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ABSTRACT

A one-year black carbon (BC) experimental study wagormed at three different locations (urban
traffic, urban background, rural) in Spain withfdient equivalent BC (eBC) source characteristigs b
means of multi-wavelength Aethalometers. The Aethmgter model was used for the source
apportionment study, based on the difference iromtien spectral dependence of emissions from
biomass burning (bb) and fossil fuel (ff) combustidMost studies use a single bb and ff absorption
Angstrém exponent (AAE) pair (AA and AAE;), however in this work we use a range of AAE value
associated with fossil fuel and biomass burningelasn the available measurements, which represents
more properly all conditions. A sensitivity anak/sdf the source specific AAE was carried out to
determine the most appropriate AAE values, beig dependent and seasonally variable. Here we
present a methodology for the determination of téweges of AAE, and AAE; by evaluating the
correlations between the source apportionment & aBing the Aethalometer model with four biomass
burning tracers measured at the rural site. Thedmsbination was AAE, = [1.63 — 1.74] and AAE=
[0.97 — 1.12]. Mean eBC values (+SD) obtained dutire period of study were 3.70 + 3.73 pg-at the
traffic urban site, 2.33 + 2.96 pg-nat the urban background location, and 2.61 + 5.§4n° in the rural
area. High contributions of eBC to the Rivhass were found (values up to 21 % in winter) Vith high
eBC/PMy, variability. The hourly mean eBCand eBG, concentrations varied from 0 to 51 pg* and
from 0 to 50 pg-m at the three sites, respectively, exhibiting distiseasonal and daily patterns. The
fossil fuel combustion was the dominant eBC souatche urban sites, while biomass burning dominated
during the cold season (88 % of edn the rural area. Daily PM and PM, samples were collected
using high-volume air samplers and analyzed for@@ EC. Analysis of biomass burning tracers and
organic (OC) and elemental (EC) carbon in the rarah indicate that biomass combustion is the main
source, while OC and EC indicate a lower influeatthis source at the urban site.

Keywords: carbonaceous aerosols; black carbon; absorptiorst&itg exponent; source apportionment;
fossil fuel; biomass burning.
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1. INTRODUCTION

Atmospheric aerosols influence the Earth’s enemgrice both directly, through absorption and
scattering of solar radiation in the atmospheran@kand Foster, 1999; Haywood and Boucher, 2000;
Satheesh and Krishnamoorthy, 2005; IPCC, 2007),radicectly, by acting as cloud condensation nuclei
or ice nuclei (Twomey, 1974; Albrecht, 1989; Lohmaand Feichter, 2005; IPCC, 2013). Some aerosol
components (i.e. black carbon) may have a net warminpact, while others (i.e. nitrates, sulfates,
organic carbon, etc.) may have a cooling effecty{€hand Coakley, 1974; IPCC, 2013). At the same
time, aerosols reduce visibility, have an importampact on air quality, and also adversely affaginhn
health (Dockery et al., 1993; Horvath, 1995; Beesbal., 1998; Harrison and Yin, 2000; Pope 111020
Wang and Christopher, 2003; Pope and Dockery, 2006)

The use of terms such as soot, BC, black smoke, (BS) light-absorbing aerosols, etc., has
caused a great deal of confusion within the aidityumonitoring and aerosol research communities. T
avoid this, the Global Atmospheric Watch (GAW) S$tiic Advisory Group (GAW/WMO, 2012;
Petzold et al., 2013) recommended that when BC émsured using optical techniques, the term
equivalent black carbon (eBC) should be used idstd8BC to stress that the determined optical digna
gives an equivalent mass concentration to the medsibsorption.

Even if the chemical composition of aerosols israbterized by large spatial and temporal
variability (Moorthy et al., 2009; Mohr et al., 201 Piazzola et al., 2012; Abdeen et al., 2014),
carbonaceous aerosols typically comprise more tih of the submicron fraction of atmospheric
particulate matter (PM) (Gelencsér, 2004; Putaual.e2004; Putaud et al., 2010; Zhu et al., 20Thg
major components of carbonaceous particulate mattdre atmosphere are organic carbon (OC) and a
refractory (and also highly light absorbing) fractiresistant to oxidation at temperatures below 400
known as elemental carbon (EC) (Penner and Novak®®6). When the elemental carbon is measured
using optical methods relying on its strongly ligisorbing character, it is called black carbon)(Be
carbonate or mineral carbon (CC) is usually a mioontributor to the total carbonaceous aerosol
(Seinfeld and Pankow, 2003). OC can be directlyttexhifrom sources as primary organic aerosol (POA)
or can be produced by atmospheric reactions innglgaseous organic precursors forming secondary
organic aerosol (SOA) (Seinfeld and Pandis, 20@8)hough EC and BC have been often used

indistinctly in the literature, refer to a similxaction of the carbonaceous aerosol and are segposbe
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comparable, they can have different thermal, optarad chemical behavior and are distinguishedhiey t
measurement technique and protocol used.

BC is emitted during the incomplete combustion axsil fuels, biofuels, and biomass burning
and absorbs at all wavelengths of solar radiatiB&C, 2013). It is always co-emitted with otheramig
compounds and inorganic gases, such as nitrogele®XNQ) and sulfur dioxide (S§) (US EPA, 2012;
Bond et al., 2013). BC is refractory (stabilityvatry high temperatures, with a vaporization temjpeea
near 4000 K); insoluble in water and common orgaoivents, and it exists in nature as an aggregfate
small carbon spherules. These physical propertasent unique and distinguishable from other foohs
carbon and carbon compounds contained in atmospaerosols (Bond et al., 2013; Petzold et al., 2013
BC, together with methane (GHand tropospheric ozone {Qis one of the most important contributor to
current global warming after carbon dioxide ($QJNEP-CCAC, 2014). UNEP and WMO (2011) have
estimated that implementation of proposed BC and &ihtrol measures by 2030 could prevent up to
0.5°C of additional warming by 2050.

Additionally, the review of the results of all aladile toxicological studies suggested that BC
(measured as EC) may not be a major directly togimponent of fine PM, but it may operate as a
universal carrier of a wide variety of, especialtlpmbustion-derived chemical constituents of vagyin
toxicity to sensitive targets in the human bodytsas the lungs, the body’s major defense cells and
possibly the systemic blood circulation (WHO, 201BE and co-pollutants make up for the majority of
the fine particulate matter (P}, currently considered a major environmental caafseespiratory and
cardiovascular diseases, with a global estimatfomare than 6 million premature deaths annuallyrfro
exposure to indoor and outdoor (Lim et al., 2012).

There are several available light-absorption bas8C measurement methods: (a) filter
transmission measurements using instruments suttie ésethalometer (Hansen et al., 1984; Drinovec et
al., 2015), the Particle Soot Absorption PhotomgRSAP; Bond et al., 1999), the Multi-Angle
Absorption Photometer (MAAP; Petzold and Schonlmr&®04) and the Continuous Soot Monitoring
System (COSMOS; Miyazaki et al., 2008); (b) phototsstic techniques: the absorption of the air
suspended aerosol through the pressure fluctudtierto absorption can be measured for exampledyy th
Photo-Acoustic Soot Spectrometer (PASS) (Arnottlet 1999); and (c) photo-thermal interferometry

techniques (folded-Jamin interferometer; Jamin,6)85
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Sandradewi et al., (2008a; b) suggested that trsorption Angstrom exponent (AAE),
characterizing the spectral dependence of aermgul dbsorption (Kirchstetter et al., 2004; Moosladil
et al., 2011; Bond et al., 2013), can be used &mtify the contribution of fossil fuel and biomdsgning
to the total eBC mass concentration. For this psepdhey developed the so-called “Aethalometer
model”, a two-component method to apportion eB@ssil fuel (eBG) and to biomass burning (e
which has been used extensively in the last regemts (Favez et al., 2009; Martinsson et al., 20ités
et al., 2017; Zotter et al., 2017).

As in other regions in Europe (Putaud et al., 20d@®@vious studies in Spain (Querol et al.,
2004b) confirmed that carbonaceous aerosol wasbtie main components of the aerosol in urban and
rural areas. Source apportionment studies in Maghaéhted to traffic emissions as the dominant seur
of carbonaceous aerosol (Plaza et al., 2011; Saihetdal., 2004, 2012) leading in many occasiorn3Nb
limit value exceedances.

PMyo limit values are also exceeded in other urban mamdl areas of Spain (Querol et al.,
2004a). One of these latter is the Andalusian ofjv@ves region of Jaén, which in the last years has
experienced both PMdaily limit value and PMs annual limit value exceedances (Junta de Andalucia
2015). High concentration levels are recorded dutime autumn and winter months, and have been
associated in principle to the increase of domdstimass burning in these periods of the year ¢blv
et al., 2016).

The quantification of atmospheric eBC and co-palis mass concentrations, as well as the
identification and characterization of its sourcese of particular interest for designing efficient
mitigation strategies.

The main purpose of this work is to characterize #tmospheric black carbon and the co-
pollutants in different areas. To this end, we aarich source apportionment study of eBC with rather
different characteristics in terms of eBC sour&¥s. present an evaluation of the Aethalometer mbyel
comparing its outputs to the specific inorganictgssium associated with biomass burning) and ocgani
compounds (three monosaccharide anhydrides: legogan, mannosan, and galactosan) used as biomass
burning tracers to select the best option of theogition Angstrdm exponent for biomass burning. In
addition, we evaluate the elemental and organibaraand their relationship with eBC. This type of
research has not been previously carried out irs¢fected areas, even though they are charactérized

high particulate matter levels.



141

142

143

144

145

146

147

148

149
150
151

152

153

154

155

156

2. METHODOLOGY
2.1 Measurement Sites

Simultaneous measurements were carried out duriogeayear period at three sites in Spain
(Fig. 1). Two of them are urban sites located indhtht one at the Research Centre for Energy,
Environment, and Technology (CIEMAT) facilities, amban background area; and the second at
Escuelas Aguirre, a traffic urban site. A thircesfVillanueva) was located in a rural area of Andal

(Villanueva del Arzobispo, Jaén).

Fantiago ¢

Walencia

ST 2t L ri
Villanueva del Arzobispo (Jaén)

Figure 1. Measurement sites used in this study (source: @ddaith).

Madrid sites

Madrid is the most populous city in Spain with mtran 3 million inhabitants in the urban core.
In contrast to a great number of the other largepgean cities, there is very low heavy industriidty
in the metropolitan area. Traffic and commercial @omestic heating are the major local sourcesrof a
pollution (Madrid City Council, 2015) leading tagsificant air pollution episodes during the autuamd

6
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winter periods under atmospheric anticyclonic stdigm conditions (Affiano et al., 2003; Plaza et al.,
2011). Madrid’'s climate is considered as Meditegsancontinental (Képpen climate classification)hwit
dry and hot summers and cold winters. Even thoegkl$ of air pollution seem to have experienced a
significant decrease in recent years (Salvadot.e2@15), mean ambient concentrations of all prima
pollutants increased during 2015 compared to ptesvigears with the exception of ozone, which
remained stable, according to the latest reporaiomuality published by the Madrid City Council
(Madrid City Council, 2016). This increase could dssociated with adverse meteorological conditions,
such as intense winter atmospheric pollution esaghich took place during that year.

One of the urban sites of this study, CIEMAT (40237N 3°4332"W, 669 m ASL), is located
in the NW part of the city, in a non-residentia¢arat the edge of the main University Campus (Giuda
Universitaria). This site can be considered asesgmtative of the urban background according to the
European Environment Agency (EEA, 1999) criteriadiv quality monitoring stations classification.

The other urban site, Escuelas Aguirre (4022%3'N 3°4056.383'W, 672 m ASL), is located in
one of the stations of the Madrid City Council girality monitoring network. This is a traffic urbaite,
located in the city center at the intersectionnad thajor avenues close to El Retiro Park. The sundong
area is characterized by intense road traffic le@dd high pollution levels (both NOx and R

measured at this station.

Villanueva del Arzobispo, Jaén

The rural site (Villanueva) is located in the regiof Jaén, Andalusia, the largest area of olive
groves of Spain. In recent years, olive waste isgased in the area for power generation, whialidco
contribute to air quality problems in this regid@igsgaard et al., 2015). At the same time, the @oin
crisis has resulted in an increasing use of bionjassd and olive pits) for domestic heating durthg
cold months adding another air pollution sourcéhis area. The measurement site forms part of the A
Quality Monitoring Network of Regional Government Andalusia (Junta de Andalucia) placed in
Villanueva del Arzobispo (38°127.80N 3°018.30'W, 620 m ASL), a small town with about 8700
inhabitants. This station has exceeded the Europ&agpdaily limit value during the last 5 years, mainly
during the autumn and winter months, and the, P&hnual limit value in 2016 (the unique station in

Spain exceeding this limit value) (Junta de And&u2016; MAPAMA, 2017). This geographical area
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has a continental climate characterized by longpgerof atmospheric stability and frequent fog egées

in winter and dry and very warm summers.

2.2 Measurements and instrumentation
2.2.1. Meteorological variables

Meteorological information was obtained at CIEMAforh a fully equipped meteorological
tower that measures wind direction and speed an5%GL, precipitation, and solar radiation at 31 m
AGL, atmospheric temperature and relative humidit4 m AGL, and pressure at ground level. Data are
recorded every 10 minutes. In the case of Escuaasre, the meteorological information was prowdde
by the State Meteorological Agency of Spain (AEMHEAOmM the standard station located in El Retiro
park. Wind direction and speed, precipitation, atpieric temperature, relative humidity, and pressur
are measured every 10 minutes. Meteorological imépion in Villanueva was provided by the Regional
Government of Andalusia (Junta de Andalucia). Whi@ction and speed, precipitation, atmospheric
temperature, and relative humidity are measurddnatAGL in this station every 10 minutes.

In this work, data from the period December 22,281 December 21, 2015 were analyzed.
Astronomical seasons were considered to studydheosial variation and Coordinated Universal Time

(UTC) was used.

2.2.2. PM mass concentrations

Hourly average PM mass concentrations were obtained at CIEMAT franoatical particle
counter monitor (Model GRIMM 1107, GRIMM Technolegi Inc.). In Escuelas Aguirre RM
concentrations were provided by a Tapered Elemestill@ing Microbalance (Model 1405-DF
TEOM™, Thermo Scientific™). Finally, in Villanuev&M;, concentrations were obtained with a Beta
Continuous Ambient Particulate Monitor (Eberline &HI-R, Thermo Eberline). PM measurements of
the three instruments were normalized against gretvic methods through the gravimetric
measurements of filter samples collected simultasigo with the aforementioned real-time PM

instruments.

2.2.3. Ambient filter sampling and chemical anadyse
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PM, s and PM, filter samples were collected at CIEMAT and inl&filueva, whereas sample
filters measurements at Escuelas Aguirre were vaitable. Ambient aerosol samples were collected on
quartz-fiber filters for 24-h using high-volume (8- h"). PM, s and PM, samplers (model MCV CAV-
A/M) were used with DIGITEL inlets (model DHA-80Filters were weighed before and after sampling
in order to determine the PM mass concentrationth® gravimetric method following standard
procedures (UNE-EN 12341:1999; UNE-EN 14907:2006).

21 filter samples in each fraction (RMand PM:) were collected from November 2014 to
September 2015 at CIEMAT and 59 filter samplesaohefraction (PMy and PM ) from November
2014 to June 2015 at Villanueva. Tables S1 andua@&rize the sampling dates, size fractions and
samples collected at each site.

OC and EC concentrations were determined by a Téde@ptical Transmittance (TOT) method
(Pio et al., 1994; Birch and Cary, 1996; Sancheiadéampa et al., 2009), adapted from Huntzicker et
al., (1982) using a Sunset Laboratory OCEC Analyret the EUSAAR2 temperature protocol (Cavalli
et al., 2010).

Levoglucosan, mannosan and galactosan concensatiene quantified using the analytical
method described by Alier et al. (2013). Filters rave ultrasonically extracted with
dichlomoethane:methanol (2:1) by triplicate. Segwhi®san was used as surrogate standard. An aliquot
of concentrated extract was derivatized with BSTRACS (99:1), using pyridine as catalyst and
palmitic acid-D31 as internal standard, maintainthg mixture in an oven at 70 °C for one hour.
Trimethylsilyl derivatives of anhydrosugars weralgued by GC/MS. These compounds are derivatives
of glucose, mannose, and galactose respectivelyaandsed as tracers for biomass burning (Simeteit
al., 1999; Simoneit, 2002; Alves, 2008; Krumal &t 2012; Cong et al., 2015), as they are major
components of biomass burning organic aerosol (Baitoet al., 1999; Graham et al., 2002).
Levoglucosan is produced during the pyrolysis diutese (Nolte et al., 2001; Simoneit, 2002; Krureal
al., 2012), while its isomers mannosan and galact@se produced from hemicellulose (Nolte et al.,
2001).

Some studies have found that water-soluble potaséi(i) can be used as a tracer for biomass
burning sources (Andreae, 1983; Echalar et al.51%hdreae et al., 1998). Total potassium (K) is
emitted from biomass burning and as a componedusif emissions (Pio et al., 2008; Viana et al.,.8300

In this study, total potassium was analyzed by ttidaly Coupled Plasma Atomic Emission
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Spectrometry (ICP-AES), therefore the biomass lmgn¢ontribution (K has been estimated by
subtracting the potassium of mineral origin obtdinedirectly from aluminum oxide from this total

potassium (Moreno et al., 2006; Alastuey et al168)0

2.2.4. eBC mass concentrations

Equivalent black carbon (eBC) mass concentratiomsewmeasured using three multi-wavelength
Aethalometers (Magee Scientific Aethalometer ma®deB3, Aerosol d.o.o, Slovenia), with 1@n inlets
(BGI, MiniPM® Inlet) at a flow rate of 5 Lmin. The new Aethalometer Model AE33 compensates for
the “spot loading effect” in real-time (Drinovec &, 2015). Data were recorded with 1-minute time
resolution. Light attenuation by the aerosol péatiadeposited on a Teflon-coated glass fiber filbgre
was measured at 7 wavelengths=(370, 470, 520, 590, 660, 880, and 950 nm). Tthevalent black
carbon (eBC) mass concentration was calculatedjusi@ measurement at 950 nm wavelength with a
mass absorption cross-section (MAC) of 7.19gh (Drinovec et al., 2015). The Ultraviolet-absorbing
PM mass concentration was estimated at 470 nm, avMAC of 14.54 i g* (Drinovec et al., 2015),
which assumes the presence of organic compounds.

The Aethalometer used at CIEMAT is part of the ACFREuropean Infrastructure Network
(http://www.actris.eu/) and regularly participatesthe ACTRIS intercomparison exercises (February
2013 and September 2017). The Escuelas Aguirreumsit belongs to the Madrid City Council Air
Quality Network and is subject to its maintenancel uality Control procedures. The Villanueva
instrument is owned by CIEMAT and is intercompaaginst the one operating at the CIEMAT station
every year. The slope and its standard error oflitear least square regression through the oigin
these two instruments was 0.96 + 0.005 at 470 ninaar®50 nm, with a correlation coefficient?{Rf

0.99 for both wavelengths.

2.3 The Aethalometer model

Due to the difference in the spectral dependenadsorption between biomass burning (bb) and
fossil fuel (ff) emissions, it is possible to apfion equivalent black carbon to these two sourdes o
aerosol by means of the Aethalometer model (Saedriadt al., 2008b). Assuming that only these two

sources contribute to absorption, the total absmrmioefficientb,ps 1ota(4) at wavelengthi is equal to:

babs,total(l) = babs,ff(l) + babs,bb (A) (3)

10
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where baps (4) and baps pf2) are the absorption coefficients apportioned tssifofuel combustion and
biomass burning, respectively.

The relationship between aerosol composition amdwhavelength dependence of the aerosol
absorption light coefficiert,,s can be obtained by the power law fit (Angstrén29)9

baps < A74E (4)

where is the wavelength and AAE is the source specliisoaption Angstréom exponent (Sandradewi et
al., 2008a). As in Sandradewi et al., (2008b), A#S been estimated using the absorption coeffiigit
a pair of wavelengthsi{, 1,) according to the Angstrém relationship (Angstrd®29):

ln(babs (Al)/babs (/12))
In(4,/2,)

AAE(A, A7) = — (5)

whereb,,d/1) andb,pd1,) are the absorption coefficientsiatandA,, respectively.
The source apportionment of eBC from biomass bar(@BG,,) and fossil fuel (eBf) may be

derived from the following equations:

babs,ff()l1) _ (ﬂ)—AAEff (6)
babs,ff (AZ) 2—2
babs,bb(/11) 4 (ﬁ N 4 %)
babs,bb (2-2) /12
b 1)
eBCyp = 5 - B (32) (8)
abs,total\ A2
b A
eBCpp = abs'bb( 2) eBCiora1(42) (9)

baps totai(12)
where AAE; and AAR,, are the absorption Angstréom exponents of fossl Aind biomass burning of
eBC, respectively.

In this work, light absorption measurementsiat= 470 nm andl, = 950 nm were used
(Sandradewi et al., 2008b; Favez et al., 2010;istanret al., 2013) due to the fact that eBC frossiio
fuel has a weak dependence on wavelength (i.e., AAB, while eBC from biomass burning features
stronger absorption spectral dependence and shavesieed absorption at shorter wavelength (i.e., AAE
> 1) (Kirchstetter et al., 2004; Russell et al.1@D The absorption at 470 nm was used insteatieof t
ultraviolet (UV) channel of the Aethalometer at 318 to minimize the interferences introduced byet/p
of organic compounds, based on the sensitivityhef Aethalometer model due to different wavelength
combinations carried out by Zotter et al., (20where it has been obtained that using the 370 nm

wavelength resulted in larger residuals, a sigaiftcnumber of negative points and weaker correiatio

11
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with the fossil fraction of EC (EZEC) derived from'*C measurements. The estimated differences
between the AARo.sso (Calculated using the 470 and 880 nm measurememtd) the AAE7o.950
(calculated using the 470 and 950 nm measuremeals¢s were in the range of 4 to 8 % and the two
measurements had & R 0.99 in all the three sites. Even though 880 ismonsidered the standard
channel for eBC measurement by Aethalometers, 8tk rin wavelength will be used in this work
according to the results obtained in the sengjtivit the Aethalometer model using different paifs o
wavelengths carried out by Zotter et al., (201 MerEfore, the rest of the analysis will be based on
AAE470—950

Other studies (Herich et al., 2011; Fuller et a014; Petit et al., 2015) have used other
combinations of wavelengths (e.g. 370 nm and 880 em#70 nm and 880 nm), often because of the
constraints posed by the instrumentation used éir ttorresponding works. For example, the Magee

Scientific Aethalometer models AE22 and AE42-2 meadight absorption only at 370 nm and 880 nm.

Selection of AAEand AAR, values

Previous eBC source apportionment studies (Sandiael., 2008a; Favez et al., 2010; Herich
et al., 2011; Harrison et al., 2013; Petit et 2014) using the above Aethalometer model have asdum
two single fixed AAE values for the estimation b&trespective contributions of fossil fuel and béas
burning to ambient eBC concentrations. The mainhowdlogical novelty of this work is the use of a
range of AAE values associated with fossil fuel &4 and biomass burning (AAE based on the
available measurements. These values of AAE wetarad with the following approach.

In the first step, a range of AAE values for fo$siél (AAEx) and biomass burning (AAF was
estimated. The representative values of fpAwere evaluated based on the correlations between t
measured mass concentrations of the potassiumiatexbavith biomass burning (K} and the three
monosaccharide anhydrides (levoglugosan, mannasaoh,galactosan) on one side, and gB@ass
concentrations obtained from the Aethalometer maxtethe other, in Villanueva. The contribution of
biomass burning in that area is high in winter, mhadue to the use of wood stoves for domesticihgat
as source apportionment studies have revealeda@&aiet al., 2016). The stability of the model aitp
with respect to AAE and AAR,, was determined by monitoring the Pearson cormlatbefficient for
varying AAE; and AAR,, in the range [0.80 - 1.20] and [1.60 - 2.50], exdjvely (Figs. S1 — S8). The

AAE,, values that maximize the R-Pearson coefficientewki63 between | and eBG, and 1.74
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between the three organic compounds andpgB%@r these AAE, values, the variation of the R-Pearson
coefficient was almost independent of AAH hus, based on the goodness of the fit, the rahge\E,,
=[1.63 — 1.74] seems to be the optimal for oudgtrhese values agree with the obtained in previou
studies where radiocarboH€) measurements of the fossil and non-fossil foastiof EC and OC were
used to validate the choice of the AAE for biomlassiing emissions (Sandradewi et al., 2008a; Zetter
al., 2017).

The AAE: range in Madrid was estimated from measurementerded during a specific
experiment carried out in traffic hot-spot areae TTheasurements were made during the early morning
rush hours next to a traffic light of a dense tcafbne. AAE; results were in the range [0.97 — 1.12],
coinciding with the lowest percentiles obtainedhis study for Escuelas Aguirre and CIEMAT (Fig.)S9
These values are consistent with previous findirggmorted in the literature for fossil fuel emission
(Favez et al., 2009; Titos et al., 2017; Zottealet2017).

Although differences between the Pearson correlatioefficient choosing single values of
AAE# and AAE,, or a range for each of them are less than 1 %isnwork two ranges are proposed to
be used for fossil fuel and biomass burning soameortionment, respectively. In the first casesit
considered that the selected range represents pngperly all traffic conditions. In the second catseo
different values were obtained that maximize thédrson coefficient depending on the selected
biomass burning tracers,,Kor organic compounds, thus to be more cohereatrdahge between both
values was chosen.

In the next step, the contributions of fossil faed biomass burning of eBC were calculated by
means of the Aethalometer model (Egs. (6) — (kyTwere analyzed in three different ways. In ftet f
method, we set the AAEvalue at the low end of the interval previouslyaihed, and then we calculated
both eBC contributions increasing the A@n increments of 0.01 within the range previousifained.
Then, we increased AAEfor 0.01 and repeated the same process, proggessatessively through all
possible combinations of AAEand AARy, in their corresponding intervals: AAE [0.97 — 1.12] and
AAE, = [1.63 — 1.74]. The other two ways consisted efigrating random pairs of AAEand AAR,,
within their corresponding ranges, assuming tha &AE for each source had either a uniform
distribution or a Gaussian/normal distribution. Thean (1) and the standard deviatioh gssumed for

the uniform distribution were p = 1.045 and 0.043 for AAE;, and p = 1.685 and = 0.025 for AAE,.
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For the normal distribution, the values were p 845.ands = 0.035 for AAE;, and p = 1.685 and =
0.018 for AAE,,.

Finally, the resulting contributions of eBGnd eBg, to the total eBC were calculated by
averaging all contributions, on the one hand, thafseBG; and on the other, those of eg@reviously
obtained, with their corresponding standard dewieti The calculations were performed for all theeh
methods. The difference between the three methédsstomation the eBg and eB(, contributions
described above was less than 1%. Therefore,rdterfay was used in the rest of the work.

To sum up, as in the Madrid site traffic is the maburce, especially in summer, and in
Villanueva biomass burning is the dominant souneéngd) the winter, AAE in Madrid (AAEs = [0.97 —
1.12]) and AAE, in Villanueva (AAR, = [1.63 — 1.74]) were taken as the AAE referenalies in this

work.

3. RESULTS AND DISCUSSION
3.1 eBC mass concentrations and contribution to P\

Mean eBC values and the corresponding standardtitavé obtained at the three sites during
the period of study were 3.70 + 3.73 ug-at Escuelas Aguirre, 2.33 + 2.96 pg at CIEMAT, and
2.61 + 5.04 pg-m at Villanueva. The highest mean eBC concentratias recorded, as expected, in
Escuelas Aguirre, since it is an urban site highfijpenced by traffic. The eBC had a significardasenal
dependence at the three sites (Fig. 2). The mdstreg seasonal variation was observed at the siteal
Villanueva, where maximum eBC hourly values aro&dpg- ¥ were recorded in winter, while in

summer eBC hourly concentrations never exceedacyi6.
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Figure 2. Boxplots of hourly average eBC mass concentratipigs ni®) at the three measurement sites
during the four seasons. The central box spandirfftequartile to the third quartile. The line idsi the
box shows the median and “whiskers” above and bé&h@wbox show the minimum and maximum. Open
circles represent extreme high values. The colararkers show the mean. Sites: Escuelas Aguirre,(EA)
CIEMAT (CIE) and Villanueva del Arzobispo (VA).

The values measured in autumn and winter in Vikaauexceed those typically found in other
rural areas in Spain (Querol et al., 2013). Sigaiitly lower values have been measured in diffennat
areas of Europe, this is because Villanueva istéocan a valley with frequent temperature inversiam
winter which lead to reduced vertical mixing of #ie and to an accumulation of air pollutants witthie
boundary layer. Additionally, high concentrationsiyrbe attributed to the enhanced biomass burning
emissions activities in the cold months as disal$ser. For instance, in an area 10 km south efcity
center of Edinburgh (UK) (Heal and Hammonds, 20th® eBC (measured by a Diffusion Systems
MD43 EEL reflectometer) average concentration w&s |0g-nt for a study period of two months
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(February to April 2009). In contrast, in some turggions of Southeast Asia, such as India where
biomass burning is a major source, the observed efd@es are significantly higher and close to 10
pg-m® (annual mean value) (Guha et al., 2015) with wiittee average values twice as high compared to
the annual average.

In urban areas in Spain, the eBC mean values atsénvBarcelona-CSIC (eBC = 2.1 pg®m
and Granada University (eBC = 2.6 pg)niQuerol et al., 2013; Titos et al., 2015) areikinto those
obtained at the Madrid urban background site is Wrk. However, in other urban sites in Europedow
eBC mean concentrations have been obtained in mbotesimilar values in summer (Herich et al., 2011
Crilley et al., 2015).

The temporal evolution of the eBC mass concentnatim this study shows that eBC peaks
matched the hourly average pjvinass concentration measured at each site in wangtautumn but not
necessarily in spring and summer (Figs. S10 — §1Bd Supplementary Information). The relationship
can be more closely analyzed by studying the ded#tes plots and regression fit results between,PM
and eBC. As expected, the linear regression caefifis of determination do not particularly reflactery
high correlation (R= 0.39 at Escuelas Aguirre?R 0.20 at CIEMAT, and R= 0.55 at Villanueva).
However, the correlation between eBC and,Pal the rural site was significantly better thamhat urban
sites in winter and autumn. The coefficients okdeination obtained from the linear regression leetw
eBC and PM, in Villanueva were R= 0.84 in winter and 8= 0.72 in autumn. These higher values in
these two seasons indicate that eBC andoR#&ry probably have the same origin in these psrifthe
year. On the contrary, in spring and summer theegaR = 0.10 and R= 0.04, respectively, obtained for
this coefficient can be attributed to the influernéea mix of different sources, particularly largmounts
of Saharan dust transported to the area, whicte@sed Pl mass concentration without increases in
eBC.

Table 1 summarizes the average eBC{fidtios for the three sites and for each seasomllAt
sites, the highest values were recorded in autumchvénter. In Madrid, the eBC contributions to the
PMy, fraction varied from 7 % in summer to 20 % in wintat the background site, whereas this
contribution was slightly higher, from 11 % in summto 21 % in winter, at the traffic-influencedtsia.
These values are consistent with the 3-11 % cartiob reported in other European urban background
areas and with values up to 24 % found in some i&ao urban traffic stations (Reche et al., 2014¢ (s

Table S1 and references therein). The autumn angbminonths seem to be critical in Madrid in thghti
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of the observed increase in the eBC concentrationfact, during the early winter 2014-2015 anct lat
autumn 2015 several pollution episodes took plaweu anticyclonic stagnant conditions favoring the
accumulation of the eBC concentrations mainly dmtifrom traffic emissions (Figures S10 and S11).
Nevertheless, the standard deviation values in€labprovide a measure of the large variations ef th
eBC/PMy ratios for each season. Therefore, special camditsuch as low P} concentrations (giving
rise to high eBC/PW ratios) must be taken into account when thesegaiie used for comparison

purposes.

Table 1.eBC/PMy ratios at Escuelas Aguirre, CIEMAT and Villanuedel Arzobispo for each season
during the period of study.

| i AT | T (rac | et el
eBC/PMy, eBC/PMy, eBC/PMy,
Winter 2014 - 2015 0.21+0.13 0.20£0.14 0.09+ 0.06
Spring 2015 0.15+0.11 0.10Gt 0.09 0.06t 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 0.1+ 0.10

In the rural area of Villanueva, the eBC contribnttio PM, was significantly lower compared
to the urban sites, varying from 4 % in the sumtoet1 % in the autumn, which is consistent with the
3.6 % value reported at another rural site in Eerdpleal and Hammonds, 2014). The highest
contribution was recorded in autumn 2015 and wi@@t4-2015. The low eBC content in PMvas
affected by the mixture of pollution sources andtenmlogical conditions. In addition, the different
composition of the combustion emissions, the minehast sources associated with African dust
outbreaks and the formation of secondary inorgamd organic aerosol, mostly from anthropogenic
emissions (Salvador et al., 2016), should be censd] which could also increase the concentraidns

PM,q by non-carbonaceous materials, thereby decre#singBC/PM, ratio.

3.2 Source apportionment of eBC

The measured diurnal average cycles of the AAEsati&las Aguirre, CIEMAT, and Villanueva
during the period of study are shown in Figure Be RAE in Villanueva is characterized by a strong
diurnal variation during winter and autumn, witHues in the evening hours until dawn consistenh wit

an increase of biomass burning activity due toubke of the domestic woodstoves. The AAE average
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values in the rural area were 1.80 + 0.30 in wiated 1.45 + 0.35 in autumn. During the summer, the
AAE was relatively constant throughout the day lattaee sites with average values of 1.08 £ 0105 i
Escuelas Aguirre, 1.08 + 0.13 in CIEMAT, and 1.19.15 in Villanueva. Similar relatively flat prodi$
were measured in Escuelas Aguirre and CIEMAT dutimg other three seasons, with AAE average
values of 1.07 £ 0.09 in winter, 1.05 + 0.05 inisgrand 1.07 £ 0.06 in autumn at Escuelas Aguing a

1.17 £ 0.08 in winter, 1.16 = 0.08 in spring an@71+ 0.07 autumn at CIEMAT.
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Figure 3. Diurnal average variation of the absorption Angstéxponent at Escuelas Aguirre, CIEMAT
and Villanueva del Arzobispo during the four seasdrhe central box spans the first quartile totkel
quartile. The line inside the box shows the mediad “whiskers” above and below the box show the
minimum and maximum. The colored markers show tleanmmvalues and shadowed areas correspond to
the corresponding standard deviation.

The estimated absorption Angstrém exponent (AAH)as using the methodology described in
the methods section were between 0.97 and 1.1®ésil fuel and between 1.63 and 1.74 for biomass
burning. These AAE values are consistent with presistudies, which have reported AAE values near 1
related to black carbon from traffic emissions andch higher values for biomass burning aerosols
(Kirchstetter et al., 2004; Bergstrom et al., 20@andradewi et al., 2008b; Zotter et al., 2017)e Th
source contributions to eBC were determined basethe above source specific AAE values (AAE
[0.97 — 1.12] and AAR, = [1.63 — 1.74]).

The mean eBgand eB(G, mass concentrations are shown in Table 2. In Mathie mean eBC

mass concentrations during winter and autumn wegreoudouble and, in some cases, even triple
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compared to the other two seasons. The same happendillanueva but for eBg. In winter, the

contribution of the prevailing source at each séems to be exacerbated by meteorological conditibn

each site.

Table 2. Average mass concentration of gB&hd eBG, at Escuelas Aguirre, CIEMAT, and Villanueva

del Arzobispo sites.

| US| AT ) | e
Period
eBGy eBGy eBGy eBG,, eBGy eBGy
(Mg-m?) | (ug-n) | (ug-m) | (kg:n¥) | (ug-n) | (ug-nt)
Total period 35+£36 02+08 21+2)7 0220.09+17| 1.7+4.2
Winter 2014 — 2015 | 4.1+4.0| 02+0.3| 21+25| 03+04| 05+1.2| 41+6.0
Spring 2015 27+21 01+0Q1 12+1/5 02+0028+1.0| 04z%1.0
Summer 2015 26+22|01+02| 1.3+15|01+03(09+1.2| 0.2+0.4
Autumn 2015 49+5Q0 02+0p 38%+3]9 02+035+26| 27+54

The average diurnal cycles of eB@nd eBG;, are summarized in Figures 4 to 7 (stacked area
charts in this case) for each season for all teies. For the Madrid sites, the eB& practically the
same as that of the total measured eBC. During daek the eBf concentration in Escuelas Aguirre
and Villanueva was characterized by two peaks, onethe morning and another in the late
afternoon/early evening, coinciding with peak tiaffimes. On the contrary, the eB@n the urban
background site in CIEMAT had only one major paakhie morning. The evening peak was also present
but quite weak. In Madrid, especially in Escuelaguifre, on Saturdays and on Sundays the evening
eBG; peak is higher than the morning one. This is eelab nightlife activities in Madrid and people

returning home after the weekend, respectively.
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486 Figure 4. Averagediurnal profiles of eBC source apportionment frayedil fuel (gray area) and biomass
487 burning (brown area) for Escuelas Aguirre, CIEMAfdaVillanueva del Arzobispo on weekdays (first
488 line), Saturdays (second line), and Sundays (img) during the winter of 2014—-2015.
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492 Figure 5. Average diurnal profiles of eBC source apportiontrfeam fossil fuel (gray area) and biomass
493 burning (brown area) for Escuelas Aguirre, CIEMAfdaVillanueva del Arzobispo on weekdays (first
494 line), Saturdays (second line), and Sundays (imej during the spring of 2015.
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Figure 6. Average diurnal profiles of eBC source apportiontrfeam fossil fuel (gray area) and biomass
burning (brown area) for Escuelas Aguirre, CIEMAAdaVillanueva del Arzobispo on weekdays (first
line), Saturdays (second line), and Sundays (tmig) during the summer of 2015.

Autumn 2015
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Figure 7. Average diurnal profiles of eBC source apportiontrfesm fossil fuel (gray area) and biomass
burning (brown area) for Escuelas Aguirre, CIEMAAdaVillanueva del Arzobispo on weekdays (first
line), Saturdays (second line), and Sundays (tmgj during the autumn of 2015.

The average diurnal cycle of eRCin Villanueva, in the winter and in the autumn,swa

characterized by a strong early evening peak amadatively weak morning peak (Figs. 4 and 7). Some
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differences are observed between both seasonsntarwhe contribution of eBgs is higher during the
traffic rush-hours comparing to autumn peaks, d@afigcduring evenings and nights which can be
explained by the typical operating time pattermlofmestic heating appliances in the coldest moiiths.
Sunday nighttime eBC was stronger in winter tham dather days and was observed a couple of hours
earlier than during the rest of the week consistétit the different activity schedule followed bggple

on Sundays. In contrast, during the spring andsthmmer, due to the absence of operation of domestic
stoves, eBC concentrations are predominantly rieguftom traffic emissions and the contribution of
eBG,, to total eBC is practically negligible except the morning and evening/night hours in spring. In
addition, due to the change of local time in Maeatd October, a small displacement of the peaks is
observed between winter and autumn and between suammd spring.

More than 93 % of the eBC in the traffic site in ddfid was due to fossil fuel emissions during
all seasons (Table 3). The traffic contributionCAEMAT was a little lower but still represented raor
than 84 % of the eBC in this urban background 3itee highest biomass burning contribution to eBC in
CIEMAT was 16 % during the winter. These resulfiéate that biomass burning contributed littlehe t
eBC levels in Madrid in all seasons and confirnt tiossil fuel combustion was the dominant source.
This is the first time that these results are atgdifor the city, and, comparing them with othéiesj the
values reported here for the fraction of gBi@ winter (7 % in Escuelas Aguirre and 16 % at K2AT)
are lower compared to those obtained in the samgosefor urban site in Zurich (25%) (Herich et al.,
2011), yet similar to those observed for urbarsditeParis (15%) (Healy et al., 2012) and Londds?4)

(Crilley et al., 2015).

Table 3. Percent contribution of eBCand eBG;, to total eBC at Escuelas Aguirre, CIEMAT, and
Villanueva del Arzobispo sites.

Escuelas Aguirre . Villanueva del
Season (Madrid) CIEMAT (Madrid) Arzobispo (Jaén)

eBGy eBGyp eBGy eBG,, eBGy eBGyp
Winter 2014 — 2015 93 + 20 7+9 84+38 | 16+11 | 12+18 88 +43

Spring 2015 96 +21 4+4 85 + 34 15+11 6487 6382
Summer 2015 95+ 17 5+6 91 £23 9+12 | 81+20 | 19+18
Autumn 2015 95 +25 5+6 95 + 2( 5+6 50 +37 587

The situation was quite different in the rural at®dlanueva) where biomass burning was a

significant source of eBC in all seasons but sumnhemnwas estimated that biomass combustion
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contributed 88 % of the eBC during the winter andée a significant source during the autumn (50 %)
and the spring (36 %) (Table 3). At this site,sitalso the first time that such results are obthifide
values obtained in this work for eBare much higher than those observed for ruralsarethe UK (30

% in winter) (Crilley et al., 2015) and in Switzand (33 % in winter and 6 % in summer) (Herichlet a
2011). The eBC due to biomass burning was mordaid the small village of Roveredo, in an Alpine
valley of Switzerland (51% in winter) (Sandradewa&, 2008a). The polar plot in Figure S13 shoass,
an example, the mean concentrations of the cotiital of eBG and eB(, to the total eBC in relation
to the wind direction and wind speed obtained dutire autumn in Villanueva. It can be seen thahdiig
concentrations were associated to South wind dimeetith the maximum values at lower wind speeds,
indicating that the corresponding sources are mahlocal origin. It should be noted that Villaruzeis

located in a valley formed by two rivers and adbtvinter thermal inversions occur in the area.

3.3 eBC, EC and OC comparison

Figure 8 shows the slopes (z+ standard error) aadtdhrelation of the linear regression through
the origin between total eBC mass concentratioos fthe Aethalometer and EC mass concentration in
PMyq in both sites CIEMAT and Villanueva. The differenbetween the slopes needs to be interpreted
with care as the number of samples at CIEMAT isllemén = 20) and all samples are RMincluding
different amounts of mineral matter, possibly ifeeng with the thermal analysis), and may be
statistically biased. The difference may be mathlg to the distinct aerosol chemical compositioriHzy
sources at each site, besides their age in thesptieee influencing the coating of the black carbores.

EC and OC at CIEMAT were strongly correlated wiiCeand eBg and a weaker correlation
was obtained for eBg (Figure. 8 (top) and 9 (top)), suggesting the lbimduence of biomass burning
source at this location. In Villanueva, EC and O€revalso highly correlated, but as opposed to tharu
area, with the total eBC and eR@nass concentrations and weaker with glB&gures. 8 (bottom) and 9
(bottom)), indicating that the main source at thiig is biomass burning (see supplement Figure S14,
correlation in winter 2014 — 2015 and spring 2016should be noted that, in contrast to Zotterlet

(2017), EC was not source apportioned in this work.
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MAC values of 13.3 + 1.6 fng" at CIEMAT (from November 20, 2014 to June 30, 2015
20) and 5.87 + 0.1 g* at Villanueva (from November 22, 2014 to June 2915; n = 59) were
obtained at a wavelength of 950 nm from the limegression through the origin betweegs950nm)
and EC (not shown here). The correlation coeffisi¢R?) were 0.78 in CIEMAT and 0.98 in Villanueva,
showing strong correlation at both sites. The lalifference in MAC values could be due to EC being
removed from the filter during the helium phasdhef analysis. It has been documented that in sample
where the amount of EC is small (below or neardéiction limit), a bias may occur in the positmn
the Sunset OCEC split and result in inaccurate BlQes (Bae et al., 2004; Arhami et al., 2006; Bater
al., 2009). If EC is “artificially” low, then MAC eeds to be higher to achieve eBC. Moreover, it is
necessary to take into account the fact that atipdas are Ply}, which indicates contribution of mineral
dust on the coarser fraction of ambient particlecemtrations (Artifiano et al., 2003; Zanatta et24116).
These MAC values are in contrast to the findingZotter et al., (2017), where results indicate no
significant difference in MAC at 880 nm (with a uel of 11.8 mg') between eBC originating from
traffic or wood-burning emissions. Therefore, fertlanalyses of EC are required.

OC and EC concentrations obtained at CIEMAT in #tisdy (see Table S2) were similar to
those reported by Plaza et al. (2011) at the sdawe pexcept for very low EC values, as mentioned
above. A seasonal variation was observed in thev&l@es at CIEMAT and Villanueva (Tables S2 and
S3) showing a decrease in the spring period, whakid be related to favorable atmospheric dilution
conditions and reduction of emissions. Maximum E@d &C values, which occurred in winter, can be
associated to meteorological conditions causindufait accumulation close within the surface layer,
especially during periods of atmospheric stagnation

The OC/EC mass ratios can be used to study thesimisind transmission characteristics of
carbonaceous aerosol, which due to the sourcebifétsidor a specific site, can have a seasonatatter
throughout the year (see Tables S1 and S2). Inrger@C/EC ratios in many urban sites around the
world are in the range of 1.0 to 4.0, a value gmed#ttan 2.0 is attributed to SOA formation in the
atmosphere (Cao, 2003). However, such high OC/Bidsraannot be explained only in terms of
enhanced contribution from SOA, rather it can bsoeimted to the predominance of biomass burning
sources (Ram and Sarin, 2010). Plaza et al. (20ithined at CIEMAT monthly averaged OC/EC ratios

ranged from 1.6 to 6.0. In the aforementioned stadseasonal variation was observed with loweraslu
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in winter and higher values in spring-summer. In work, OC/EC ratio ranged at CIEMAT from 1.3 to
26.5in PM, from 1.5 to 26.5 in Pk and from 1.5 to 34.5 in P}y and in Villanueva from 3.5 to 18.4 in
PM, 5 and from 3.6 to 15.5 in PM In the urban area, the ratios showed weak ctioag (R = 0.11 in
PM; and in PMs, and B = 0.27 in PMy). In the rural station, the high ratios of OC/E@vé been
explained by the presence of local sources sutioasass burning combustion (Na et al., 2004; Ztretng
al., 2007), showing a preponderance of OC. In otheal sites in Europe, similar OC/EC ratios tosho

in Villanueva have been observed (Castro et aR91®io et al., 2007, 2011; Sandrini et al., 201).
these sites, the increase of OC concentrationsntemhas been related to biomass burning for egsidl
heating and a similar origin could be deduced fidlakueva. The slopes and their standard errotbef
linear regression between OC and EC at this site @& + 0.2 in PMsand 5.6 £ 0.2 in PM, showing a
high correlation both in PM; (R? = 0.91) and PN (R? = 0.94) (see Fig. 10). The intercept (1.1 + 0.6 in
PM,s and 1.3 + 0.6 in PM) can be interpreted as the OC background condemrdrom non-
combustion sources, however, it can be biased lbgrtainty in carbon measurement. Nevertheless, it
may also be understood as the biogenic secondgayiaraerosol source found by Salvador et al.,§p01
after a source apportionment study performed & s$aime site. The high OC/EC ratios obtained in
Villanueva, their seasonal behavior with higherueal in winter, and the good correlation between OC
and EC that suggests they have come common soaittm®sed to conclude that the main contribution to

atmospheric particles derived from biomass burning.

Villanueva del Arzobispo
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Figure 10. Relationship between OC and EC mass concentraiiorM,, (left) and PMs (right)
collected from 22th November 2014 until 29th Ju@&=in Villanueva del Arzobispo (n = 59).
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3.4 eBC and biomass burning tracers

The concentrations of three monosaccharide anhgglr{tMAs) (levoglucosan, mannosan and
galactosan) that are often used as biomass butrangrs together with the potassium associated with
biomass burning (k) were measured in Villanueva. Winter and springrage mass concentrations are
shown in Table 4. The levoglucosan ang Eoncentrations in winter increased up to 5.9 piyamd 5.6
Hg-m’in PMysand 7.4 pg-mand 6.3 pg- Min PMy, respectively, at times when the impact of biomass
burning emissions is expected to be higher. Inste season, concentrations of mannosan varied from
0.01 to 0.38 pg-min PM,s and from 0.01 to 0.47 pg-hin PM,,, and those of galactosan from 0.01 to
0.30 pg-rit in PM,s and from 0.01 to 0.36 pg-fin PMy, Levoglucosan concentrations measured in
Villanueva are in the range of values reportedofbeer areas such as Aveiro in Portugal (Gelendsdl,e
2007; Puxbaum et al., 2007) and Fresno in US (Szhand Cass, 2000); but lower than measured
concentrations in a rural background site in I{&jlardoni et al., 2011) and higher than measutdwa
rural sites in UK (Crilley et al., 2015) and a fubackground site in the Czech Republic (Hericlalet
2014; Schwarz et al., 2016). The concentrationshef MAs are in the range of values reported in
Fourtziou et al. (2017). ThepKconcentrations were significantly higher companétth values obtained

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

Table 4. Average mass concentration of the potassium agedcigith biomass burning ¢§) and the
three organic compounds (levoglucosan, mannosangatattosan) that are often used as biomass
burning tracers and their ratios for winter andrgpin Villanueva del Arzobispo.

Kb L M G
Season £ . . . L/M L/G Kpo/L
(ug-m®) | (ug-m®) | (ug:n) | (ug-md) bb
PM o
Winter 2014 — 13.2 + 18.0 +
2015 25+16| 1.7+1.7| 0.1+0.1| 0.1+0.1 8.9 131 20+x1.1
. 0.01 + 0.003 + 11.0+ 24.6 +
Spring 2015 0.3+0.3 0.1+0.p 0.01 0.004 57 42 8 23.8+31.0
PM, 5
Winter 2014 — 13.5 + 20.2 +
2015 23+15| 14+15| 0.1+£0.1| 0.1+0.1 75 146 23%x15
) 0.01 + 0.003 + 11.7 + 28.0 +
Spring 2015 0.3+0.3 0.1+0.2 0.01 0.002 58 42 3 20.3+23.2

Kpp = potassium associated with biomass burning, L= lexagan, M = mannosan, G = galactosan

The relationships between the concentrations cetidAs together with jg and of eBG, were

used in the previous section as a test of the soapportionment algorithm to obtain the best AAE
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values. The Rcoefficient between daily average (24-hour) gBf@ass concentrations and those of the

biomass burning tracers range from 0.71 for leveggan, to 0.73 for mannosan, 0.82 for galoctosah, a

0.92 for Ky, during winter in Villanueva (Fig. 11, Figs. S15516 and Table S4). The correspondirfg R

values between the eB@nd these tracers were all much lower and beld@. O he regression intercept

of the four biomass tracers to eBGhould be zero if the methods are consistent dndpacies

experience the same rate of atmospheric removdle(ret al., 2014). In this work, the interceptsrave

close to zero (Fig. 11), suggesting the stabilftthe biomass burning tracers during the cold seaso
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Figure 11.Relationship between eBgand the four organic compounds used as biomasénigutracers

in PMy, collected from 22nd November 2014 until 29th JAA&5 in Villanueva del Arzobispo (n = 59).

eBGy, Vs Ky, (Open circles, top left), eBEvs levoglucosan (open squares, top right), gB€ mannosan
(open triangles, bottom left), and eB@s galactosan (open diamonds, bottom right).
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The levoglucosan to mannosan (L/M) and the levaggdano to the sum of mannosan and
galactosan (L/(M+GQ)) ratios can be used to distisiyinard- and soft wood types (Schmidl et al., 2008
and were used before to separate different biolmassng sources (Fabbri et al., 2009; Oanh ekéll1;
Harrison et al., 2012). Hardwood burning leads igh hatios, around 12 — 24, while softwood burning
leads to low ratios, around 3 — 7 (Fine et al.,£00aseiro et al., 2009). Fabbri et al. (2009) tbun
L/(M+G) ratios larger than 30 for lignite combustiand between 0.4 and 18 for various source tests f
biomass burning. These results may be utilizedistinguish the smoke emissions from different fuel
types, but those authors recommend being carefenwhterpreting sources of anhydrosaccharides in
atmospheric aerosols due to possible mixing of snfakm burning of lignite and biomass, and duehto t
high values of the L/M and L/(M+G) ratios for sofmardwoods and grasses. The ratio gfKis quite
variable between season and sites. Gao et al. Y2008d that the potassium/levoglucosan ratio in
aerosols produced from Savannah forest fires wa3 @@ring flaming phase and from 0.2 to 0.6 for
smoldering combustion. Puxbaum et al. (2007) fowider values of K/L ratio between 0.2 and 2.1 and
summer values of 3.3 — 9 at CARBOSOL sites.

In Villanueva, the average L/M ratios in Biywere 13.5 = 7.5 in winter and 11.7 + 5.8 in spring
The ratios in PNy were quite similar to those in the fine particlé8:2 + 8.9 in winter and 11.0 £ 5.7 in
spring. The winter and spring average L/(M+G) mticere 8.0 £ 4.8 and 7.0 + 5.5 in PMand 7.5 £ 5.2
and 6.4 = 5.1 in PM. These values are similar to those ratios that Haen found during hardwood
combustion in previous studies (Fine et al., 2@4gling et al., 2006) supporting the hypothesis tha
olive wood (one of the hardest of all woods) contiomsis a major source of carbonaceous particulate
matter at this site. Moreover, these values werehnmamaller than those reported for lignite burning
Fabbri et al. (2009), suggesting that lignite bognis not considered as a possible source of MAlstlam
biomass (especially wood) burning is supposed tehbedominant source of MAs found in this area.
Relatively high K/L ratios were obtained in Villanueva (2.3 + 1.9§%) and 2.0 £ 1.1 (PM) in winter
and 20.3 £ 23.2 (P} and 23.8 £ 31.0 (PN in spring) in comparison with background sitegurope
(Puxbaum et al., 2007). This may be due to ung#itai introduced by the correction approach desedrib
in section 2.2.3, which could lead to an overedtiomaof potassium associated with biomass burning.

Therefore, further analyses ofare needed.
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4. CONCLUSIONS

Three multi-wavelength Aethalometer measurement® wieed to study mass equivalent black
carbon (eBC) characteristics at two urban sitegladrid (a background station (CIEMAT) and a traffic
site (Escuelas Aguirre)) and in a rural area (Villava del Arzobispo) during a full year. The eBGsma
concentrations presented concentrations typicaltloér urban sites, and higher than other ruras site
Europe. They show seasonal variations at the thi@#ons, significantly higher in winter and autumn
than in spring and summer, especially at the raitgl. This behavior is the result of meteorological
conditions during the experimental period but caralso linked to the seasonal variations in emissio
especially high in winter at the rural site duebiomass burning. The highest eBC/BMatios were
recorded in autumn and winter at the three sitedddrid, the highest average eBC contribution b, §
was observed in winter at the urban traffic site ¢@). In those cold months, there was an increases
eBC concentrations mostly from traffic emissiong do several pollution episodes. In the rural atlea,
highest eBC/PN}, ratio (11 %) also occurred in the cold monthshalgh it was significantly lower
compared to the urban sites because of the diffesemposition of the combustion emissions, the
mineral dust sources associated with African dutitreaks and the formation of secondary inorganit a
organic aerosol, which could increase the concgobs of PM, with non-carbonaceous materials,
thereby decreasing the eBC/pjviatio.

A sensitivity analysis was performed to estimate tiost appropriated AAE values for source
apportionment in order to optimize the Aethalometedel and provide realistic results with AAE vadue
between 0.97 and 1.12 for fossil fuel combustiod batween 1.63 and 1.74 for biomass combustion.
Based on these values, a source apportionment stadyperformed and fossil fuel combustion was
found to be responsible for more than 84 % of #B€ & Madrid in all seasons and also during themwar
months in Villanueva del Arzobispo. However, biosmdsurning contributed 88 % of the total eBC
concentration in Villanueva del Arzobispo in thddcanonths and was also a significant eBC source in
autumn (50 %) and spring (36 %).

The measured eBC concentrations were highly caeelaith the elemental carbon (EC) and
organic carbon (OC) mass concentrations both inMHE and Villanueva del Arzobispo. High
correlation between eBGwith EC and OC and weaker correlation betweengB8d EC at CIEMAT,
showed the low biomass burning influence in Mad@xh. the contrary, the strong correlations between

eBG,, with EC and OC in the rural area confirmed tha thain source is biomass burning. The high
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ratios of OC/EC obtained in rural stations can kplaned by the presence of local sources such as
biomass burning combustion, showing a preponderah€€C. The good correlation between OC and EC
suggests they have common sources and showedhthandin contribution to atmospheric particles
derived from biomass burning.

The high concentration of the biomass burning rade Villanueva during winter confirm that
the biomass burning is an important source of dsgraerosols during the cold season. The estimated
eBC contribution from biomass burning in the rgtgtion was well correlated with the concentratiohs
organic biomass burning tracers and very well \tlith concentrations of the potassium associated with
biomass burning, so supporting the applied mettmgolHardwood combustion (most probable olive
wood) was the main biomass burning organic aerssotce in Villanueva del Arzobispo based on the
measured levoglucosan to mannosan and levogludosdre sum of mannosan and galactosan ratios.
Relatively high potassium/levoglucosan ratios wastained.

The proposed methodology has proved to be a valalydcal tool to adequately determine
absorption Angstrdm exponents, which may vary ddjven on the site and the season. Source
apportionment studies based on the Aethalometeremeould identify the main sources and their
contributions with high temporal resolution. Thilas adopting measurements and designing strategie
to reduce the eBC concentrations, especially undé&vorable weather conditions or in areas wheee th

source contribution clearly highlights a sourceinagiral areas with high domestic use of biomass.
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HIGHLIGHTS

e One-year black carbon (BC) experimental study regettdifferent locations in Spain.

+  Estimation of fossil fuel and biomass burning aption Angstrém exponents.

«  Source apportionment of black carbon from fossl fand biomass burning.

< Dominance of fossil fuel at urban sites and bionfmssing in winter at rural area.

« Relationship between BC with biomass burning tracerganic and elemental carbon.



