, November and December 2016. The correlation between ABL
height (at 0000, 0300, 0600, 0900, 1200, 1500, 1800 and 2100) and daily eBC concentrations has
been determined. A significant statistical negative correlation all year round has been obtained
(Table A3), but the link was especially strong in autumn and winter, when the ABL height was
lower. The time frame with a major influence of the ABL on the eBC concentrations was between
0900 and 1800 (highest values of Pearson correlations), with a maximum influence at 0900.
Besides, these time periods coincide with rush hours. The lowest ABL heights at 0900 were
registered in winter and autumn (424+356 and 2294219 m, respectively), while in spring and
summer values of 695+223 and 573+164 m, respectively, were recorded. The pivotal role of ABL
height in the dilution of eBC concentrations has been observed in other cities, such as Pune, India,
with eBC concentrations between 0.6 and 13.1 ug m™ (Meena et al., 2021), or Athens, Greece,
mainly with ABL heights lower than 500 m (Liakakou et al., 2020).
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The evolution of VC along the day showed a clear rise of VC at 1200 and 1500 UTC (Table
A4) with values between 1145.0 m? s at 1200 UTC in autumn and 3500.5 m? s! at 1500 UTC in
summer. As observed by Moreira et al. (2020) in Granada, Spain, with similar VC values, a
pattern was registered characterised by the lowest concentrations of eBC in all seasons during

central hours, in line with the highest values of VC.
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Figure 1. Temporal variations of eBC concentration (colour code) measured at Leon between January 2016 and March 2017.

It should be noted that the sporadic points observed in Figure 1 with high concentrations in
summer months are probably due to the occurrence of small fires - sometimes stubble burnings-,
which are still very common in the area near the sampling point (Lucas-Borja et al., 2016). These
activities contributed to the high concentrations of eBC in the atmosphere of Leon, corroborated
by the increase in the levels of potassium (as will be seen in section 3.2.1), a biomass burning

tracer (Herich et al., 2011; Pachon et al., 2013).

3.1.2. Aethalometer model application

The month with the highest eBC mean concentration was December 2016 with 1.6+0.6 ug m™,
value about 3 times higher than the lowest (0.5+0.1 pg m™), registered in April 2016 (Table 1).
The monthly maximum AAE (1.43+£0.37) was reached in January 2017, corresponding to the
maximum eBChbicc concentration (0.67+0.41 pug m>). In contrast, the monthly minimum AAE
(1.23£0.46) was recorded in June 2016 when the minimum eBCubc concentration

(0.12+£0.24 ng m™>) was observed. AAE and eBC values were mainly associated with road traffic

10
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emissions (the low eBC values in the summer months result from the decrease in the number of
vehicles in circulation due to the vacation period), the contribution of biomass and coal
combustion in the cold period and the meteorological conditions (Table A3) such as thermal
inversions (Gramsch et al., 2014; Lyamani et al., 2012). The seasonal maximum was reached in
winter 2017 (1.37+0.10), while the minimum was registered in summer (1.26+0.08). The AAE in
the warm period was higher than the AAE found by Tan et al. (2020) over the Yangtze River

Delta in China, reporting a maximum of 1.35 during wintertime and 1.12 during summertime.

Table 1. Monthly mean values (+ standard deviation) calculated for eBC, eBCyr and eBCpy+cc, interpolated Absorption Angstrém

Exponent obtained from 470 nm and 950 nm (AAE) and percentage of biomass burning plus coal combustion

(BB+CC (%)).
eBC eBCir eBChobrcc BB+CC
Year Season Month AAE
(ng m?) (ng m™) (ng m) (%)

Winter  January  1.00£0.41 0.69+0.3 0.31+0.14  1.2940.33 3249
Winter ~ February  0.94+0.47  0.62£0.29  0.31+0.20  1.30+0.36 3247
Spring March 0.72£0.30  0.50+0.20 0.22+0.12  1.27+0.41 29+8
Spring April 0.49+0.13  0.35+0.11 0.14+0.04  1.31+0.47 2947
Spring May 0.56+0.14  0.43+0.11 0.13£0.04  1.25+0.48  23+6
Summer June 0.53£0.20  0.41+0.14  0.12+0.11  1.23+046 2248
2016 Summer July 0.54+0.19  0.41+0.14  0.12+0.10  1.24+049 2248
Summer  August  0.61£020  0.48+0.16  0.12£0.05  1.26£0.54  20+3
Autumn  September 0.80+0.33  0.58+0.21 0.22+0.15 1.34£0.5 27+8
Autumn  October  0.98+0.31  0.73+0.24  0.24+0.11  1.25£0.36  25+6
Autumn November 1.10+£0.52  0.72+0.34  0.38+0.19  1.31+£0.33  34+7
Winter December 1.62+0.59  1.02+0.36 0.6+0.28 1.31£0.27  36+£8
Winter  January  1.50£0.81  0.83+£0.54  0.67+0.41  1.43+0.37 44+14

2017 Winter February 0.82+£0.34  0.50+0.19 0.32+£0.20  1.37+0.44 3710
Spring March 0.79£0.34  0.46+0.18 0.33+0.22 137042  39+12

As mentioned above, AAE values for coal combustion can be variable, ranging from values
close to 1 to nearly 3 (Bond, 2001). Nevertheless, Sun et al. (2017) documented an AAE, of
1.30+0.32 for anthracite chunks coal, typically used in Leon, in stoves for raw-coal chunks. Thus,
the emission from coal combustion can contribute to an increase in AAE in the cold period.
Months with high biomass burning correspond to an AAE increase due to the emission of larger

particles from this source (Russell et al., 2009; Alonso-Blanco et al., 2018).

3.1.3. Relationship between eBC and meteorological conditions
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Pearson correlations (Table AS) indicated a significant negative correlation between eBCpp-cc
and temperature due to the use of heating devices, mainly in autumn and winter. Although
moderate in the winter months, as for AAE, a weak negative correlation with temperature
throughout the year was observed. Temperature explained 17% of the variance of AAE in
December 2016. eBCyr did not show a clear relationship with temperature because its main source
was traffic, non-dependent directly on weather conditions. Thus, throughout the year, a significant
weak negative correlation was registered.

A significant moderate negative correlation between wind speed and eBC has been observed
throughout the year, as observed in other studies (Kucbel et al., 2017). Thus, under high wind
speed conditions, eBC concentration decreases, due to intense pollutant dispersion, a pattern also
observed e.g. in Pune and Mahabaleshwar, India, by Meena et al. (2021). Our study found that
wind speed explained 21% of the variance of eBCy in March 2017.

For relative humidity, the variance explained of eBC¢ was less than 1% in all months, contrary
to other studies (Kucbel et al., 2017; Meena et al., 2021; Tan et al., 2020) which observed higher
eBC concentration during high RH conditions. Similar results have been reported by Shen et al.
(2021), who observed that meteorological conditions influenced the concentration and
distribution of eBC concentrations: increasing concentrations were registered when there was a
decrease in wind speed and an increase in relative humidity. The study of the relationship between
eBC and rainfall has been conducted by Blanco-Alegre et al. (2018) in Ledn, who showed a
different rain scavenging effect according to the eBC source. This fact was also observed in
Athens, Greece, by Liakakou et al. (2020).

The mean ventilation coefficient (VC) during the sampling was 795.8 m? s, being higher
during the warm period (1010.5 m?s™' on average) than during the cold period (650.9 m?s™).
Pearson correlations indicate a significant negative correlation between VC and eBC, eBCyr and
eBChpicc during the whole sampling campaign. Thus, a better correlation between air pollutants
and the VC has been observed than using only wind speed or ABL height.

eBCrb+cc and eBCyr concentrations showed dependence on wind direction and speed, as
depicted in the polar plots (Fig. 2). In the cold period (autumn and winter), the eBC mostly
originated in quadrant III (between S and W), which coincides with the geographical location of
the city centre. The contribution from I and II quadrants was mainly due to the Leon ring road.
Likewise, the values of eBCrb+cc Were higher in the cold period, but in spring and summer there
was greater variability due to nearby wildfires. In winter 2016 and winter 2017, the highest
concentrations were associated with quadrant I1I, where a dense residential area with houses using

gas-oil and gas for heating devices is located.
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Figure 2. Seasonal polar plot of eBCy (left) and eBCppcc (right) measured at Ledn during the sampling campaign. A) Winter 2016;
B) Spring 2016; C) Summer 2016; D) Autumn 2016; E) Winter 2017. The graphs were generated using Openair in R
programming (Carslaw, 2015; Carslaw and Ropkins, 2012).

3.1.4. Comparison aethalometer- Thermal optical transmittance methods

PM, concentrations were higher in the cold period than in the warm period (17.0£8.7 vs
12.6+8.3 ug m), because of the occurrence of thermal inversions (see ABL in Table A3) and an
increase in the use of heating devices in cold months. However, high concentrations were also
registered in warm months related to the occurrence of forest fires (Alonso-Blanco et al., 2018b)
and Saharan dust intrusions (Diaz et al., 2017).

The daily (24 h samples) eBC/PMio ratio ranged between 0.01 and 0.29, averaging
0.071£0.036 in the cold period and 0.050+0.029 in the warm period. Similar values were obtained
in Beijing, also with traffic and coal combustion as important sources of BC during the cold period
(Liuetal., 2016b; Yu et al., 2015), whilst lower ratios were registered in Delnice, Croatia, (Godec
et al., 2016).

The eBC obtained from the aethalometer and the EC-OC estimated through the thermo-optical
method have been correlated. The eBC/OC daily ratio showed higher values in the cold period
(0.45+0.17) than in the warm period (0.31+0.13) (Table A6). Similar values were obtained in

cities of developing countries such as Dakar and Bamako (Val et al., 2013) and European regions
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as London, United Kingdom, or Melpitz, Germany (Kendall et al., 2001; Miiller, 1999). The ratio
estimated for the cold period is typical of fossil fuel and coal combustion (Massling et al., 2015).
However, the lower ratio registered during the warm period may be related with biomass burning,
which releases ammonia gas and potassium (Yao et al., 2016). The evolution of these ratios along
the sampling period is presented in Figure A4.

The EC/eBC daily ratios (Table AS) for the cold period (0.86+0.45) and the warm period
(1.0940.31) are lower than those reported by Liu et al. (2016a) in Tianjin, China, (more
differences between EC and eBC were observed in polluted days), but within the range of values
compiled by Salako et al. (2012) in nine cities of Asia and Oceania. Thus, the relationship EC-eBC
showed a strong positive correlation throughout the sampling period (+=0.84; p<0.01). However,
during the cold period, a difference of 8% was observed (Figure 3), mainly on days with EC
concentrations higher than 1 ug m, similar to what was observed by Liu et al. (2016a).
Nevertheless, the fit was better during the cold period (?=0.77) than during the warm period
(#*=0.67). Besides, the slope between ligth absortion at 880 nm, assuming the parameters
mentioned in paragraph 2.2.1, and EC concentration by the TOT method (Figure AS) has been
obtained (4.46+0.16 m? g'"). This slope is the mass absorption cross-section (MAC) and it is in
the range of values reported by Karanasiou et al. (2015), but it is lower than the values found by
Querol et al. (2013) in six Spanish sites, with values ranging between 9.4-15.1 m? g! in urban and
rural sites. It should be remembered that MAC varies as a function of the aerosol composition and
age, so it depends on the sampling area and meteorological conditions.

Higher correlations between EC-eBC have been reported in other studies, but many of them
are based on a lower number of samples and presented lower concentrations than those of the
current research (Ahmed et al., 2009; Hitzenberger et al., 2006; Jeong et al., 2004; Lavanchy et
al., 1999; Liu et al., 2016a; Safai et al., 2014). The differences may be due to intersite variability
of physical and chemical characteristics of BC, inasmuch as BC particles sometimes are primarily
EC but in other cases they are a complex mixture of carbon and non-carbon species (Jeong et al.,
2004; Long et al., 2013). Also, filter photometers are cross-sensitive to scattering and
overestimate eBC at SSA above 0.85 (Yus-Diez et al., 2021), and anoother factor may be the
lensing effect that can increase the eBC/EC ratio (Zhang et al., 2018).

14



430

431
432

433

434
435

436
437
438
439
440

441
442

443
444
445
446
447
448
449
450
451
452
453
454
455
456

@ Coldmonths [J Warm months
J °
3 Coefficient values + SD (WARM)
] a=-0.033+£0.039
b=1.166+ 0.062
-~ 2 )
g R’=0.67 o & et
) 8 - Coefficient values + SD (COLD)
2 24 T e® /,/"'ﬁ a=0.054 +0.041
8 LN //@/" ® b 7=0.784 +0.034
® R'=0.77
;66 e® %o -
o
l —
0-4 T T T 1
0 1 2 3 4
3
eBC (ugm”)

Figure 3. Comparison between EC and eBC throughout the sampling period, discriminating between the cold (circles) and the warm
(boxes) period. Dashed line is the 1:1 relation.

3.2.Coal combustion contribution

An analysis of the contribution of coal combustion to the total eBC concentration is shown
below assuming the biomass burning fraction, eBCpp+cc, estimated from the acthalometer data
after applying the Sandradewi et al. (2008a) approach, and using biomass and coal combustion

tracers.

3.2.1. Model variables analysis

Several tracers of biomass burning (levoglucosan, K and Se) and coal combustion (As and
SO,) were evaluated to be used in the construction of the model (Puig et al., 2008; Vejahati et al.,
2010; Wang et al., 2018). The tracers with the best fit to the eBCpp+cc data were K (#’=0.75) and
As (#7=0.56), so they were selected. Other tracers like Se (7>=0.31), SO; (+*=0.04) or levoglucosan
(*=0.13) presented a worse fit with eBCyp-cc. For example, the degradation of levoglucosan over
time in the atmosphere and/or in the sampling filters (Li et al., 2021) or its emission by other
sources like wear between pavement and tyres (Alves et al., 2020) may affect the levoglucosan
concentration.

The annual evolution of PMio, As, K and meteorological variables is depicted in Figure 4.
The mean concentrations in the cold period were PM (17.0+8.7 ug m?), As (0.66+0.86 ng m™)
and K (0.18340.127 pg m™), whereas values in the warm period were PMio (12.6+8.3 pg m3), As
(0.11£0.24 ng m3) and K (0.162+0.126 ug m*). The mean values for the meteorological variables
(T, RH and WS) in the cold period were 7.3+4.1 °C, 69.8+11.4 % and 0.86+0.85 m s™!, while the

corresponding values in the warm period were 16.2+5.9 °C, 56.1£12.9 % and 0.97+0.62 m s™..
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The analysis of the remaining variables of the model (eBCup-cc, percentage of biomass burning
and coal combustion (BB+CC(%)) and AAE) was already presented in section 3.1. Although
three sources of eBC (eBCg (traffic), eBCuwb, eBC.) were expected in the cold period, some
periods of Saharan dust intrusions were also identified. However, these data were not considered
in the present study due to the non-negligible interference that results from the presence of iron
oxides associated with this type of events. The contribution of coal combustion to eBCpp+cc for the
rest of the year was considered negligible, so in the warm period only two sources were considered
(eBCir, eBChp).

The variables selected to classify the days - significantly correlated with the independent

variable - were temperature, BB+CC (%), AAE, eBCub+cc, ABL height, As and K concentration.
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Figure 4. Annual evolution of PM,,, As, K and meteorological variables during the sampling campaign.

3.2.2. Model of coal combustion contribution

To select the days to develop the model, two methods have been applied: i) a method based
on a two-stage cluster classification was performed for the cold period (from 15 September to 14
April); ii) a method based on As median for the cold period (see Appendix).
From the 7 aforementioned variables (temperature, BB+CC (%), AAE, eBCub+cc, ABL height,
As and K concentration), three clusters were established by grouping the data according to the
variables that provided further information (mean values):
o Cluster I corresponds to 49% of the days with an average temperature of 6.1+£3.3 °C, an
ABL height of 258.1£173.2 m, PM concentration of 18.1£8.5 ug m™ and:
—  €BChbiec concentration of 0.50+0.29 pg m;
— K concentration Cy as biomass burning tracer of 0.200+0.105 pg m;
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— As concentration C4g as coal combustion tracer of 1.24+0. 86 ng m™.
e C(Cluster 2 corresponds to 16% of the days with an average temperature of 5.2+3.7 °C, an
ABL height of 316.8+£259.4 m, PM, concentration of 20.7+9.7 ug m™ and:
—  €BChbiec concentration of 0.59+0.31 pg m;
— K concentration C of 0. 260+0.111 pg m3;
— As concentration C4g of 1.26+0. 61 ng m>.
e Cluster 3 includes 35% of the days, with an average temperature of 8.5+3.9 °C, an ABL
height of 402.4+192.8 m, PM, concentration of 13.5+6.2 ug m and:
—  eBCpprec concentration of 0.22+0.11 pg m;
— K concentration Cg of 0.149+0.060 pug m3;

— As concentration C4g of 0.75+0.54 ng m>.

In clusters 1 and 2, the low temperatures and low ABL height could explain the increase in the
concentration of biomass burning and coal combustions tracers, while the opposite happens in
cluster 3.

Considering that Cluster 3 includes days in which coal combustion emissions could be
neglected, the multi-linear regression analysis only considered data from days included in Cluster
1 (N=51) and Cluster 2 (N=16). The estimated eBCpp+cc concentration for biomass burning and

coal combustion is expressed as:

~zero eBCpp eBCec

eBCpprcc(ugm™2) = (—0.045 + 0.032) + (1.92 + 0.15) x Cx + (119 + 20) X Cyq Eq. 1

with a model standard error of 0.11 ug m>, and a correlation coefficient of 7=0.92 (Figure 5).
Figure A6 shows the time series of eBCpb:cc concentration estimated by the model and eBChpcc
measured.

The application of this model enabled us to discriminate between eBC.. (mean value of 26%
of eBCppbicc) and eBCyp, (mean value of 74% of eBChupicc) for the cold period (for days included in
clusters 1 and 2). A strong correlation between eBCy, and K (#=0.93) and between eBC,. and As
(=0.94) has been registered (Figure A7).

In order to prove the goodness of the model, a step-wise automatic linear modelling has been
built from a random sample including 75% of the total data set, and this model has then been
applied to the remaining 25%. Then, a Kolmogorov-Smirnov statistical test was carried out in
order to check the goodness of fit of the model (Table A7). This process has been repeated ten
times. The significant values obtained (o> 0.05) show that the null hypothesis is confirmed, so
measured and predicted data are similar enough. Therefore, the model created from the whole

sample may be enforceable. Figure A8 shows a non-cross-correlation between variables included

17



518
519
520
521
522
523
524
525

526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544

in the model since R? between eBCc-K and eBCp,—As (0.32 and 0.27, respectively) were non-
significant. On the other hand, the low values of R? between eBCyh-levoglucosan and eBCec-SO-
(0.07 and 0.15, respectively) confirm the correct selection of tracers.

The same procedure was repeated, but considering only the days of the cold period with As
concentrations higher than the median (0.00082 pg m™). Similar results were obtained (see
Appendix). It should be noted that the main weakness of both models is the daily resolution and

future studies will focus on this fact, including variables measured with higher temporal

resolution.
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Figure 5. eBCyp-cc concentration estimated by the model vs eBCypb+cc measured. Dashed line is the 1:1 relation.

The mean annual concentrations of eBCyrand eBCpp+cc were 0.58+0.18 and 0.28+0.16 ug m™,
respectively. The model allowed us to estimate mean winter concentrations for eBCyr, eBCyp, and
eBC. 0f 0.65£0.34, 0.27+0.19 and 0.09+0.08 ng m?3, respectively (Table 2). eBCy, concentration
was found to be higher in January 2017 (0.49+0.30 pg m™), more than double the value estimated
in January the previous year (0.23£0.11 ug m), and four times higher than the concentrations
during summer 2016 (0.12+0.11 pg m™) and spring (0.15+0.07 pug m) months. The highest eBCe.
levels were estimated for December 2016 and January 2017 (0.18 pug m™), resulting in the fact
that the season with the highest eBC.. concentration was winter 2017 with 0.11£0.10 pg m=. The
low temperatures in winter months promote the use of biomass and coal in heating devices,
resulting in the highest levels of eBCy, and eBC,.. The coal combustion percentage CC(%) was
almost double in winter (10£2%) when compared to autumn (6+1%), lower percentages than
those observed by Liu et al. (2016b) in Beijing, China, an area where the use of coal is more
common than in Leon.

In order to analyse the daily relationship between eBCy, eBCub, eBC.. and meteorological
parameters (T, RH, WS, VC and ABL height), the daily correlations among these variables have
been obtained. Significant (p<0.05) negative relationships between T and eBC,. and between T
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and eBCypb, have been found (Table S8), being eBC.. more correlated than eBCy, with T. Also,
higher negative correlations have been obtained between eBCy, eBCp, and eBCec and WS, VC
and ABL height. Besides, non-significant correlations were obtained between RH and eBC from
biomass or coal combustion sources. It is important to take into account that eBCyp, and eBCe.
sources are mainly the same during the cold period (heating devices and coal stoves), so the

emission pattern is similar because they are usually used on the same days.

Table 2. Monthly mean values (+ standard deviation) calculated for eBCy, eBCyp, eBC,, percentage of biomass burning (BB(%))
and coal combustion (CC(%)) from eBC after the application of the model proposed.

eBCub eBCec BB CC
(bgm?)  (ugmd) (%) (%)
Winter January  0.23+0.11 0.08+0.04  23+7 8+2

Winter  February  0.20£0.13  0.11+0.07 21x5 1143
Spring March 0.18+0.11 0.08+0.04 25+8  10+£3
Spring April 0.11+£0.04  0.03£0.03  29+7 1244

Year Season Month

Spring May 0.13+0.04 - 23+6 -
Summer June 0.12+0.11 - 2248 -

2016
Summer July 0.12+0.10 - 22+8 -
Summer  August 0.12+0.05 - 20+£3 -

Autumn September 0.21+0.16  0.05+£0.03  24+9 6+2
Autumn  October  0.19+0.08 0.05+£0.02 2045 5+1
Autumn November 0.30+£0.16 0.08+0.05 27+6 7£2
Winter December 0.42+0.20 0.18+0.10 2546 11+4
Winter  January  0.49+0.30 0.18+0.12 33+11 1244
2017 Winter  February  0.25+0.16 0.07£0.04 2949 942

Spring March 0.30£0.21  0.06+0.04 36+13  7£2

4. CONCLUSIONS

This paper has studied the temporal evolution of black carbon concentrations in an
urban background area located in a coal-mining region, where the use of this fuel is widespread.
A model was developed to separate the contribution of BC from biomass burning from the one
resulting from coal combustion based on the aethalometer data and tracer concentrations. The
annual mean eBC concentration was 0.9+0.9 pg m™. When correlating eBC with EC, a difference
of 12% was observed between the thermo-optical and aethalometer method, especially for eBC
concentrations higher than 1 ug m=.

The combination of coal combustion and biomass burning tracers (As and K, respectively) and

the Aethalometer model is shown to be a useful tool for the determination of the three main
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sources of eBC. For this purpose, the cold days (characterised by a wide use of coal in domestic
heating devices) were selected to build a new model.

The Aethalometer model estimates the concentration of biomass burning and traffic based on
the assumption that only these two sources are present. In cities where coal remains widely used,
the model results should be taken with care, since the smoke from biomass and coal absorbs at
the same wavelength. Thus, this study has tried to address a method to differentiate between the
concentration from biomass burning (eBCy) and that from coal combustion (eBC,.) by a multi-
linear regression model (+*=0.85) using the tracers K and As. These contributions in the cold
period were, on average, 74% from biomass burning and 26% from coal combustion, resulting in
a mean winter concentration for traffic (eBCs), eBCp, and eBC.. of, respectively, 0.65+0.34,
0.27+0.19 and 0.09+0.08 pg m™.

The methodology to estimate the contribution of coal combustion to eBC will constitute a
useful tool in areas where the use of coal is still widespread. The findings will be crucial in the
adoption of mitigation measures to prevent environmental impacts related to coal combustion
emissions. Furthermore, the predictive model can be regarded as a first approach to estimate the

contribution of coal combustion to black carbon concentrations.
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1. APPENDIX
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Figure Al. Geographic location of the city of Ledn, Spain (left) and sampling site. Source: Earthstar Geographics, ESRI.
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Table Al. Parameters f(4,,) or the compensation of the "load effect" of each w as a function of the cold or warm period of the

year.
a,, (nm) 370 470 520 590 660 880 950
f(a,,) Cold period 1.155 1.137 1.128 1.116 1.103 1.064 1.051
f(at,,) Warm period 1.141 1.132 1.127 1.120 1114 1.093 1.086
Table A2. Comparison of eBC concentrations (ug m™) measured in this study and values reported in the literature.
. . . . eBC
Station Location Environment type Period (ug m'3) Reference
(gzzi‘;]) 42°36'N, 05°35'W, 838 m  Urban background  Jan.2016-Mar. 2017 0.9£0.9 Present study
Vz‘g’}fﬂzl)s" 33°01'S, 71°37'W, 80 m Utban Dec.2014-Jan. 2015 0.8-0.9 (Mazrg; ;‘; al,
Pantnagar o o (Joshi et al.,
(India) 29°00'N, 79°30'W, 231 m Urban background 2009-2012 5.5+4.7 20'16)
ﬁf;;) 44°25N,12°12'E,20m  Urban background May-Jun. 2012 17412 (C"Stgglllg)e‘ al,
Beijing 40°03'N, 116°25'E, 535 m  Urban-rural fringe 2014 44437 Jietal., 2017
(China) &
Ne(ﬁsﬁ’)rk 40°48'N, 73°54"W, 20 m Urban 2003-2011 1.4-2 (Ra“;%al%;’t al,
Ostrava o o1 (Kucbel et al.,
(Crech Republic) 49747, 18°13'E, 230 m Urban 2012-2014 3.5+4.1 2017
L(C’S%n 51°30'N, 0°07'E, 25m Urban Jan.-Aug. 2012 13411 (LIZ‘BTZ;‘I"
(Iﬁ;ﬁz{gﬁ) 52°23'N, 4°54'E, 0 m Urban background 0805 ¢ompmaker et
Jan.-Jul.2013
(}i‘;gggﬁs) 51°55'N 4°28'E, 0'm Urban background 1.4+ 0.6 al., 2015)
Montreal o oncr (Weichenthal et
(Canads) 45°30'N, 73°35'0, 216 m Urban Jun.- Jul. 2012 1.1£1.3 al, 2014)
(éfézgz) 37°58°N, 23°43’, 105 m Urban background ~ May 2015-Apr. 2019 1.9+2.5 (L‘ak;g;’g)et al,
Granada o o Suburban Dec. 2015- Apr.2016 2.9+3.0 (Casquero-Vera
(Spain) 7.18°N, 3.58°W, 680 m Urban Dec. 2015- Apr.2016 3.0+£3.0 etal., 2021)
Santa Cruz
Tenerife 28°29°N, 16°18°W, 52m  Urban background Jan.-Dec. 2009 0.8+0.4 (Reche et al.,
; 2011)
(Spain)
g‘;li‘r’s 03°15° N, 05°56°W,10 m Urban industrial Jan.-Dec. 2009 0.7+0.4 (Re%‘; f; al,
Barcelona 02°07°E, 41°23°N,80m  Urban background Jan.-Dec. 2009 1.7£0.6 (Reche etal.,
(Spain) 2011)




Table A3. Mean annual ABL heights at different hours of the day and by season (Wi: winter; Sp: spring; Su: summer; Au:

autumn; An: annual). Pearson correlations between eBC and ABL heights.

Mean ABL altitude eBC concentration .
3 Pearson correlations
(m) (ng m?)
ABL
time Wi Sp Su Au An Wi Sp Su Au An Wi Sp Su Au An
(UTC)
10 06 03 05 05 05 - - - - -
0000 192131 84 2 127 6 4 7 6 3 049 031 0.26 0.42 0.29
10 05 04 07 06 06 - - - - -
0300 20212156 3 120 7 9 1 2 0 049 0.25 0.25 0.37 0.25
14 08 08 14 1.1 - - - -
0600 183 216 81 84 140 5 5 7 0 4 0.48 0.03 019 046 0.20
22 1.2 05 05 1.0 038 - - - - -
0900 424 695 573 9 480 7 4 5 9 5 0.66 0.32 0.41 0.65 0.70
121 128 67 102 0.8 04 03 07 05 - - - -
1200 923 3 7 5 4 0 3 9 7 9 0.52 0.21 0.24 0.59 0.58
145 191 74 126 1.1 04 04 14 038 - - -
1500 938 8 5 1 8 9 8 1 1 6 0.44 0.06 029 0.57 0.51
10 21 08 08 20 14 - - - - -
1800 262 424504 1 322 0 2 5 3 3 0.56 0.34 0.43 0.51 0.51
10 1.1 05 06 09 038 - - - - -
21000227 15115450 138 g 5 7 g 950 021 017 0.52 0.35

Bold font indicates that the correlation is significant at 95% level.

Table A4. Mean annual ventilation coefficients at different times of the day and by season (Wi: winter; Sp: spring; Su: summer;

Au: autumn; An: annual).

Mean VC

(m*s™)
(Ei;“g) Wi Sp Su  Au  An
0000 3054 1635 138 119.6 181.0
0300 3685 2604 58 1417 2284
0600 302.1 2719 178 588 190.2
0900 659.5 11932 5214 3066 669.2
1200 1744.5 27472 2067.7 1145.0 1892.3
1500 1998.9 34134 35003 1278.1 2442.0
1800 444.6 8441 8237 1169 535.7
2100 3669 2299 819 102.5 2293
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Table AS. Pearson correlations between eBC, eBCyt, eBCypecc concentrations, AAE and meteorological parameters (temperature, relative humidity and wind speed) for monthly and annual analysis.

Jan. Feb. Mar. Apr. May. Jun. Jul.  Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar.

Parameter 16 16 16 16 16 16 16 16 16 16 16 16 17 17 17 Annual

eBC 0.048 -0.039 -0.068 -0.036 0.101 0.052 -0.093 -0.128 0.166 0.134 0.208 0.066 0.009 0.130 0.198 -0.14

T eBCyr 0.086 0.047 -0.007 0.015 0.090 0.046 -0.069 -0.145 0.131 0.155 0.259 0.175 0.115 0.176 0.225 -0.04
) eBCpp+ec -0.067 -0.171 -0.165 -0.175 0.090 0.026 -0.081 -0.015 0.164 -0.005 0.008 -0.160 -0.182 -0.003 0.065 -0.27
AAE -0.231 -0.261 -0.211 -0.152 0.094 0.009 -0.116 -0.156 -0.033 -0.042 -0.319 -0.417 -0.409 -0.130 -0.114 -0.22

eBC -0.367 -0.411 -0.392 -0.274 -0.253 -0.188 -0.245 -0.328 -0.237 -0.261 -0.321 -0.244 -0.346 -0.359 -0.382 -0.31
Wing eBCr -0.295 -0.313 -0.289 -0.207 -0.211 -0.142 -0.213 -0.324 -0.220 -0.221 -0.213 -0.130 -0.205 -0.228 -0.206 -0.24
spee
(ms') eBCiwe -0.413 -0.421 -0.414 -0.357 -0.278 -0.144 -0.148 -0.219 -0.158 -0.300 -0.398 -0.346 -0.440 -0.450 -0.459 -0.31

AAE -0.075 -0.137 -0.073 -0.018 0.089 -0.014 -0.047 -0.139 -0.120 0.044 -0.288 -0.301 -0.293 -0.088 -0.350 -0.10

eBC 0.216 0.010 -0.023 0.135 0.007 0.083 0.194 0.237 -0.123 -0.145 -0.021 -0.161 0.224 -0.153 -0.147 0.11
RH eBCy 0.178 -0.020 -0.033 0.123 0.035 0.045 0.164 0.254 -0.106 -0.150 -0.079 -0.189 0.150 -0.138 -0.118 0.07
() eBCupwe 0.231 0.057 0.010 0.109 -0.096 0.094 0.126 0.078 -0.103 -0.064 0.108 -0.043 0.255 -0.120 -0.119 0.15
AAE 0.052 0.125 0.056 -0.089 -0.276 -0.030 0.080 0.103 0.063 -0.019 0.233 0.103 0.128 0.036 -0.018 -0.08

eBC -0.268 -0.351 -0.382 -0.238 -0.223 -0.193 -0.246 -0.340 -0.225 -0.254 -0.301 -0.238 -0.331 -0.334 -0.332 -0.268
Ve eBCy -0-209 -0.277 -0.288 -0.166 -0.188 -0.142 -0.205 -0.345 -0.219 -0.222 -0.211 -0.150 -0.207 -0.225 -0.194 -0.209
(m? s eBCipice ~0-323 -0.351 -0.381 -0.367 -0.243 -0.156 -0.173 -0.223 -0.140 -0.276 -0.365 -0.300 -0.398 -0.389 -0.362 -0.323

AAE -0.183 -0.111 -0.068 -0.069 0.248 0.000 -.057 -0.162 -0.066 0.123 -0.256 -0.247 -0.269 -0.144 -0.287 -0.183

Bold font indicates that the correlation is significant at 95% level
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Figure A8. Scatter plot between: (a) eBC.-K; (b) eBCyy —As; (¢) eBCyp-levoglucosan and (d) eBC..-SO in the cold period.

Table A6. PM,, and BC/PM,o, OC/EC, EC/BC and BC/OC ratios in Leon by season for January 2016-March 2017.



PMo
(g m?)
Cold period 17.048.7 0.071£0.036 3.08+1.12 0.86:£0.45 0.45+0.17
Warmperiod 12.6£8.3 0.050+0.029 3.62+1.50 1.09+0.31 0.31+013

Annual  15.648.6 0.061£0.034 3.35:1.35 0.98+0.38 0.380.17

Season eBC/PM;y, OC/EC EC/eBC eBC/OC

Table A7. Coefficients, intercept and a value of Kolmogorov-Smirnov (K-S) statistical test for each model built. In N=0, the
model obtained with 100% of data is represented.

N Cx Cas Intercept K-S (a)
1 2.08 116.34 -0.069 0.699
2 1.91 119.21 -0.039 0.909
3 1.90 119.47 -0.027 0.454
4 2.13 115.49 -0.076 0.905
5 1.94 138.88 -0.074 0.999
6 1.92 115.61 -0.037 0.905
7 1.90 108.10 -0.028 0.964
8 1.78 153.96 -0.045 0.699
9 1.95 108.37 -0.033 0.905
10 1.95 114.41 -0.039 0.699
0 1.92 119.00 -0.045 0.581

Table A8. Daily Pearson correlations between eBCy, eBCyy,, eBC,. concentrations and meteorological parameters (temperature,

relative humidity, wind speed, ventilation coefficient and ABL height) for the cold period.

T RH WS VC ABL height
eBCyr -0.020 0.202 -0.477 -0.426 -0.505
eBCub -0.177 -0.002 -0.409 -0.372 -0.501
eBCec -0.355 0.107 -0.369 -0.335 -0.490

Bold font indicates that the correlation is significant at 95%.
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1. Aethalometer model

Assuming that only two sources exist, the total absorption coefficient bupsiom () at
wavelength A,, (Sandradewi et al., 2008) is:
bapstotar (Aw) = baps,rr (Aw) + bapspp+  (Aw)
where baps g (An)s Davspbice (Av) are the absorption coefficients of fossil fuel combustion and
biomass burning plus coal combustion, respectively.
Source apportionment of fossil fuel has been estimated through the following equations:

—AAE
bavsrray) _ <M> 7
baps,rra,y  \A

w2

bavsrr@,)
abs,total(Ay)

EBCff = : eBCtotal(sz)

where AAE is the absorption Angstrém exponent for eBC fossil fuel.
Then, to achieve the aim of estimating the coal combustion (eBC..) fraction from eBCp-cc, @
model was developed considering the linear regression between eBCpbioc With biomass (K) and

coal (As) combustion tracers, developed in section 3.2 of the paper.

2. Method using the median value to estimate the coal combustion contribution

The days of the cold period (from 15 September to 14 April) with higher As concentration
than the median (0.00082 pg m™) were selected to develop the model. Similar values were
obtained than using the method presented in the manuscript, showing the robustness of the model.

The multilinear regression analysis only used these days (N=80) to estimate the model
parameters. The estimated eBCpp+cc concentration for biomass burning and coal combustion is
expressed as:
eBCpprcc(ug m™) = (0.147 + 0.047) 777 4 (2.02 + 0.18) x Cx B + (118 + 26) x
Cps BCec Eq. Al

with a model standard error of 0.14 ug m, and correlation coefficient of 7=0.90.

The application of the model (Eq. A1) allowed the eBC.. and eBCyy to be estimated separately
for the cold period. For the days included in the model, the contributions to the eBCpp+cc Were
broken down into 75% from biomass burning and 25% from coal combustion. After the extraction
of eBCe. from eBChup+cc Very strong correlations between eBCyp, and K (biomass burning tracer)
(#=0.91) and eBC,. and As (coal tracer) (»=0.88) were registered.

The concentrations of EC, segregated by source after application of the model throughout the

sampling period, are shown in Table A8 (equivalent to Table 1).
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Table A8. Monthly mean values (+ standard deviation) calculated for eBCs, eBChs, eBCe., percentage of biomass burning

(BB(%)) and coal combustion (CC(%)) from eBC after the application of model.

eBCir eBCub eBCecc BB CC
(pg m?) (pg m?) (pg m?) (%) (%)
Winter January 0.69+0.30  0.31+0.14  0.11+0.05 3249 11«3

Year Season Month

Winter  February  0.62+0.29  0.31+0.20  0.11£0.07 3247 1143
Spring March 0.50+0.20  0.20+0.12  0.08+0.04  26+9 1143
Spring April 0.35£0.11  0.12+0.04  0.05+£0.02 268  12+4

Spring May 0.43+£0.11  0.13+0.04 ) 23+6 )

Summer June 0.41£0.14  0.12+0.11 ) 2248 B
2016 Summer July 0.41+0.14  0.12+0.10 ) 22+8 )

Summer  August 0.48+0.16  0.12+0.05 20+£3

Autumn September 0.58+0.21  0.21+£0.15  0.05£0.01 2548 444
Autumn  October  0.73+0.24  0.23+0.11  0.05£0.02 2347 6+1
Autumn November 0.72+0.34  0.32+0.17  0.09£0.04  29+8 9+2
Winter December 1.02+0.36  0.47+0.24  0.17+0.09  28+8 1043
Winter  January  0.83£0.54  0.55+£0.29  0.17+0.11 37+12 1144

2017 Winter February  0.50£0.19  0.28+0.17  0.07+0.04 3310  9+2
Spring March 0.46+0.18  0.31+0.21  0.07+£0.04 37+13  8+3
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