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ABSTRACT 26 

A one-year black carbon (BC) experimental study was performed at three different locations (urban 27 

traffic, urban background, rural) in Spain with different equivalent BC (eBC) source characteristics by 28 

means of multi-wavelength Aethalometers. The Aethalometer model was used for the source 29 

apportionment study, based on the difference in absorption spectral dependence of emissions from 30 

biomass burning (bb) and fossil fuel (ff) combustion. Most studies use a single bb and ff absorption 31 

Ångström exponent (AAE) pair (AAEbb and AAEff), however in this work we use a range of AAE values 32 

associated with fossil fuel and biomass burning based on the available measurements, which represents 33 

more properly all conditions. A sensitivity analysis of the source specific AAE was carried out to 34 

determine the most appropriate AAE values, being site dependent and seasonally variable. Here we 35 

present a methodology for the determination of the ranges of AAEbb and AAEff  by evaluating the 36 

correlations between the source apportionment of eBC using the Aethalometer model with four biomass 37 

burning tracers measured at the rural site. The best combination was AAEbb = [1.63 – 1.74] and AAEff = 38 

[0.97 – 1.12]. Mean eBC values (±SD) obtained during the period of study were 3.70 ± 3.73 µg·m-3 at the 39 

traffic urban site, 2.33 ± 2.96 µg·m-3 at the urban background location, and 2.61 ± 5.04 µg·m-3 in the rural 40 

area. High contributions of eBC to the PM10 mass were found (values up to 21 % in winter), but with high 41 

eBC/PM10 variability. The hourly mean eBCff and eBCbb concentrations varied from 0 to 51 µg·m-3 and 42 

from 0 to 50 µg·m-3 at the three sites, respectively, exhibiting distinct seasonal and daily patterns. The 43 

fossil fuel combustion was the dominant eBC source at the urban sites, while biomass burning dominated 44 

during the cold season (88 % of eBCbb) in the rural area. Daily PM2.5 and PM10 samples were collected 45 

using high-volume air samplers and analyzed for OC and EC. Analysis of biomass burning tracers and 46 

organic (OC) and elemental (EC) carbon in the rural area indicate that biomass combustion is the main 47 

source, while OC and EC indicate a lower influence of this source at the urban site. 48 

 49 

 50 

Keywords: carbonaceous aerosols; black carbon; absorption Ångström exponent; source apportionment; 51 

fossil fuel; biomass burning.  52 
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1. INTRODUCTION  53 

Atmospheric aerosols influence the Earth’s energy balance both directly, through absorption and 54 

scattering of solar radiation in the atmosphere (Shine and Foster, 1999; Haywood and Boucher, 2000; 55 

Satheesh and Krishnamoorthy, 2005; IPCC, 2007), and indirectly, by acting as cloud condensation nuclei 56 

or ice nuclei (Twomey, 1974; Albrecht, 1989; Lohmann and Feichter, 2005; IPCC, 2013). Some aerosol 57 

components (i.e. black carbon) may have a net warming impact, while others (i.e. nitrates, sulfates, 58 

organic carbon, etc.) may have a cooling effect (Chýlek and Coakley, 1974; IPCC, 2013). At the same 59 

time, aerosols reduce visibility, have an important impact on air quality, and also adversely affect human 60 

health (Dockery et al., 1993; Horvath, 1995; Beeson et al., 1998; Harrison and Yin, 2000; Pope III, 2002; 61 

Wang and Christopher, 2003; Pope and Dockery, 2006). 62 

The use of terms such as soot, BC, black smoke (BS), EC, light-absorbing aerosols, etc., has 63 

caused a great deal of confusion within the air quality monitoring and aerosol research communities. To 64 

avoid this, the Global Atmospheric Watch (GAW) Scientific Advisory Group (GAW/WMO, 2012; 65 

Petzold et al., 2013) recommended that when BC is measured using optical techniques, the term 66 

equivalent black carbon (eBC) should be used instead of BC to stress that the determined optical signal 67 

gives an equivalent mass concentration to the measured absorption. 68 

Even if the chemical composition of aerosols is characterized by large spatial and temporal 69 

variability (Moorthy et al., 2009; Mohr et al., 2011; Piazzola et al., 2012; Abdeen et al., 2014), 70 

carbonaceous aerosols typically comprise more than half of the submicron fraction of atmospheric 71 

particulate matter (PM) (Gelencsér, 2004; Putaud et al., 2004; Putaud et al., 2010; Zhu et al., 2014). The 72 

major components of carbonaceous particulate matter in the atmosphere are organic carbon (OC) and a 73 

refractory (and also highly light absorbing) fraction resistant to oxidation at temperatures below 400 ºC, 74 

known as elemental carbon (EC) (Penner and Novakov, 1996). When the elemental carbon is measured 75 

using optical methods relying on its strongly light absorbing character, it is called black carbon (BC). The 76 

carbonate or mineral carbon (CC) is usually a minor contributor to the total carbonaceous aerosol 77 

(Seinfeld and Pankow, 2003). OC can be directly emitted from sources as primary organic aerosol (POA) 78 

or can be produced by atmospheric reactions involving gaseous organic precursors forming secondary 79 

organic aerosol (SOA) (Seinfeld and Pandis, 2006). Although EC and BC have been often used 80 

indistinctly in the literature, refer to a similar fraction of the carbonaceous aerosol and are supposed to be 81 
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comparable, they can have different thermal, optical, and chemical behavior and are distinguished by the 82 

measurement technique and protocol used. 83 

BC is emitted during the incomplete combustion of fossil fuels, biofuels, and biomass burning 84 

and absorbs at all wavelengths of solar radiation (IPCC, 2013). It is always co-emitted with other organic 85 

compounds and inorganic gases, such as nitrogen oxides (NOx) and sulfur dioxide (SO2) (US EPA, 2012; 86 

Bond et al., 2013). BC is refractory (stability at very high temperatures, with a vaporization temperature 87 

near 4000 K); insoluble in water and common organic solvents, and it exists in nature as an aggregate of 88 

small carbon spherules. These physical properties make it unique and distinguishable from other forms of 89 

carbon and carbon compounds contained in atmospheric aerosols (Bond et al., 2013; Petzold et al., 2013). 90 

BC, together with methane (CH4) and tropospheric ozone (O3), is one of the most important contributor to 91 

current global warming after carbon dioxide (CO2) (UNEP-CCAC, 2014). UNEP and WMO (2011) have 92 

estimated that implementation of proposed BC and CH4 control measures by 2030 could prevent up to 93 

0.5°C of additional warming by 2050.  94 

Additionally, the review of the results of all available toxicological studies suggested that BC 95 

(measured as EC) may not be a major directly toxic component of fine PM, but it may operate as a 96 

universal carrier of a wide variety of, especially, combustion-derived chemical constituents of varying 97 

toxicity to sensitive targets in the human body such as the lungs, the body’s major defense cells and 98 

possibly the systemic blood circulation (WHO, 2012). BC and co-pollutants make up for the majority of 99 

the fine particulate matter (PM2.5), currently considered a major environmental cause of respiratory and 100 

cardiovascular diseases, with a global estimation of more than 6 million premature deaths annually from 101 

exposure to indoor and outdoor (Lim et al., 2012). 102 

There are several available light-absorption based eBC measurement methods: (a) filter 103 

transmission measurements using instruments such as the Aethalometer (Hansen et al., 1984; Drinovec et 104 

al., 2015), the Particle Soot Absorption Photometer (PSAP; Bond et al., 1999), the Multi-Angle 105 

Absorption Photometer (MAAP; Petzold and Schönlinner, 2004) and the Continuous Soot Monitoring 106 

System (COSMOS; Miyazaki et al., 2008); (b) photo-acoustic techniques: the absorption of the air 107 

suspended aerosol through the pressure fluctuation due to absorption can be measured for example by the 108 

Photo-Acoustic Soot Spectrometer (PASS) (Arnott et al., 1999); and (c) photo-thermal interferometry 109 

techniques (folded-Jamin interferometer; Jamin, 1856). 110 
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Sandradewi et al., (2008a; b) suggested that the absorption Ångström exponent (AAE), 111 

characterizing the spectral dependence of aerosol light absorption (Kirchstetter et al., 2004; Moosmüller 112 

et al., 2011; Bond et al., 2013), can be used to quantify the contribution of fossil fuel and biomass burning 113 

to the total eBC mass concentration. For this purpose, they developed the so-called “Aethalometer 114 

model”, a two-component method to apportion eBC to fossil fuel (eBCff) and to biomass burning (eBCbb), 115 

which has been used extensively in the last recent years (Favez et al., 2009; Martinsson et al., 2017; Titos 116 

et al., 2017; Zotter et al., 2017). 117 

As in other regions in Europe (Putaud et al., 2010) previous studies in Spain (Querol et al., 118 

2004b) confirmed that carbonaceous aerosol was one of the main components of the aerosol in urban and 119 

rural areas. Source apportionment studies in Madrid, pointed to traffic emissions as the dominant source 120 

of carbonaceous aerosol (Plaza et al., 2011; Salvador et al., 2004, 2012) leading in many occasions to PM 121 

limit value exceedances. 122 

PM10 limit values are also exceeded in other urban and rural areas of Spain (Querol et al., 123 

2004a). One of these latter is the Andalusian olive groves region of Jaén, which in the last years has 124 

experienced both PM10 daily limit value and PM2.5 annual limit value exceedances (Junta de Andalucía, 125 

2015). High concentration levels are recorded during the autumn and winter months, and have been 126 

associated in principle to the increase of domestic biomass burning in these periods of the year (Salvador 127 

et al., 2016). 128 

The quantification of atmospheric eBC and co-pollutants mass concentrations, as well as the 129 

identification and characterization of its sources, are of particular interest for designing efficient 130 

mitigation strategies. 131 

The main purpose of this work is to characterize the atmospheric black carbon and the co-132 

pollutants in different areas. To this end, we conduct a source apportionment study of eBC with rather 133 

different characteristics in terms of eBC sources. We present an evaluation of the Aethalometer model by 134 

comparing its outputs to the specific inorganic (potassium associated with biomass burning) and organic 135 

compounds (three monosaccharide anhydrides: levoglugosan, mannosan, and galactosan) used as biomass 136 

burning tracers to select the best option of the absorption Ångström exponent for biomass burning. In 137 

addition, we evaluate the elemental and organic carbon and their relationship with eBC. This type of 138 

research has not been previously carried out in the selected areas, even though they are characterized by 139 

high particulate matter levels. 140 
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 141 

2. METHODOLOGY  142 

2.1 Measurement Sites 143 

Simultaneous measurements were carried out during a one-year period at three sites in Spain 144 

(Fig. 1). Two of them are urban sites located in Madrid: one at the Research Centre for Energy, 145 

Environment, and Technology (CIEMAT) facilities, an urban background area; and the second at 146 

Escuelas Aguirre, a traffic urban site. A third site (Villanueva) was located in a rural area of Andalusia 147 

(Villanueva del Arzobispo, Jaén). 148 

 149 

Figure 1. Measurement sites used in this study (source: Google Earth). 150 

 151 

Madrid sites 152 

Madrid is the most populous city in Spain with more than 3 million inhabitants in the urban core. 153 

In contrast to a great number of the other large European cities, there is very low heavy industrial activity 154 

in the metropolitan area. Traffic and commercial and domestic heating are the major local sources of air 155 

pollution (Madrid City Council, 2015) leading to significant air pollution episodes during the autumn and 156 
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winter periods under atmospheric anticyclonic stagnation conditions (Artı́ñano et al., 2003; Plaza et al., 157 

2011). Madrid’s climate is considered as Mediterranean continental (Köppen climate classification) with 158 

dry and hot summers and cold winters. Even though levels of air pollution seem to have experienced a 159 

significant decrease in recent years (Salvador et al., 2015), mean ambient concentrations of all primary 160 

pollutants increased during 2015 compared to previous years with the exception of ozone, which 161 

remained stable, according to the latest report on air quality published by the Madrid City Council 162 

(Madrid City Council, 2016). This increase could be associated with adverse meteorological conditions, 163 

such as intense winter atmospheric pollution episodes which took place during that year. 164 

One of the urban sites of this study, CIEMAT (40°27′23″N 3°43′32″W, 669 m ASL), is located 165 

in the NW part of the city, in a non-residential area at the edge of the main University Campus (Ciudad 166 

Universitaria). This site can be considered as representative of the urban background according to the 167 

European Environment Agency (EEA, 1999) criteria for air quality monitoring stations classification. 168 

The other urban site, Escuelas Aguirre (40°25′17.63″N 3°40′56.35″W, 672 m ASL), is located in 169 

one of the stations of the Madrid City Council air quality monitoring network. This is a traffic urban site, 170 

located in the city center at the intersection of two major avenues close to El Retiro Park. The surrounding 171 

area is characterized by intense road traffic leading to high pollution levels (both NOx and PM10) 172 

measured at this station. 173 

 174 

Villanueva del Arzobispo, Jaén 175 

The rural site (Villanueva) is located in the region of Jaén, Andalusia, the largest area of olive 176 

groves of Spain. In recent years, olive waste is being used in the area for power generation, which could 177 

contribute to air quality problems in this region (Sigsgaard et al., 2015). At the same time, the economic 178 

crisis has resulted in an increasing use of biomass (wood and olive pits) for domestic heating during the 179 

cold months adding another air pollution source in this area. The measurement site forms part of the Air 180 

Quality Monitoring Network of Regional Government of Andalusia (Junta de Andalucía) placed in 181 

Villanueva del Arzobispo (38º10′27.80″N 3º0′18.30″W, 620 m ASL), a small town with about 8700 182 

inhabitants. This station has exceeded the European PM10 daily limit value during the last 5 years, mainly 183 

during the autumn and winter months, and the PM2.5 annual limit value in 2016 (the unique station in 184 

Spain exceeding this limit value) (Junta de Andalucía, 2016; MAPAMA, 2017). This geographical area 185 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

 

has a continental climate characterized by long periods of atmospheric stability and frequent fog episodes 186 

in winter and dry and very warm summers. 187 

 188 

2.2 Measurements and instrumentation 189 

2.2.1. Meteorological variables 190 

Meteorological information was obtained at CIEMAT from a fully equipped meteorological 191 

tower that measures wind direction and speed at 52 m AGL, precipitation, and solar radiation at 31 m 192 

AGL, atmospheric temperature and relative humidity at 4 m AGL, and pressure at ground level. Data are 193 

recorded every 10 minutes. In the case of Escuelas Aguirre, the meteorological information was provided 194 

by the State Meteorological Agency of Spain (AEMET) from the standard station located in El Retiro 195 

park. Wind direction and speed, precipitation, atmospheric temperature, relative humidity, and pressure 196 

are measured every 10 minutes. Meteorological information in Villanueva was provided by the Regional 197 

Government of Andalusia (Junta de Andalucía). Wind direction and speed, precipitation, atmospheric 198 

temperature, and relative humidity are measured at 4 m AGL in this station every 10 minutes. 199 

In this work, data from the period December 22, 2014 to December 21, 2015 were analyzed. 200 

Astronomical seasons were considered to study the seasonal variation and Coordinated Universal Time 201 

(UTC) was used. 202 

 203 

2.2.2. PM mass concentrations 204 

Hourly average PM10 mass concentrations were obtained at CIEMAT from an optical particle 205 

counter monitor (Model GRIMM 1107, GRIMM Technologies, Inc.). In Escuelas Aguirre PM10 206 

concentrations were provided by a Tapered Element Oscillating Microbalance (Model 1405-DF 207 

TEOM™, Thermo Scientific™). Finally, in Villanueva, PM10 concentrations were obtained with a Beta 208 

Continuous Ambient Particulate Monitor (Eberline FH62 I-R, Thermo Eberline). PM measurements of 209 

the three instruments were normalized against gravimetric methods through the gravimetric 210 

measurements of filter samples collected simultaneously with the aforementioned real-time PM 211 

instruments. 212 

 213 

2.2.3. Ambient filter sampling and chemical analyses 214 
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PM2.5 and PM10 filter samples were collected at CIEMAT and in Villanueva, whereas sample 215 

filters measurements at Escuelas Aguirre were not available. Ambient aerosol samples were collected on 216 

quartz-fiber filters for 24-h using high-volume (30 m3·h-1). PM2.5 and PM10 samplers (model MCV CAV-217 

A/M) were used with DIGITEL inlets (model DHA-80). Filters were weighed before and after sampling 218 

in order to determine the PM mass concentration by the gravimetric method following standard 219 

procedures (UNE-EN 12341:1999; UNE-EN 14907:2006). 220 

21 filter samples in each fraction (PM10 and PM2.5) were collected from November 2014 to 221 

September 2015 at CIEMAT and 59 filter samples in each fraction (PM10 and PM2.5) from November 222 

2014 to June 2015 at Villanueva. Tables S1 and S2 summarize the sampling dates, size fractions and 223 

samples collected at each site. 224 

OC and EC concentrations were determined by a Thermal-Optical Transmittance (TOT) method 225 

(Pio et al., 1994; Birch and Cary, 1996; Sánchez de la Campa et al., 2009), adapted from Huntzicker et 226 

al., (1982) using a Sunset Laboratory OCEC Analyzer and the EUSAAR2 temperature protocol (Cavalli 227 

et al., 2010). 228 

Levoglucosan, mannosan and galactosan concentrations were quantified using the analytical 229 

method described by Alier et al. (2013). Filters were ultrasonically extracted with 230 

dichlomoethane:methanol (2:1) by triplicate. Sedoheptulosan was used as surrogate standard. An aliquot 231 

of concentrated extract was derivatized with BSTFA/TMCS (99:1), using pyridine as catalyst and 232 

palmitic acid-D31 as internal standard, maintaining the mixture in an oven at 70 ºC for one hour. 233 

Trimethylsilyl derivatives of anhydrosugars were analyzed by GC/MS. These compounds are derivatives 234 

of glucose, mannose, and galactose respectively and are used as tracers for biomass burning (Simoneit et 235 

al., 1999; Simoneit, 2002; Alves, 2008; Krumal et al., 2012; Cong et al., 2015), as they are major 236 

components of biomass burning organic aerosol (Simoneit et al., 1999; Graham et al., 2002). 237 

Levoglucosan is produced during the pyrolysis of cellulose (Nolte et al., 2001; Simoneit, 2002; Krumal et 238 

al., 2012), while its isomers mannosan and galactosan are produced from hemicellulose (Nolte et al., 239 

2001). 240 

Some studies have found that water-soluble potassium (K+) can be used as a tracer for biomass 241 

burning sources (Andreae, 1983; Echalar et al., 1995; Andreae et al., 1998). Total potassium (K) is 242 

emitted from biomass burning and as a component of dust emissions (Pio et al., 2008; Viana et al., 2008). 243 

In this study, total potassium was analyzed by Inductively Coupled Plasma Atomic Emission 244 
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Spectrometry (ICP-AES), therefore the biomass burning contribution (Kbb) has been estimated by 245 

subtracting the potassium of mineral origin obtained indirectly from aluminum oxide from this total 246 

potassium (Moreno et al., 2006; Alastuey et al., 2016). 247 

 248 

2.2.4. eBC mass concentrations 249 

Equivalent black carbon (eBC) mass concentrations were measured using three multi-wavelength 250 

Aethalometers (Magee Scientific Aethalometer model AE33, Aerosol d.o.o, Slovenia), with 10 µm inlets 251 

(BGI, MiniPM® Inlet) at a flow rate of 5 Lmin−1. The new Aethalometer Model AE33 compensates for 252 

the “spot loading effect” in real-time (Drinovec et al., 2015). Data were recorded with 1-minute time 253 

resolution. Light attenuation by the aerosol particles deposited on a Teflon-coated glass fiber filter tape 254 

was measured at 7 wavelengths (λ = 370, 470, 520, 590, 660, 880, and 950 nm). The equivalent black 255 

carbon (eBC) mass concentration was calculated using the measurement at 950 nm wavelength with a 256 

mass absorption cross-section (MAC) of 7.19 m2·g-1 (Drinovec et al., 2015). The Ultraviolet-absorbing 257 

PM mass concentration was estimated at 470 nm, with a MAC of 14.54 m2·g-1 (Drinovec et al., 2015), 258 

which assumes the presence of organic compounds. 259 

The Aethalometer used at CIEMAT is part of the ACTRIS European Infrastructure Network 260 

(http://www.actris.eu/) and regularly participates in the ACTRIS intercomparison exercises (February 261 

2013 and September 2017). The Escuelas Aguirre instrument belongs to the Madrid City Council Air 262 

Quality Network and is subject to its maintenance and Quality Control procedures. The Villanueva 263 

instrument is owned by CIEMAT and is intercompared against the one operating at the CIEMAT station 264 

every year. The slope and its standard error of the linear least square regression through the origin of 265 

these two instruments was 0.96 ± 0.005 at 470 nm and at 950 nm, with a correlation coefficient (R2) of 266 

0.99 for both wavelengths. 267 

 268 

2.3 The Aethalometer model 269 

Due to the difference in the spectral dependence in absorption between biomass burning (bb) and 270 

fossil fuel (ff) emissions, it is possible to apportion equivalent black carbon to these two sources of 271 

aerosol by means of the Aethalometer model (Sandradewi et al., 2008b). Assuming that only these two 272 

sources contribute to absorption, the total absorption coefficient babs,total(λ) at wavelength λ is equal to: 273 

����,�����	
� = ����,

	
� + ����,��	
�		3� 
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where babs,ff(λ) and babs,bb(λ) are the absorption coefficients apportioned to fossil fuel combustion and 274 

biomass burning, respectively. 275 

The relationship between aerosol composition and the wavelength dependence of the aerosol 276 

absorption light coefficient babs can be obtained by the power law fit (Ångström, 1929): 277 

���� ∝ 
���� 		4� 
where λ is the wavelength and AAE is the source specific absorption Ångström exponent (Sandradewi et 278 

al., 2008a). As in Sandradewi et al., (2008b), AAE has been estimated using the absorption coefficients of 279 

a pair of wavelengths (λ1, λ2) according to the Ångström relationship (Ångström, 1929): 280 

���	
�, 
�� = 	− ln	����	
�� ����	
��⁄ �
ln	
� 
�⁄ � 		5� 

where babs(λ1) and babs(λ2) are the absorption coefficients at λ1 and λ2, respectively. 281 

The source apportionment of eBC from biomass burning (eBCbb) and fossil fuel (eBCff) may be 282 

derived from the following equations: 283 

����,

	
��
����,

	
�� = �
�
� 

����!!
		6� 

����,��	
��
����,��	
�� = �
�
� 

����##
		7� 

%&'

 = ����,

	
��
����,�����	
�� ∙ %&'�����	
��		8� 

%&'�� = ����,��	
��
����,�����	
�� ∙ %&'�����	
��		9� 

where AAEff and AAEbb are the absorption Ångström exponents of fossil fuel and biomass burning of 284 

eBC, respectively. 285 

In this work, light absorption measurements at λ1 = 470 nm and λ2 = 950 nm were used 286 

(Sandradewi et al., 2008b; Favez et al., 2010; Harrison et al., 2013) due to the fact that eBC from fossil 287 

fuel has a weak dependence on wavelength (i.e., AAE ~ 1), while eBC from biomass burning features 288 

stronger absorption spectral dependence and shows enhanced absorption at shorter wavelength (i.e., AAE 289 

> 1) (Kirchstetter et al., 2004; Russell et al., 2010). The absorption at 470 nm was used instead of the 290 

ultraviolet (UV) channel of the Aethalometer at 370 nm to minimize the interferences introduced by types 291 

of organic compounds, based on the sensitivity of the Aethalometer model due to different wavelength 292 

combinations carried out by Zotter et al., (2017), where it has been obtained that using the 370 nm 293 

wavelength resulted in larger residuals, a significant number of negative points and weaker correlations 294 
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with the fossil fraction of EC (ECF/EC) derived from 14C measurements. The estimated differences 295 

between the AAE470-880 (calculated using the 470 and 880 nm measurements) and the AAE470-950 296 

(calculated using the 470 and 950 nm measurements) values were in the range of 4 to 8 % and the two 297 

measurements had a R2 = 0.99 in all the three sites. Even though 880 nm is considered the standard 298 

channel for eBC measurement by Aethalometers, the 950 nm wavelength will be used in this work 299 

according to the results obtained in the sensitivity of the Aethalometer model using different pairs of 300 

wavelengths carried out by Zotter et al., (2017). Therefore, the rest of the analysis will be based on 301 

AAE470-950. 302 

Other studies (Herich et al., 2011; Fuller et al., 2014; Petit et al., 2015) have used other 303 

combinations of wavelengths (e.g. 370 nm and 880 nm, or 470 nm and 880 nm), often because of the 304 

constraints posed by the instrumentation used in their corresponding works. For example, the Magee 305 

Scientific Aethalometer models AE22 and AE42-2 measure light absorption only at 370 nm and 880 nm. 306 

 307 

Selection of AAEff and AAEbb values 308 

Previous eBC source apportionment studies (Sandradewi et al., 2008a; Favez et al., 2010; Herich 309 

et al., 2011; Harrison et al., 2013; Petit et al., 2014) using the above Aethalometer model have assumed 310 

two single fixed AAE values for the estimation of the respective contributions of fossil fuel and biomass 311 

burning to ambient eBC concentrations. The main methodological novelty of this work is the use of a 312 

range of AAE values associated with fossil fuel (AAEff) and biomass burning (AAEbb) based on the 313 

available measurements. These values of AAE were obtained with the following approach. 314 

In the first step, a range of AAE values for fossil fuel (AAEff) and biomass burning (AAEbb) was 315 

estimated. The representative values of AAEbb were evaluated based on the correlations between the 316 

measured mass concentrations of the potassium associated with biomass burning (Kbb) and the three 317 

monosaccharide anhydrides (levoglugosan, mannosan, and galactosan) on one side, and eBCbb mass 318 

concentrations obtained from the Aethalometer model on the other, in Villanueva. The contribution of 319 

biomass burning in that area is high in winter, mainly due to the use of wood stoves for domestic heating, 320 

as source apportionment studies have revealed (Salvador et al., 2016). The stability of the model output 321 

with respect to AAEff and AAEbb was determined by monitoring the Pearson correlation coefficient for 322 

varying AAEff  and AAEbb in the range [0.80 - 1.20] and [1.60 - 2.50], respectively (Figs. S1 – S8). The 323 

AAEbb values that maximize the R-Pearson coefficient were 1.63 between Kbb and eBCbb, and 1.74 324 
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between the three organic compounds and eBCbb. For these AAEbb values, the variation of the R-Pearson 325 

coefficient was almost independent of AAEff. Thus, based on the goodness of the fit, the range of AAEbb 326 

= [1.63 – 1.74] seems to be the optimal for our study. These values agree with the obtained in previous 327 

studies where radiocarbon (14C) measurements of the fossil and non-fossil fractions of EC and OC were 328 

used to validate the choice of the AAE for biomass burning emissions (Sandradewi et al., 2008a; Zotter et 329 

al., 2017). 330 

The AAEff range in Madrid was estimated from measurements recorded during a specific 331 

experiment carried out in traffic hot-spot area. The measurements were made during the early morning 332 

rush hours next to a traffic light of a dense traffic lane. AAEff results were in the range [0.97 – 1.12], 333 

coinciding with the lowest percentiles obtained in this study for Escuelas Aguirre and CIEMAT (Fig. S9). 334 

These values are consistent with previous findings reported in the literature for fossil fuel emissions 335 

(Favez et al., 2009; Titos et al., 2017; Zotter et al., 2017). 336 

Although differences between the Pearson correlation coefficient choosing single values of 337 

AAE ff and AAEbb or a range for each of them are less than 1 %, in this work two ranges are proposed to 338 

be used for fossil fuel and biomass burning source apportionment, respectively. In the first case, it is 339 

considered that the selected range represents more properly all traffic conditions. In the second case, two 340 

different values were obtained that maximize the R-Pearson coefficient depending on the selected 341 

biomass burning tracers, Kbb or organic compounds, thus to be more coherent, the range between both 342 

values was chosen. 343 

In the next step, the contributions of fossil fuel and biomass burning of eBC were calculated by 344 

means of the Aethalometer model (Eqs. (6) – (9)). They were analyzed in three different ways. In the first 345 

method, we set the AAEff value at the low end of the interval previously obtained, and then we calculated 346 

both eBC contributions increasing the AAEbb in increments of 0.01 within the range previously obtained. 347 

Then, we increased AAEff for 0.01 and repeated the same process, progressing successively through all 348 

possible combinations of AAEff and AAEbb in their corresponding intervals: AAEff = [0.97 – 1.12] and 349 

AAEbb = [1.63 – 1.74]. The other two ways consisted of generating random pairs of AAEff and AAEbb 350 

within their corresponding ranges, assuming that the AAE for each source had either a uniform 351 

distribution or a Gaussian/normal distribution. The mean (µ) and the standard deviation (σ) assumed for 352 

the uniform distribution were µ = 1.045 and σ = 0.043 for AAEff, and µ = 1.685 and σ = 0.025 for AAEbb. 353 
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For the normal distribution, the values were µ = 1.045 and σ = 0.035 for AAEff, and µ = 1.685 and σ = 354 

0.018 for AAEbb. 355 

Finally, the resulting contributions of eBCff and eBCbb to the total eBC were calculated by 356 

averaging all contributions, on the one hand, those of eBCff and on the other, those of eBCbb previously 357 

obtained, with their corresponding standard deviations. The calculations were performed for all the three 358 

methods. The difference between the three methods of estimation the eBCff and eBCbb contributions 359 

described above was less than 1%. Therefore, the first way was used in the rest of the work. 360 

To sum up, as in the Madrid site traffic is the main source, especially in summer, and in 361 

Villanueva biomass burning is the dominant source during the winter, AAEff  in Madrid (AAEff  = [0.97 – 362 

1.12]) and AAEbb in Villanueva (AAEbb = [1.63 – 1.74]) were taken as the AAE reference values in this 363 

work. 364 

 365 

3. RESULTS AND DISCUSSION 366 

3.1 eBC mass concentrations and contribution to PM10 367 

Mean eBC values and the corresponding standard deviations obtained at the three sites during 368 

the period of study were 3.70 ± 3.73 µg·m-3 at Escuelas Aguirre, 2.33 ± 2.96 µg·m-3 at CIEMAT, and 369 

2.61 ± 5.04 µg·m-3 at Villanueva. The highest mean eBC concentration was recorded, as expected, in 370 

Escuelas Aguirre, since it is an urban site highly influenced by traffic. The eBC had a significant seasonal 371 

dependence at the three sites (Fig. 2). The most extreme seasonal variation was observed at the rural site 372 

Villanueva, where maximum eBC hourly values around 52 µg·m-3 were recorded in winter, while in 373 

summer eBC hourly concentrations never exceeded 16 µg·m-3. 374 
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 375 

Figure 2. Boxplots of hourly average eBC mass concentrations (µg·m-3) at the three measurement sites 376 

during the four seasons. The central box spans the first quartile to the third quartile. The line inside the 377 

box shows the median and “whiskers” above and below the box show the minimum and maximum. Open 378 

circles represent extreme high values. The colored markers show the mean. Sites: Escuelas Aguirre (EA), 379 

CIEMAT (CIE) and Villanueva del Arzobispo (VA). 380 

 381 

The values measured in autumn and winter in Villanueva exceed those typically found in other 382 

rural areas in Spain (Querol et al., 2013). Significantly lower values have been measured in different rural 383 

areas of Europe, this is because Villanueva is located in a valley with frequent temperature inversions in 384 

winter which lead to reduced vertical mixing of the air and to an accumulation of air pollutants within the 385 

boundary layer. Additionally, high concentrations may be attributed to the enhanced biomass burning 386 

emissions activities in the cold months as discussed later. For instance, in an area 10 km south of the city 387 

center of Edinburgh (UK) (Heal and Hammonds, 2014) the eBC (measured by a Diffusion Systems 388 

MD43 EEL reflectometer) average concentration was 0.5 µg·m-3 for a study period of two months 389 
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(February to April 2009). In contrast, in some rural regions of Southeast Asia, such as India where 390 

biomass burning is a major source, the observed eBC values are significantly higher and close to 10 391 

µg·m-3 (annual mean value) (Guha et al., 2015) with wintertime average values twice as high compared to 392 

the annual average. 393 

In urban areas in Spain, the eBC mean values observed in Barcelona-CSIC (eBC = 2.1 µg·m-3) 394 

and Granada University (eBC = 2.6 µg·m-3) (Querol et al., 2013; Titos et al., 2015) are similar to those 395 

obtained at the Madrid urban background site in this work. However, in other urban sites in Europe lower 396 

eBC mean concentrations have been obtained in winter but similar values in summer (Herich et al., 2011; 397 

Crilley et al., 2015). 398 

The temporal evolution of the eBC mass concentrations in this study shows that eBC peaks 399 

matched the hourly average PM10 mass concentration measured at each site in winter and autumn but not 400 

necessarily in spring and summer (Figs. S10 – S12 in the Supplementary Information). The relationship 401 

can be more closely analyzed by studying the data scatter plots and regression fit results between PM10 402 

and eBC. As expected, the linear regression coefficients of determination do not particularly reflect a very 403 

high correlation (R2 = 0.39 at Escuelas Aguirre, R2 = 0.20 at CIEMAT, and R2 = 0.55 at Villanueva). 404 

However, the correlation between eBC and PM10 at the rural site was significantly better than at the urban 405 

sites in winter and autumn. The coefficients of determination obtained from the linear regression between 406 

eBC and PM10 in Villanueva were R2 = 0.84 in winter and R2 = 0.72 in autumn. These higher values in 407 

these two seasons indicate that eBC and PM10 very probably have the same origin in these periods of the 408 

year. On the contrary, in spring and summer the values R2 = 0.10 and R2 = 0.04, respectively, obtained for 409 

this coefficient can be attributed to the influence of a mix of different sources, particularly large amounts 410 

of Saharan dust transported to the area, which increased PM10 mass concentration without increases in 411 

eBC. 412 

Table 1 summarizes the average eBC/PM10 ratios for the three sites and for each season. At all 413 

sites, the highest values were recorded in autumn and winter. In Madrid, the eBC contributions to the 414 

PM10 fraction varied from 7 % in summer to 20 % in winter at the background site, whereas this 415 

contribution was slightly higher, from 11 % in summer to 21 % in winter, at the traffic-influenced station. 416 

These values are consistent with the 3-11 % contribution  reported in other European urban background 417 

areas and with values up to 24 % found in some European urban traffic stations (Reche et al., 2011) (see 418 

Table S1 and references therein). The autumn and winter months seem to be critical in Madrid in the light 419 
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of the observed increase in the eBC concentrations. In fact, during the early winter 2014-2015 and late 420 

autumn 2015 several pollution episodes took place under anticyclonic stagnant conditions favoring the 421 

accumulation of the eBC concentrations mainly derived from traffic emissions (Figures S10 and S11).  422 

Nevertheless, the standard deviation values in Table 1 provide a measure of the large variations of the 423 

eBC/PM10 ratios for each season. Therefore, special conditions such as low PM10 concentrations (giving 424 

rise to high eBC/PM10 ratios) must be taken into account when these ratios are used for comparison 425 

purposes. 426 

 427 

Table 1. eBC/PM10 ratios at Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo for each season 428 

during the period of study. 429 

Season 

Escuelas Aguirre 
(Madrid)  

CIEMAT (Madrid)  
Villanueva del 

Arzobispo (Jaén) 

eBC/PM10 eBC/PM10 eBC/PM10 

Winter 2014 - 2015 0.21 ± 0.13 0.20 ± 0.14 0.09 ± 0.06 

Spring 2015 0.15 ± 0.11 0.10 ± 0.09 0.06 ± 0.07 

Summer 2015 0.11 ± 0.08 0.07 ± 0.06 0.04 ± 0.05 

Autumn 2015 0.17 ± 0.11 0.19 ± 0.15 0.11 ± 0.10 
 430 

In the rural area of Villanueva, the eBC contribution to PM10 was significantly lower compared 431 

to the urban sites, varying from 4 % in the summer to 11 % in the autumn, which is consistent with the 432 

3.6 % value reported at another rural site in Europe (Heal and Hammonds, 2014). The highest 433 

contribution was recorded in autumn 2015 and winter 2014-2015. The low eBC content in PM10 was 434 

affected by the mixture of pollution sources and meteorological conditions. In addition, the different 435 

composition of the combustion emissions, the mineral dust sources associated with African dust 436 

outbreaks and the formation of secondary inorganic and organic aerosol, mostly from anthropogenic 437 

emissions (Salvador et al., 2016), should be considered, which could also increase the concentrations of 438 

PM10 by non-carbonaceous materials, thereby decreasing the eBC/PM10 ratio. 439 

 440 

3.2 Source apportionment of eBC 441 

The measured diurnal average cycles of the AAE at Escuelas Aguirre, CIEMAT, and Villanueva 442 

during the period of study are shown in Figure 3. The AAE in Villanueva is characterized by a strong 443 

diurnal variation during winter and autumn, with values in the evening hours until dawn consistent with 444 

an increase of biomass burning activity due to the use of the domestic woodstoves. The AAE average 445 
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values in the rural area were 1.80 ± 0.30 in winter and 1.45 ± 0.35 in autumn. During the summer, the 446 

AAE was relatively constant throughout the day at all three sites with average values of 1.08 ± 0.05 in 447 

Escuelas Aguirre, 1.08 ± 0.13 in CIEMAT, and 1.19 ± 0.15 in Villanueva. Similar relatively flat profiles 448 

were measured in Escuelas Aguirre and CIEMAT during the other three seasons, with AAE average 449 

values of 1.07 ± 0.09 in winter, 1.05 ± 0.05 in spring and 1.07 ± 0.06 in autumn at Escuelas Aguirre and 450 

1.17 ± 0.08 in winter, 1.16 ± 0.08 in spring and 1.07 ± 0.07 autumn at CIEMAT. 451 

 452 

 453 

Figure 3. Diurnal average variation of the absorption Ångström exponent at Escuelas Aguirre, CIEMAT 454 

and Villanueva del Arzobispo during the four seasons. The central box spans the first quartile to the third 455 

quartile. The line inside the box shows the median and “whiskers” above and below the box show the 456 

minimum and maximum. The colored markers show the mean values and shadowed areas correspond to 457 

the corresponding standard deviation. 458 

 459 

The estimated absorption Ångström exponent (AAE) values using the methodology described in 460 

the methods section were between 0.97 and 1.12 for fossil fuel and between 1.63 and 1.74 for biomass 461 

burning. These AAE values are consistent with previous studies, which have reported AAE values near 1 462 

related to black carbon from traffic emissions and much higher values for biomass burning aerosols 463 

(Kirchstetter et al., 2004; Bergstrom et al., 2007; Sandradewi et al., 2008b; Zotter et al., 2017). The 464 

source contributions to eBC were determined based on the above source specific AAE values (AAEff = 465 

[0.97 – 1.12] and AAEbb = [1.63 – 1.74]). 466 

The mean eBCff and eBCbb mass concentrations are shown in Table 2. In Madrid, the mean eBCff  467 

mass concentrations during winter and autumn were up to double and, in some cases, even triple 468 
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compared to the other two seasons. The same happened in Villanueva but for eBCbb. In winter, the 469 

contribution of the prevailing source at each site seems to be exacerbated by meteorological conditions at 470 

each site. 471 

 472 

Table 2. Average mass concentration of eBCff and eBCbb at Escuelas Aguirre, CIEMAT, and Villanueva 473 

del Arzobispo sites. 474 

Period 

Escuelas Aguirre 
(Madrid)  

CIEMAT (Madrid)  
Villanueva del 

Arzobispo (Jaén) 

eBCff 
(µg·m-3) 

eBCbb 
(µg·m-3) 

eBCff 
(µg·m-3) 

eBCbb 
(µg·m-3) 

eBCff 
(µg·m-3) 

eBCbb 
(µg·m-3) 

Total period 3.5 ± 3.6 0.2 ± 0.3 2.1 ± 2.7 0.2 ± 0.3 0.9 ± 1.7 1.7 ± 4.2 

Winter 2014 – 2015 4.1 ± 4.0 0.2 ± 0.3 2.1 ± 2.5 0.3 ± 0.4 0.5 ± 1.2 4.1 ± 6.0 

Spring 2015 2.7 ± 2.1 0.1 ± 0.1 1.2 ± 1.5 0.2 ± 0.2 0.8 ± 1.0 0.4 ± 1.0 

Summer 2015 2.6 ± 2.2 0.1 ± 0.2 1.3 ± 1.5 0.1 ± 0.3 0.9 ± 1.2 0.2 ± 0.4 

Autumn 2015 4.9 ± 5.0 0.2 ± 0.2 3.8 ± 3.9 0.2 ± 0.3 1.5 ± 2.6 2.7 ± 5.4 
 475 

The average diurnal cycles of eBCff and eBCbb are summarized in Figures 4 to 7 (stacked area 476 

charts in this case) for each season for all three sites. For the Madrid sites, the eBCff is practically the 477 

same as that of the total measured eBC. During weekdays, the eBCff concentration in Escuelas Aguirre 478 

and Villanueva was characterized by two peaks, one in the morning and another in the late 479 

afternoon/early evening, coinciding with peak traffic times. On the contrary, the eBCff in the urban 480 

background site in CIEMAT had only one major peak in the morning. The evening peak was also present 481 

but quite weak. In Madrid, especially in Escuelas Aguirre, on Saturdays and on Sundays the evening 482 

eBCff peak is higher than the morning one. This is related to nightlife activities in Madrid and people 483 

returning home after the weekend, respectively. 484 
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 485 

Figure 4. Average diurnal profiles of eBC source apportionment from fossil fuel (gray area) and biomass 486 

burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first 487 

line), Saturdays (second line), and Sundays (third line) during the winter of 2014–2015. 488 

 489 

 490 

 491 

Figure 5. Average diurnal profiles of eBC source apportionment from fossil fuel (gray area) and biomass 492 

burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first 493 

line), Saturdays (second line), and Sundays (third line) during the spring of 2015. 494 
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 495 

 496 

Figure 6. Average diurnal profiles of eBC source apportionment from fossil fuel (gray area) and biomass 497 

burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first 498 

line), Saturdays (second line), and Sundays (third line) during the summer of 2015. 499 

 500 

 501 

Figure 7. Average diurnal profiles of eBC source apportionment from fossil fuel (gray area) and biomass 502 

burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first 503 

line), Saturdays (second line), and Sundays (third line) during the autumn of 2015. 504 

 505 

The average diurnal cycle of eBCbb in Villanueva, in the winter and in the autumn, was 506 

characterized by a strong early evening peak and a relatively weak morning peak (Figs. 4 and 7). Some 507 
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differences are observed between both seasons, in winter the contribution of eBCbb is higher during the 508 

traffic rush-hours comparing to autumn peaks, especially during evenings and nights which can be 509 

explained by the typical operating time pattern of domestic heating appliances in the coldest months. The 510 

Sunday nighttime eBC was stronger in winter than the other days and was observed a couple of hours 511 

earlier than during the rest of the week consistent with the different activity schedule followed by people 512 

on Sundays. In contrast, during the spring and the summer, due to the absence of operation of domestic 513 

stoves, eBC concentrations are predominantly resulting from traffic emissions and the contribution of 514 

eBCbb to total eBC is practically negligible except for the morning and evening/night hours in spring. In 515 

addition, due to the change of local time in March and October, a small displacement of the peaks is 516 

observed between winter and autumn and between summer and spring. 517 

More than 93 % of the eBC in the traffic site in Madrid was due to fossil fuel emissions during 518 

all seasons (Table 3). The traffic contribution at CIEMAT was a little lower but still represented more 519 

than 84 % of the eBC in this urban background site. The highest biomass burning contribution to eBC in 520 

CIEMAT was 16 % during the winter. These results indicate that biomass burning contributed little to the 521 

eBC levels in Madrid in all seasons and confirm that fossil fuel combustion was the dominant source. 522 

This is the first time that these results are obtained for the city, and, comparing them with other cities, the 523 

values reported here for the fraction of eBCbb in winter (7 % in Escuelas Aguirre and 16 % at CIEMAT) 524 

are lower compared to those obtained in the same season for urban site in Zürich (25%) (Herich et al., 525 

2011), yet similar to those observed for urban sites in Paris (15%) (Healy et al., 2012) and London (15%) 526 

(Crilley et al., 2015). 527 

 528 

Table 3. Percent contribution of eBCff and eBCbb to total eBC at Escuelas Aguirre, CIEMAT, and 529 

Villanueva del Arzobispo sites. 530 

Season 

Escuelas Aguirre 
(Madrid)  

CIEMAT (Madrid)  
Villanueva del 

Arzobispo (Jaén) 

eBCff eBCbb eBCff eBCbb eBCff eBCbb 

Winter 2014 – 2015 93 ± 20 7 ± 9 84 ± 38 16 ± 11 12 ± 18 88 ± 43 

Spring 2015 96 ± 21 4 ± 4 85 ± 36 15 ± 11 64 ± 37 36 ± 32 

Summer 2015 95 ± 17 5 ± 6 91 ± 23 9 ± 12 81 ± 20 19 ± 18 

Autumn 2015 95 ± 25 5 ± 6 95 ± 20 5 ± 6 50 ± 37 50 ± 37 

 531 

The situation was quite different in the rural area (Villanueva) where biomass burning was a 532 

significant source of eBC in all seasons but summer. It was estimated that biomass combustion 533 
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contributed 88 % of the eBC during the winter and to be a significant source during the autumn (50 %) 534 

and the spring (36 %) (Table 3). At this site, it is also the first time that such results are obtained. The 535 

values obtained in this work for eBCbb are much higher than those observed for rural areas in the UK (30 536 

% in winter) (Crilley et al., 2015) and in Switzerland (33 % in winter and 6 % in summer) (Herich et al., 537 

2011). The eBC due to biomass burning was more similar to the small village of Roveredo, in an Alpine 538 

valley of Switzerland (51% in winter) (Sandradewi et al., 2008a). The polar plot in Figure S13 shows, as 539 

an example, the mean concentrations of the contributions of eBCff and eBCbb to the total eBC in relation 540 

to the wind direction and wind speed obtained during the autumn in Villanueva. It can be seen that higher 541 

concentrations were associated to South wind direction with the maximum values at lower wind speeds, 542 

indicating that the corresponding sources are mainly of local origin. It should be noted that Villanueva is 543 

located in a valley formed by two rivers and a lot of winter thermal inversions occur in the area. 544 

 545 

3.3 eBC, EC and OC comparison 546 

Figure 8 shows the slopes (± standard error) and the correlation of the linear regression through 547 

the origin between total eBC mass concentrations from the Aethalometer and EC mass concentration in 548 

PM10 in both sites CIEMAT and Villanueva. The difference between the slopes needs to be interpreted 549 

with care as the number of samples at CIEMAT is smaller (n = 20) and all samples are PM10 (including 550 

different amounts of mineral matter, possibly interfering with the thermal analysis), and may be 551 

statistically biased. The difference may be mainly due to the distinct aerosol chemical composition by the 552 

sources at each site, besides their age in the atmosphere influencing the coating of the black carbon cores. 553 

EC and OC at CIEMAT were strongly correlated with eBC and eBCff and a weaker correlation 554 

was obtained for eBCbb (Figure. 8 (top) and 9 (top)), suggesting the lower influence of biomass burning 555 

source at this location. In Villanueva, EC and OC were also highly correlated, but as opposed to the urban 556 

area, with the total eBC and eBCbb mass concentrations and weaker with eBCff (Figures. 8 (bottom) and 9 557 

(bottom)), indicating that the main source at this site is biomass burning (see supplement Figure S14, 558 

correlation in winter 2014 – 2015 and spring 2015). It should be noted that, in contrast to Zotter et al., 559 

(2017), EC was not source apportioned in this work. 560 
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 561 

 562 

Figure 8. Relationship between eBC and EC mass concentrations in PM10 collected at CIEMAT (n = 20, 563 

top) and Villanueva del Arzobispo (n = 59, bottom). 564 

 565 

 566 

 567 

Figure 9. Relationship between eBC and OC mass concentrations in PM10 collected at CIEMAT (n = 20, 568 

top) and Villanueva del Arzobispo (n = 59, bottom). 569 
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 570 

MAC values of 13.3 ± 1.6 m2·g-1 at CIEMAT (from November 20, 2014 to June 30, 2015; n = 571 

20) and 5.87 ± 0.1 m2·g-1 at Villanueva (from November 22, 2014 to June 29, 2015; n = 59) were 572 

obtained at a wavelength of 950 nm from the linear regression through the origin between babs (950nm) 573 

and EC (not shown here). The correlation coefficients (R2) were 0.78 in CIEMAT and 0.98 in Villanueva, 574 

showing strong correlation at both sites. The large difference in MAC values could be due to EC being 575 

removed from the filter during the helium phase of the analysis. It has been documented that in samples 576 

where the amount of EC is small (below or near the detection limit), a bias may occur in the position of 577 

the Sunset OCEC split and result in inaccurate EC values (Bae et al., 2004; Arhami et al., 2006; Bauer et 578 

al., 2009). If EC is “artificially” low, then MAC needs to be higher to achieve eBC. Moreover, it is 579 

necessary to take into account the fact that all samples are PM10, which indicates contribution of mineral 580 

dust on the coarser fraction of ambient particle concentrations (Artíñano et al., 2003; Zanatta et al., 2016). 581 

These MAC values are in contrast to the finding of Zotter et al., (2017), where results indicate no 582 

significant difference in MAC at 880 nm (with a value of 11.8 m2·g-1) between eBC originating from 583 

traffic or wood-burning emissions. Therefore, further analyses of EC are required. 584 

OC and EC concentrations obtained at CIEMAT in this study (see Table S2) were similar to 585 

those reported by Plaza et al. (2011) at the same place, except for very low EC values, as mentioned 586 

above. A seasonal variation was observed in the EC values at CIEMAT and Villanueva (Tables S2 and 587 

S3) showing a decrease in the spring period, which could be related to favorable atmospheric dilution 588 

conditions and reduction of emissions. Maximum EC and OC values, which occurred in winter, can be 589 

associated to meteorological conditions causing pollutant accumulation close within the surface layer, 590 

especially during periods of atmospheric stagnation. 591 

The OC/EC mass ratios can be used to study the emission and transmission characteristics of 592 

carbonaceous aerosol, which due to the source variability for a specific site, can have a seasonal character 593 

throughout the year (see Tables S1 and S2). In general, OC/EC ratios in many urban sites around the 594 

world are in the range of 1.0 to 4.0, a value greater than 2.0 is attributed to SOA formation in the 595 

atmosphere (Cao, 2003). However, such high OC/EC ratios cannot be explained only in terms of 596 

enhanced contribution from SOA, rather it can be associated to the predominance of biomass burning 597 

sources (Ram and Sarin, 2010). Plaza et al. (2011) obtained at CIEMAT monthly averaged OC/EC ratios 598 

ranged from 1.6 to 6.0. In the aforementioned study, a seasonal variation was observed with lower values 599 
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in winter and higher values in spring-summer. In our work, OC/EC ratio ranged at CIEMAT from 1.3 to 600 

26.5 in PM1, from 1.5 to 26.5 in PM2.5 and from 1.5 to 34.5 in PM10, and in Villanueva from 3.5 to 18.4 in 601 

PM2.5 and from 3.6 to 15.5 in PM10. In the urban area, the ratios showed weak correlations (R2 = 0.11 in 602 

PM1 and in PM2.5, and R2 = 0.27 in PM10). In the rural station, the high ratios of OC/EC have been 603 

explained by the presence of local sources such as biomass burning combustion (Na et al., 2004; Zhang et 604 

al., 2007), showing a preponderance of OC. In other rural sites in Europe, similar OC/EC ratios to those 605 

in Villanueva have been observed (Castro et al., 1999; Pio et al., 2007, 2011; Sandrini et al., 2014). At 606 

these sites, the increase of OC concentrations in winter has been related to biomass burning for residential 607 

heating and a similar origin could be deduced for Villanueva. The slopes and their standard errors of the 608 

linear regression between OC and EC at this site were 5.5 ± 0.2 in PM2.5 and 5.6 ± 0.2 in PM10, showing a 609 

high correlation both in PM2.5 (R
2 = 0.91) and PM10 (R

2 = 0.94) (see Fig. 10). The intercept (1.1 ± 0.6 in 610 

PM2.5 and 1.3 ± 0.6 in PM10) can be interpreted as the OC background concentration from non-611 

combustion sources, however, it can be biased by uncertainty in carbon measurement. Nevertheless, it 612 

may also be understood as the biogenic secondary organic aerosol source found by Salvador et al., (2016) 613 

after a source apportionment study performed at this same site. The high OC/EC ratios obtained in 614 

Villanueva, their seasonal behavior with higher values in winter, and the good correlation between OC 615 

and EC that suggests they have come common sources, allowed to conclude that the main contribution to 616 

atmospheric particles derived from biomass burning. 617 

 618 

Figure 10. Relationship between OC and EC mass concentrations in PM10 (left) and PM2.5 (right) 619 

collected from 22th November 2014 until 29th June 2015 in Villanueva del Arzobispo (n = 59). 620 

 621 

 622 
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 623 

3.4 eBC and biomass burning tracers 624 

The concentrations of three monosaccharide anhydrides (MAs) (levoglucosan, mannosan and 625 

galactosan) that are often used as biomass burning tracers together with the potassium associated with 626 

biomass burning (Kbb) were measured in Villanueva. Winter and spring average mass concentrations are 627 

shown in Table 4. The levoglucosan and Kbb concentrations in winter increased up to 5.9 µg·m-3 and 5.6 628 

µg·m-3 in PM2.5 and 7.4 µg·m-3 and 6.3 µg·m-3 in PM10, respectively, at times when the impact of biomass 629 

burning emissions is expected to be higher. In the same season, concentrations of mannosan varied from 630 

0.01 to 0.38 µg·m-3 in PM2.5 and from 0.01 to 0.47 µg·m-3 in PM10, and those of galactosan from 0.01 to 631 

0.30 µg·m-3 in PM2.5 and from 0.01 to 0.36 µg·m-3 in PM10. Levoglucosan concentrations measured in 632 

Villanueva are in the range of values reported for other areas such as Aveiro in Portugal (Gelencsér et al., 633 

2007; Puxbaum et al., 2007) and Fresno in US (Schauer and Cass, 2000); but lower than measured 634 

concentrations in a rural background site in Italy (Gilardoni et al., 2011) and higher than measured at two 635 

rural sites in UK (Crilley et al., 2015) and a rural background site in the Czech Republic (Herich et al., 636 

2014; Schwarz et al., 2016). The concentrations of the MAs are in the range of values reported in 637 

Fourtziou et al. (2017). The Kbb concentrations were significantly higher compared with values obtained 638 

in other rural sites (Harrison et al., 2012; Puxbaum et al., 2007). 639 

 640 

Table 4. Average mass concentration of the potassium associated with biomass burning (Kbb) and the 641 

three organic compounds (levoglucosan, mannosan and galactosan) that are often used as biomass 642 

burning tracers and their ratios for winter and spring in Villanueva del Arzobispo. 643 

Season 
K bb 

(µg·m-3) 
L  

(µg·m-3) 
M  

(µg·m-3) 
G 

(µg·m-3) L/M  L/G  K bb/L 

 PM10 

Winter 2014 – 
2015 

2.5 ± 1.6 1.7 ± 1.7 0.1 ± 0.1 0.1 ± 0.1 
13.2 ± 

8.9 
18.0 ± 
13.1 

2.0 ± 1.1 

Spring 2015 0.3 ± 0.3 0.1 ± 0.2 
0.01 ± 
0.01 

0.003 ± 
0.004 

11.0 ± 
5.7 

24.6 ± 
42.8 

23.8 ± 31.0 

 PM2.5 

Winter 2014 – 
2015 

2.3 ± 1.5 1.4 ± 1.5 0.1 ± 0.1 0.1 ± 0.1 
13.5 ± 

7.5 
20.2 ± 
14.6 

2.3 ± 1.5 

Spring 2015 0.3 ± 0.3 0.1 ± 0.2 
0.01 ± 
0.01 

0.003 ± 
0.002 

11.7 ± 
5.8 

28.0 ± 
42.3 

20.3 ± 23.2 

Kbb = potassium associated with biomass burning, L= levoglucosan, M = mannosan, G = galactosan 644 

 645 

The relationships between the concentrations of these MAs together with Kbb and of eBCbb were 646 

used in the previous section as a test of the source apportionment algorithm to obtain the best AAE 647 
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values. The R2 coefficient between daily average (24-hour) eBCbb mass concentrations and those of the 648 

biomass burning tracers range from 0.71 for levoglucosan, to 0.73 for mannosan, 0.82 for galoctosan, and 649 

0.92 for Kbb during winter in Villanueva (Fig. 11, Figs. S15 – S16 and Table S4). The corresponding R2 650 

values between the eBCff and these tracers were all much lower and below 0.40. The regression intercept 651 

of the four biomass tracers to eBCbb should be zero if the methods are consistent and all species 652 

experience the same rate of atmospheric removal (Fuller et al., 2014). In this work, the intercepts were 653 

close to zero (Fig. 11), suggesting the stability of the biomass burning tracers during the cold season. 654 

 655 

Figure 11. Relationship between eBCbb and the four organic compounds used as biomass burning tracers 656 

in PM10 collected from 22nd November 2014 until 29th June 2015 in Villanueva del Arzobispo (n = 59). 657 

eBCbb vs Kbb (open circles, top left), eBCbb vs levoglucosan (open squares, top right), eBCbb vs mannosan 658 

(open triangles, bottom left), and eBCbb vs galactosan (open diamonds, bottom right). 659 

 660 
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The levoglucosan to mannosan (L/M) and the levoglucosan to the sum of mannosan and 661 

galactosan (L/(M+G)) ratios can be used to distinguish hard- and soft wood types (Schmidl et al., 2008) 662 

and were used before to separate different biomass burning sources (Fabbri et al., 2009; Oanh et al., 2011; 663 

Harrison et al., 2012). Hardwood burning leads to high ratios, around 12 – 24, while softwood burning 664 

leads to low ratios, around 3 – 7 (Fine et al., 2004; Caseiro et al., 2009). Fabbri et al. (2009) found 665 

L/(M+G) ratios larger than 30 for lignite combustion and between 0.4 and 18 for various source tests for 666 

biomass burning. These results may be utilized to distinguish the smoke emissions from different fuel 667 

types, but those authors recommend being careful when interpreting sources of anhydrosaccharides in 668 

atmospheric aerosols due to possible mixing of smoke from burning of lignite and biomass, and due to the 669 

high values of the L/M and L/(M+G) ratios for some hardwoods and grasses. The ratio of Kbb/L is quite 670 

variable between season and sites. Gao et al. (2003) found that the potassium/levoglucosan ratio in 671 

aerosols produced from Savannah forest fires was 33.3 during flaming phase and from 0.2 to 0.6 for 672 

smoldering combustion. Puxbaum et al. (2007) found winter values of K/L ratio between 0.2 and 2.1 and 673 

summer values of 3.3 – 9 at CARBOSOL sites. 674 

In Villanueva, the average L/M ratios in PM2.5 were 13.5 ± 7.5 in winter and 11.7 ± 5.8 in spring. 675 

The ratios in PM10 were quite similar to those in the fine particles: 13.2 ± 8.9 in winter and 11.0 ± 5.7 in 676 

spring. The winter and spring average L/(M+G) ratios were 8.0 ± 4.8 and 7.0 ± 5.5 in PM2.5 and 7.5 ± 5.2 677 

and 6.4 ± 5.1 in PM10. These values are similar to those ratios that have been found during hardwood 678 

combustion in previous studies (Fine et al., 2004; Engling et al., 2006) supporting the hypothesis that the 679 

olive wood (one of the hardest of all woods) combustion is a major source of carbonaceous particulate 680 

matter at this site. Moreover, these values were much smaller than those reported for lignite burning by 681 

Fabbri et al. (2009), suggesting that lignite burning is not considered as a possible source of MAs and the 682 

biomass (especially wood) burning is supposed to be the dominant source of MAs found in this area. 683 

Relatively high Kbb/L ratios were obtained in Villanueva (2.3 ± 1.5 (PM2.5) and 2.0 ± 1.1 (PM10) in winter 684 

and 20.3 ± 23.2 (PM2.5) and 23.8 ± 31.0 (PM10) in spring) in comparison with background sites in Europe 685 

(Puxbaum et al., 2007). This may be due to uncertainties introduced by the correction approach described 686 

in section 2.2.3, which could lead to an overestimation of potassium associated with biomass burning. 687 

Therefore, further analyses of Kbb are needed. 688 

 689 
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4. CONCLUSIONS 690 

Three multi-wavelength Aethalometer measurements were used to study mass equivalent black 691 

carbon (eBC) characteristics at two urban sites in Madrid (a background station (CIEMAT) and a traffic 692 

site (Escuelas Aguirre)) and in a rural area (Villanueva del Arzobispo) during a full year. The eBC mass 693 

concentrations presented concentrations typical of other urban sites, and higher than other rural sites in 694 

Europe. They show seasonal variations at the three stations, significantly higher in winter and autumn 695 

than in spring and summer, especially at the rural site. This behavior is the result of meteorological 696 

conditions during the experimental period but can be also linked to the seasonal variations in emissions, 697 

especially high in winter at the rural site due to biomass burning. The highest eBC/PM10 ratios were 698 

recorded in autumn and winter at the three sites. In Madrid, the highest average eBC contribution to PM10 699 

was observed in winter at the urban traffic site (21 %). In those cold months, there was an increase in the 700 

eBC concentrations mostly from traffic emissions due to several pollution episodes. In the rural area, the 701 

highest eBC/PM10 ratio (11 %) also occurred in the cold months, although it was significantly lower 702 

compared to the urban sites because of the different composition of the combustion emissions, the 703 

mineral dust sources associated with African dust outbreaks and the formation of secondary inorganic and 704 

organic aerosol, which could increase the concentrations of PM10 with non-carbonaceous materials, 705 

thereby decreasing the eBC/PM10 ratio. 706 

A sensitivity analysis was performed to estimate the most appropriated AAE values for source 707 

apportionment in order to optimize the Aethalometer model and provide realistic results with AAE values 708 

between 0.97 and 1.12 for fossil fuel combustion and between 1.63 and 1.74 for biomass combustion. 709 

Based on these values, a source apportionment study was performed and fossil fuel combustion was 710 

found to be responsible for more than 84 % of the eBC in Madrid in all seasons and also during the warm 711 

months in Villanueva del Arzobispo. However, biomass burning contributed 88 % of the total eBC 712 

concentration in Villanueva del Arzobispo in the cold months and was also a significant eBC source in 713 

autumn (50 %) and spring (36 %). 714 

The measured eBC concentrations were highly correlated with the elemental carbon (EC) and 715 

organic carbon (OC) mass concentrations both in CIEMAT and Villanueva del Arzobispo. High 716 

correlation between eBCff with EC and OC and weaker correlation between eBCbb and EC at CIEMAT, 717 

showed the low biomass burning influence in Madrid. On the contrary, the strong correlations between 718 

eBCbb with EC and OC in the rural area confirmed that the main source is biomass burning. The high 719 
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ratios of OC/EC obtained in rural stations can be explained by the presence of local sources such as 720 

biomass burning combustion, showing a preponderance of OC. The good correlation between OC and EC 721 

suggests they have common sources and showed that the main contribution to atmospheric particles 722 

derived from biomass burning. 723 

The high concentration of the biomass burning tracers in Villanueva during winter confirm that 724 

the biomass burning is an important source of absorbing aerosols during the cold season. The estimated 725 

eBC contribution from biomass burning in the rural station was well correlated with the concentrations of 726 

organic biomass burning tracers and very well with the concentrations of the potassium associated with 727 

biomass burning, so supporting the applied methodology. Hardwood combustion (most probable olive 728 

wood) was the main biomass burning organic aerosol source in Villanueva del Arzobispo based on the 729 

measured levoglucosan to mannosan and levoglucosan to the sum of mannosan and galactosan ratios. 730 

Relatively high potassium/levoglucosan ratios were obtained. 731 

The proposed methodology has proved to be a valid analytical tool to adequately determine 732 

absorption Ångström exponents, which may vary depending on the site and the season. Source 733 

apportionment studies based on the Aethalometer model could identify the main sources and their 734 

contributions with high temporal resolution. This allows adopting measurements and designing strategies 735 

to reduce the eBC concentrations, especially under unfavorable weather conditions or in areas where the 736 

source contribution clearly highlights a source, as in rural areas with high domestic use of biomass. 737 
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HIGHLIGHTS 

• One-year black carbon (BC) experimental study at three different locations in Spain. 
• Estimation of fossil fuel and biomass burning absorption Ångström exponents. 
• Source apportionment of black carbon from fossil fuel and biomass burning. 
• Dominance of fossil fuel at urban sites and biomass burning in winter at rural area. 
• Relationship between BC with biomass burning tracers, organic and elemental carbon. 


