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Abstract. Radiocarbon ¥*C) measurements of elemental charring. The Swisg4S protocol involves the following con-
carbon (EC) and organic carbon (OC) separately (as opsecutive four steps (S1, S2, S3 and S4): (1) S1 in pure oxy-
posed to only total carbon, TC) allow an unambiguous quan-gen (Q) at 375°C for separation of OC for untreated filters
tification of their non-fossil and fossil sources and repre-and water-insoluble organic carbon (WINSOC) for water-
sent an improvement in carbonaceous aerosol source appoextracted filters; (2) S2 in 9at 475°C followed by (3) S3
tionment. Isolation of OC and EC for accurdt®C deter-  in helium (He) at 650C, aiming at complete OC removal
mination requires complete removal of interfering fractions before EC isolation and leading to better consistency with
with maximum recovery. The optimal strategy fd€-based  thermal-optical protocols like EUSAAR, compared to pure
source apportionment of carbonaceous aerosols should fobxygen methods; and (4) S4 ip@t 760°C for recovery of

low an approach to subdivide TC into different carbonaceoughe remaining EC.

aerosol fractions for individuai*C analyses, as these frac-  WINSOC was found to have a significantly higher fossil
tions may differ in their origins. To evaluate the extent of pos- contribution than the water-soluble OC (WSOC). Moreover,
itive and negative artefacts during OC and EC separation, we¢he experimental results demonstrate the lower refractivity
performed sample preparation with a commercial Thermo-of wood-burning EC compared to fossil EC and the diffi-
Optical OC/EC Analyser (TOA) by monitoring the optical culty of clearly isolating EC without premature evolution.
properties of the sample during the thermal treatments. ExHence, simplified techniques of EC isolation f4€ analy-
tensive attention has been devoted to the set-up of TOA consis are prone to a substantial bias and generally tend towards
ditions, in particular, heating program and choice of carrieran overestimation of fossil sources. To obtain the compre-
gas. Based on different types of carbonaceous aerosols sarhensive picture of the sources of carbonaceous aerosols, the
ples, an optimised TOA protocol (SwigsS) with four steps  Swiss4S protocol is not only implemented to measure OC
is developed to minimise the charring of OC, the prematureand EC fractions, but also WINSOC as well as a continuum
combustion of EC and thus artefacts'&€-based source ap- of refractory OC and non-refractory EC f&#C source ap-
portionment of EC. For the isolation of EC féfC analy-  portionment. In addition, WSOC can be determined by sub-
sis, the water-extraction treatment on the filter prior to anytraction of the water-soluble fraction of TC from untreated
thermal treatment is an essential prerequisite for subsequefiC. Last, we recommend thafC results of EC should in
radiocarbon measurements; otherwise the non-fossil contrigeneral be reported together with the EC recovery.

bution may be overestimated due to the positive bias from
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1 Introduction oxidise the remaining material, assumed to contain the entire
EC fraction. Differentiation between OC and EC relies on
Carbonaceous aerosols are of worldwide concern due to thethe prerequisite that these components can be distinguished
effects on climate and air quality (Highwood and Kinners- by their volatilization and oxidation properties. However, OC
ley, 2006; Mauderly and Chow, 2008). The total carbon (TC) can partially be converted into EC through a pyrolysis (Ca-
content of this highly variable mixture, made of extremely dle et al., 1980) during the inert step, which induces a pos-
different and mainly unidentified compounds (Turpin et al., itive artefact in the determination of EC in the second step.
2000) is usually divided into two sub-fractions: weakly re- Because of this process, known as charring, OC may be un-
fractory and light polycyclic or polyacidic hydrocarbons (or- derestimated and EC may be overestimated. The correction
ganic carbon, OC) and strongly refractory and highly poly- of charring in TOA method is applied by continuously mon-
merized carbon (elemental carbon, EC), which is also desi#oring the transmittance or reflectance of the sample filter
ignated as black carbon (BC) (Castro et al., 1998sdpl, during analysis (Birch and Cary, 1996; Chow et al., 2001).
2005). Particulate EC derives from incomplete combustionThe OC-EC split is generally defined as the point where the
of fossil fuels and biomass, whereas OC originates from eitransmittance or reflectance level returns to its initial level
ther primary emissions or secondary organic carbon (SOChfter a transient reduction of the laser response due to OC
formation (Fschl, 2005). Since OC and EC play decisive but charring. The remaining carbon after the split point during
different roles in the global climate and on human health, asthe oxidative mode is regarded as EC.
sessing their respective source strengths is needed for a bet-Huang et al. (2006) developed a method to measure
ter understanding of their influences as well as for efficient'3C/22C ratios of individual carbon fractions of airborne par-
abatement strategies. Such a source apportionment can bieular matter from filter samples using a TOA OC/EC anal-
performed by measuring the radiocarb&tQ) content of OC  yser coupled with an isotopic ratio mass spectrometer (GC-
and EC separately, which provides direct and additional in-IRMS). However, such TOA methods have not yet been ap-
formation about their contemporary and fossil sources (Cur-plied to isolate EC and OC fdfC analysis. The largest chal-
rie, 2000; Szidat, 2009; Szidat et al., 2009). lenge is to define a split point between OC and EC for indi-
Since both fractions differ in their origins and processes,vidual isolation of both fractions. The split point between OC
they often show very differerif’C signatures (Szidat et al., and EC in conventional TOA protocols (such as EUSAAR
2004b, 2006, 2007; Szidat, 2009). Therefore,f@-based = NIOSH and IMPROVE) cannot be directly used for separa-
source apportionment method requires a clear and physicalon of the desired carbon fractions fiC measurement, be-
separation between OC and EC; however, this is not trivial.cause it does not provide a chemical boundary between OC
Indeed, the distinction between OC and EC is based on a corand EC. Indeed, the split between charred OC and EC relies
ceptual and operational definition and does not correspond imotably on the assumptions that both materials present the
reality to a clear boundary. On the one hand, OC compoundsame mass absorption efficiency or that charred OC evolves
become more chemically refractory and optically absorbingcompletely before EC oxidation starts, both of which have
with increasing molecular weight. On the other hand, ECbeen reported not to be the case for most samples (Yang and
also presents a continuum (Elmquist et al., 2006), the leasYu, 2002; Bond and Bergstrom, 2006). Therefore, the car-
refractory part of which may show a chemical and physicalbonaceous material evolved after the split point with conven-
behaviour similar to high-molecular-weight OC compounds. tional TOA protocols, albeit quantified as EC, may contain a
Consequently, thermal separation of OC and EC may suffemix of EC and charred OC and is therefore inappropriate for
from untimely EC removal (Andreae and Geleag2006),  14C analysis of EC. Consequently, a main difficulty consists
described as the negative EC artefact. These losses are panachieving complete OC removal before EC isolation.
ticularly enhanced for wood-burning-impacted samples be- In an effort to reduce both above-mentioned artefacts, es-
cause of the presence of inorganic combustion catalysts (Nopecially charring, Cachier et al. (1989) replaced the evapo-
vakov and Corrigan, 1995) and of the lower refractivity of ration step by the combustion of OC in pure oxygen)(O
the wood-burning EC compared to fossil EC (ElImquist et al., This two-step combustion method was further optimised
2006). for OC and EC quantification by Lavanchy et al. (1999)
The classification of OC and EC is widely acknowledged, and then adapted to @wo-step Heating system for the
but their boundary is still not clear and highly operational- EC/OC DeterminationOf Radiocarbon in thé&nvironment
dependent (Schmid et al., 2001p4ehl, 2005). Among (THEODORE, Szidat et al., 2004a), which was then adopted
the commonly accepted OC/EC determination methods, théy many other laboratories (e.g. Zhang et al., 2010; Calzo-
thermal-optical analysis (TOA) method is one of the mostlai et al., 2011). A technique with chemo-thermal oxidation
well-known techniques (Schmid et al., 2001; Chow et al.,at 375°C in air (CTO-375) is also commonly applied to de-
2004; Phuah et al., 2009; Cavalli et al., 2010). It typically be- termine EC or BC (Gustafsson et al., 2001) and isolate EC
gins with a heating step in an inert (i.e. helium) atmospherefrom aerosols for subsequent off-line radiocarbon analysis
aiming at evaporating OC exclusively. An oxidative gas (e.g.(Zencak et al., 2007). Compared to methods based on OC re-
2 % oxygen in helium) is then introduced in a second step tomoval in an inert atmosphere, both the two-step combustion
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method and the CTO-375 method are less prone to charring
and inadvertent inclusion of any other non-pyrogenic carbon.
It should be noted that the pre-treatment step of the water ex-
traction is introduced in the THEODORE method to reduce
charring further. However, both methods may also remove
substantial amounts of non-refractory EC (non-rEC) during
the thermal treatment, so that the isolated EC much likely
reflects only the most refractory EC (rEC) and cannot fully Co,  Water
represent the total EC (tEC) spectrum. frap - trap
The_r_efor_e, these therr_n_al methods d_o not enable the fUIIzig. 1. Set-up of coupling the OC/EC analyser (Sunset) to the cryo-
quantification of the positive and negative EC artefacts duegenictraps.
to charring and premature EC removal. As wood-burning EC
was reported to be the least refractory EC fraction (EImquist

et al., 2006), parts of it may have been oxidized during theoriginal filter at 650°C during 12 min in the THEODORE

OC step, leading to an underestimation of this EC fraction.system and recovering the G@s described above. For OC
This could be especially crucial in areas where a lot of ECsampIes the combustion temperature is set to°@4€or

is due to biomass burning, as in the Alpine valleys, wherejq min For EC isolation, water-extracted filters are heated
residential heating is important (Szidat et al., 2007; Lanz €%, tour hours in air at a certain temperature (e.g. 325

al., 2010). to remove the remaining OC. The remaining material on

_In this study, we present4an optimised procedure for theye fijters is regarded as EC and combusted totally in the
isolation of OC and EC fot*C analysis, based on thermo- THEODORE system at 65(C.

optical OC/EC analysis. We qualitatively define EC and OC

as the sub-fractions of TC that do and do not absorb lighty > Setup of thermo-optical methods with the OC/EC

at the wavelength of thermal-optical OC/EC analysers (e.g. analyser

660 nm), respectively, following the general assumptions of

conventional TOA protocols which are a prerequisite for their |n this work, the combustion unit of the THEODORE sys-

optical correction (Birch and Cary, 1996; Chow et al., 2001;tem has been replaced by a thermo-optical OC/EC anal-

Cavalli et al., 2010). In particular, we show how different yser (Mode|4|_' Sunset Laboratory Inc, USA), which is es-

conditions of temperatures and carrier gases influence thgecially equipped with a non-dispersive infrared (NDIR) de-

separation of OC and EC and tHt€ content of the removed  tector. The filter transmittance is monitored by a 660-nm

carbon fractions. Furthermore, an optimised TOA protocol istuned-diode laser and the GQesulting from the sample

developed to isolate the carbon fractions of interest (i.e. OCanalysis quantified by an NDIR cell placed upstream the in-

and EC) for'*C analysis with minimised biases from char- strument outlet. This outlet is connected with a four-way

ring and premature EC lost. Finally, we discuss the optimumyalve to the CQ cryogenic traps of the THEODORE sys-

strategy of-“C-based source apportionment of carbonaceousem so as to recover the exhaustC@lectively correspond-

aerosols, especially for EC samples. ing to the desired fractions (Fig. 1). Additionally, a volt-
age control valve and a gas flow sensor are installed for
O; flow controlling. Three different ultrahigh-purity carrier
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2 Methods gases including helium (He)>(99.999 %, followed by a
moisture/hydrocarbon/£purification trap), He/@gas (2%
2.1 The previous two-step combustion method 0O, in He) and Q gas (99.9995 %) as well as an internal stan-

_ dard gas (5% methane in He) are controlled by the gas flow
The THEODORE Two-stepHeating system for thEC/OC  program of the instrument. The gas flow rate through the
DeterminationOf Radiocarbon in thé&nvironment) system  QC/EC analyser is adjusted and stabilised at 60 mL-thin

(Szidat et al., 2004a) is a set-up that was previously used\o back pressure is observed at this flow when switching
for the combustion and the recovery of carbonaceous fracyg|yves.

tions for 14C-based source apportionment. It consists of a

quartz combustion tube where a filter punch is inserted an@®.3 Water extraction

combusted under a stream of pure. @fter removal of wa-

ter, the resulting C®is trapped cryogenically, determined For EC separation, water-extraction treatment of the filter is

manometrically and sealed in glass ampoules for subsequemerformed before the thermal treatment, in order to minimise

14C off-line analysis. charring (see Sect. 3.1). Therefore, a method was developed
The procedure to collect TC/OC/EC f4tC analysis was  to obtain minimal EC removal in water with high homogene-

described elsewhere (Szidat et al., 2004b, 2006, 2009). lity on the filter, which is necessary due to the narrowness

brief, TC samples are prepared by combusting a punch of th¢~ 1 mm diameter) of the laser beam (J. Dixon, personal
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communication, 2010). Under a laminar flow box, 23-mm- -
diameter discs are punched out of the filters, sandwiched ‘ PM sample filter |

between two sealing rings and placed with the laden side )
upwards on a 25-mm-diameter plastic filter holder (Sarto- / w‘r extraction
rius GmbH, Germany) and topped by a plastic syringe body.

20 mL ultrapure water with low TOC impurity is then passed | Water-extracted filter |

through the filter without a pump. The filter punch is then del-
icately removed and placed for several hours in the desicca- ‘ ‘

tor for drying. Finally, a 1.5 crhrectangle is punched out of €O, from S1 TC SI  S2+S3 S4 TC
the water-extracted filter, wrapped in aluminium foil, packed i i i i
into a sealed plastic bag and stored in the freezdi8¢C)

until OC/EC analysis. | oC ‘ | TC ‘ | WINSOC ‘ | W[NSTC|

The initial attenuation of the water-extracted filters varied
up to 3% compared to that of the untreated filters, indicating
that there is very little loss of EC during the water extrac- Refractory WINSOC Refractory
tion procedure. Pre-acidification is omitted, because carbon- +non-refractory EC EC
ate carbon (CC) is negligible in the samples of this study.

However, samples may be fumigated with hydrochloric acidFig. 2. Separation scheme of the different carbon fractiond-far
prior to analysis (Cachier et al., 1989) for the removal of their measurement. C£is recovered during the desired peak in the in-
CC content for coarse-particle samples, particularly if theydividual step (e.g. S1, S2, S3 and/or S4) with the present protocol
are impacted by soil dust. However, this procedure is not rec{Swiss4S). Step TC means that GQs recovered from all steps
ommended when using a TOA analyser, since the presenc#ithout separation.

of chlorides progressively makes the laser’s quartz optical

window opaque. In order to study the charring behaviour of
water-soluble OC (WSOC), the solution obtained from wa-
ter extraction is evaporated to dryness with a genféldiv ATN.— —100In I
and then reconstituted with 200 pL of water. Various amounts ' I, (b)

(e.g. 20 uL) of the water extracts are then spiked to prebaked herel, and I,(b) represent the laser signal during analy-

;q_ljo('j\;trznzl:ﬁcr)z,sand then the air-dried filters are analysed by thégs at the time and the blank signal for the same filter, re-

spectively. The temperature dependencé, @) is assessed
at the end of each run when the filter cools down after to-
2.4 TOA protocol for OC/EC separation tal combustion of its carbonaceous content and applied to
the whole thermal programme. Thug(b) accounts for the
By using the OC/EC analyser, we aim at developing a four-temperature-induced change in filter transmission and for
step (S1, S2, S3 and S4) thermal-optical protocol (SWBf  the potential presence of light-absorbing compounds such as
to separate different carbon fractions from water-extracted~e,0O3 remaining on the filter after combustion.
and untreated samples féfC measurement. The param-  Assuming a linear relationship between ATN and the filter
eters of this protocol will be discussed and presented inEC load, the optical yield of EC during analysis is defined by
Sect. 3.2. Figure 2 sketches the separation scheme for diffethe ratio ATN/ATNg, where ATN is the initial ATN, which
ent carbonaceous particle fractions. Specifically, OC is sepis related to the total amount of EC on the filter, and AT
arated from EC during S1 applied to untreated aerosols filthe attenuation at the timewhen S4 (the EC step) begins:
ters, with a recovery of- 80 % for subsequent’C analy- ATN
sis. When analysing water-extracted aerosols filters, watereCyield= ! @)
insoluble OC (WINSOC), a mixture of refractory WINSOC TNo
and non-reC as well as reC are separated individually during=or the THEODORE method, offline optical measurement

S1, S2+ S3 and S4, respectively. Water-soluble OC (WSOC) by the white-light aethalometer was used to determine the
is deduced from subtraction of TC and water-insoluble TCEC yield (Eq. 2).

signal (), using the Beer-Lambert law:

1)

(WINSTC) based on mass and isotope-mass balancing. Since a portion of OC is charred to an absorbing EC-like
material instead being directly oxidized to €Qhe instru-
2.5 Quantification of EC yields and charred OC ment relies on the change in transmission of a laser through

the filter to account for charred OC. Formation of charred OC

Similar to Gundel et al. (1984), the attenuation at the time "€ated 10 EC fATNcna is indicated as
(ATN,, a unitless parameter) due to the light-absorbing parti- ATN max—ATN;
cles on the filter is calculated from the laser transmission raw/ ATNchar:T ®)

Atmos. Chem. Phys., 12, 10841:0856 2012 www.atmos-chem-phys.net/12/10841/2012/
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Table 1.Information on the filters analysed in this study.

Location Sitetype  Filtercode  Sampling period Size-cut
GOT1 11-14 February 2005 Ry
Goteborg  Urban GOT2 25 February—4 March 2005 RM
GOT3 13-20 June 2006 PM
R&o* Rural RAO 18-25 February 2005 PN
ZUR1 19 December 2007 P
Zurich Urban ZUR2 20 December 2007 P
ZUR3 5 February 2009 P
Chiasso Urban CHI 9 January 2008 PV
Solothurn ~ Urban SOL 5 February 2009 PM10
Moleno Rural MOL 10 January 2009 R
Bern Urban BER 14 January 2009 R
Magadino  Rural MAG 14 January 2009 Ry
Sissach Suburban SIS 5 February 2009 1BM

* Szidat et al. (2009)

where ATNnax and ATN represent the maximum attenua- where fyg(ref) is a reference value representifig of non-
tion and the initial attenuation within a given thermal step, fossil sources during the sampling periods, which can be fur-

respectively. ther separated into biogenic (bio) and biomass-burning (bb)
_ sources given that other non-fossil sources (e.g. cooking and
2.6 4Canalysis biofuel combustion) are negligible. Hencgyr(ref) is de-
fined as:

For the recovered fractions, evolving €@ trapped cryo-
genically, quantified manometrically in a calibrated volume fye (ref) = ppio X foio (ref) + (1— ppio) X fob (ref) (5)

of the THEODORE system, and sealed in ampoules46r

measurement (Szidat et al., 2004a). Good agreement is founatherepyjo refers to the percent of the biogenic sources to the
between the Sunset carbon amounts and the THEODORItal non-fossil sourceghp(ref) can be retrieved from a tree-
pressure measurements (data are not shown Hé@&pnal-  growth model according to Mohn et al. (2008), afigh(ref)

ysis of CQ is performed off-line with the accelerator mass from the long-term time series fCO, measurements in
spectrometer MICADAS (Synal et al., 2007) using a gas ionatmosphere at the Schauinsland station (Levin et al., 2010).
source (Ruff et al., 2007; Wacker et al., 2012), which allows In the case of source apportionment of Qfj, can be sim-
direct CQ injection after dilution with He (Ruff et al., 2010). ply estimated as a constant value (e.g. 50 %) given that the
In this study, alf“C measurements are expressed as fractionyariations of fyg(ref) produced by differenpy, values are

of modern (). This term is defined by the fraction of the relatively small, especially if compared to the measurement
measured*C/A2C ratio related to thé*C/*2C ratio of the  and method uncertainties (Mingdih et al., 2011). And in
reference year 1950, which in turn is defined as 0.95-timeghe case of ECpyjo is zero as biomass burning is the only
the value of the contemporary standard &€ dating, SRM  source of non-fossil EC.

4990B (Stuiver and Polach, 1977). All reported results are

corrected fors13C fractionation and fot4C decay for the 2.7 Filter samples

time period between 1950 and the year of measurement.

It is important to keep in mind that the present reporfed The atmospheric samples used in this study were collected by

is higher than the fraction of non-fossif\F), becausefy high—volgme samplgrs on pr.ebaked quart z-fipre filters during
of atmospheric C@increased greatly due to atomic bomb various field campaigns, which are compll_eq in Ta.ble 1. After
tests in the 1950s and 1960s (Szidat et al., 2006; Levin et alfampll_ng, allfilters were wrapped in aluminium foils, packed
2010). The reportediy can be converted to the fraction of mﬁa}!r-tlght ;:I)olyethylene bags and stored-al8°C for later
non-fossil (fnr) by the following equation: Off-lin€ analyses.

__Jm
fNF—m (4)
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Table 2. Parameters (carrier gas, temperature set point and duration) of the4&Sysstocol compared to the EUSAAR modified NIOSH
and IMPROVE protocols.

This study EUSAAR2 Modified NIOSH IMPROVE
Swiss4S

Step GasT (°C),t(s) Gas[T (°C),t(s) GasT (°C),z(s) GasT (°C),t(s)

o 0218050 He, 200, 120 He, 310, 60 He, 120, 150-9580
Oy, 375, 150 He, 300, 150 He, 475, 60 He, 250, 150-580

S2 O, 47TH 120 - _ _

oy He 450,180 He, 450, 180 He, 615, 60 He, 450, 150-580
He, 65(, 180 He, 650, 180 He, 840, 90 He, 550, 150580
05, 500, 120 He/GC, 500, 120 He/GF, 550,35 G, 550, 150-580
0,, 760, 150 He/@, 550,120  Hel@, 850,105 @, 700, 150-580

S4 He/O,, 700, 70 Q, 800, 150-580

He/O,, 850, 80

2The temperatures in S2 in the Swi4S protocol are tested from 425-650 for optimisation.

b The temperatures in S3 in the Swi4S protocol are tested from 550—83D for optimisation.

€ 2% oxygen in helium.

d The residence time at each temperature in the IMPROVE protocol depends on when the detector signal returns to the
baseline to achieve well-defined carbon fractions.

3 Implementation of the thermo-optical OC/EC

. I Modified NIOSH, He, without water extraction
separation 12

I Swiss_4S, O,, without water extraction
Il Swiss_4S, O,, water extraction

3.1 Relevance of the charring-removing treatment 10+

Charred OC may not be removed totally before the split point
in conventional TOA methods (e.g. IMPROVE and NIOSH) 5
(Yu et al., 2002). As a consequence, the formation of EC- E
like material due to OC charring can lead to a large bias on =
the fi value of the EC fraction f(EC)), since the mod-
ern fractions of EC and OC can differ significantly (Szidat
et al., 2004b, 2009). Therefore, charring should be reduced
to a minimum for an optimised EC isolation f&fC anal- -
ysis. The suppression of charring is especially achieved by RAO GOTI1 GOT3 ZUR2 SOL
water-extraction treatment on the one hand and oxidative
treatment (i.e. combustion in pure;of the filters on the ~ Fi9- 3-Fraction of charred OC related to total H&{N chay during
other hand. The water-extraction treatment prior to the EC2Nalysis using different methods for five typical samples.
collection substantially reduces charring due to the removal
of WSOC as well as of some inorganic catalytic compounds
(Novakov and Corrigan, 1995; Mayol-Bracero et al., 2002; ter attenuation increases by 52-121 % during the He steps
Yu et al., 2002; Andreae and Geledcs2006; Piazzalunga et  of the NIOSH method, which indicates substantial formation
al., 2011). Furthermore, Cachier et al. (1989) and Lavanchyof charred OC. Charring is substantially reduced if analysing
et al. (1999) observed that charring is substantially smaller ifthe same filters with the SwiskS that uses an oxidative at-
pure oxygen is used for the OC step instead of helium. mosphere (pure £ before the EC step instead of an inert
With on-line monitoring of the optical properties of the atmosphere (i.e. NIOSH) to remove OC. Charring is fur-
filter during analysis, the relevance of using pure oxygenther reduced if analysis is carried out on water-extracted fil-
and water-extracted filters to avoid charring was assesseters. For all studied samples including winter/summer and
(Fig. 3). Five different sample filters were analysed with rural/urban samples, a charring-induced change of the ATN
the OC/EC analyser using three different methods (Table 2)is reduced to< 7 % of total EC if OC removal is performed
(1) a modified NIOSH protocol applied to untreated filters; under pure @ on water-extracted filters. Furthermore, OC
(2) the Swiss4S protocol applied to untreated filters; (3) the isolation in He gas appears inappropriate € analysis of
Swiss4S protocol applied to water-extracted filters. The fil- EC, because charring induces an excess of artificial EC. As

Atmos. Chem. Phys., 12, 10841:0856 2012 www.atmos-chem-phys.net/12/10841/2012/
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Fig. 4. Thermograms of a water-extracted aerosol sample (§@Land its water extract after dropped on a blank filfigy, using the
Swiss4S protocol (S2: 478C, S3: 650°C).

a consequence, the conventional TOA procedures based asite to isolate EC for*C measurement. Although it is not

OC removal in He (i.e. EUSAAR, IMPROVE and NIOSH)  guaranteed that the fractions interfering with EC, including

cannot be adapted directly to OC and EC separatiohor  charred carbon fractions and refractory OC, are negligible for

analysis, because it is not clear whether the artificial EC isall water-extracted samples, they are reduced to acceptable

totally removed before the split point or remains partially on levels with the SwisglS protocol. In conclusion, the optimal

the filter and afterwards evolves together with EC. method to isolate EC from TC fdf"C measurement should
The importance of the water-extraction treatment is alsobe based on removing OC in pure oxygen on water-extracted

underlined by the comparison of the thermograms of a typi-filters before thermal treatments.

cal aerosol filter and of its WSOC fraction loaded on a blank

filter (Fig. 4; for details of the protocol see Sect. 3.2.1). Char-3.2 The SwissAS protocol

ring is negligible if analysing the water-extracted aerosols . .

(Fig. 4a), most likely due to the fact that WSOC is suscep-3-2-1 Operational conditions

tible to charring (Yu et al., 2002). The carb_on released iNe TOA protocol Swiss!S used in this study employs pure
the S4 can consequently be regarded as native EC unaffect ; . )
> (except in S3) as carrier gas and sets the durations of

by charring and with approximately 75% EC yield. If the : . i
water-soluble portion of OC is subjected to the same ther_each temperature step in order to obtain well-resolved carbon

X X . . eaks with baseline separations (Table 2). The transmittance
mal analysis, substantial charring occurs during steps S1-S . . . . :
. . . - Signal is used for optical monitoring. The operational condi-
(Fig. 4b) and EC that should not be present is found, indi-. S ) . )
X tions were optimised to satisfy the following goals: (1) com-
cating that part of the charred OC cannot be removed be- lete decomposition of OC prior to EC collection, (2) ne
fore S4, and thus is misclassified as EC. Yu et al. (2002) al? P P ’ g

ready demonstrated that charring generated from WSOC igglble charring formation and (3) minimum premature EC

indistinguishable from the original aerosol EC and thus thateVOIUt'on'

. . The peak temperature in S1 is set to 3€5to allow
a fraction of WSOC and EC evolve at the same time. The P =mp
) . ; -OC removal with least premature EC losses. Although small
results confirm the water-extraction treatment is a prerequi- . .
amounts of refractory organic substances may still not be
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decomposed at this temperature, 3Z5is a good compro- 8.0
mise between the needs of high OC yields and avoiding Ecif 7ol TEEESTIEES? NI S3X)S4
pre-combustion~ 80 % of WINSOC is decomposed in this £
step. However, the attenuation decrease suggests 1-7% E%
removal during S1, which accounts for up to 3% uncertainty £
of fin of WINSOC. S2 and S3 are introduced in order to re-
move remaining refractory OC completely, with minimum
EC losses. OC often includes high-molecular-weight com-
pounds (e.g. humic-like substances, HULIS) with a thermal &
behaviour quite similar to the least refractory EC (Fermo et

h

arbon amount

al., 2006). lwatsuki et al. (1998) reported that it is necessary (2 T pmpenremsze 0

to reach a threshold temperature of 485under pure oxy-
gen for complete removal of these substances. In our expel "%

0.10

iment, the peak temperature in S2 is set to a value betwee | el o loas
425°C and 600°C (see Sect. 3.2.2) to remove mostofthe OC ~ ** \'\-\ '
remaining after S1 with minimum EC losses, thus preventing _ ..l — 006 3
OC from charring in the following steps. The duration is set % \-\ z
to 120 s to allow different chosen temperatures (from425 & o " 008 S
to 600°C) to stay close to the set value for about 20s. S3 v \

continues with OC removal in He and monitors the evolution  20% - \v . 10.02
of any residual OC before switching to the last step (S4). The \V\'\'\Y\ \

thermal parameters in S3 are similar to the last two He step:  ** —;5 230 45 500 555 550 575 600 650 0
in the conventional TOA protocols (i.e. EUSAAR see Ta- () Temperature in 82/°C
ble 2). For a limited number of samples, different peak S3 _
temperatures were also investigated (see Sect. 3.2.3). Lagt/d- 5- Carbon amounts released in each &@ndf ATNcharand
S4 is set to 766C for 150, S0 as to remove all the remain- £ Yi€ld in S4(b), as evaluated from analysing a typical water-
ing carbon on the filter. In the following expressiofig,(OC) extracted aerosol sample (ZUR1) by the Swiss protocol with
) ) J VIR different S2 temperatures.

and fiu (EC) represent the fraction of modern of the isolated
OC (i.e. S1) and EC (i.e. S4), respectively.
measurements of EC in terms of uncertainties and detection
limits.

Therefore, the extent of the bias'dC measurement of EC
(A fm(EC)) can be estimated as the sum of two contributions:

3.2.2 Influence of the S2 temperature on OC/EC
separation

S2 was optimised to remove OC as completely as possible

prior to EC collection together with maximum EC recovery A (fm (EC)) = A (fm (EC)1+A (fm (EO)), (6)
in S4. For this, the water-extracted filters were analysed with .
the peak S2 temperature varying from 425to 600°C with vyhere Afu(ECh referg to the bias o_nIy due to O.C char-
a fixed peak S3 temperature of 68D. Figure 5 illustrates ring and pre-combustion of EC, which are considered as

the carbon fractions released in each step as a function otpe most important faCtorS influencing EC. .measurement, and
peak temperatures in S2. During these analyses, the carb fm(EC), refers to the bias from the positive artefact due to

amounts measured in S1 was found to be reproducible, sugt- e residual OC mcludeq in EC step. .

gesting a high reproducibility of the water-extraction treat- Due to the aforgmentmned artefacts/in (ECh is depen-
ment and the stability of the instrument. At a higher tem- dent on the EC yield and on the percentage of charred car-
perature, more refractory OC and non-rEC are lost beforc—.pon (fATNchap) as well as on thefiy of the charred carbon

S4, while charring during the analysis is reduced from 6%(f"’I (char)) and of the isolated EC in S#{(EC)). As a re-

to ~0%. Thus, with a higher S2 temperature there is lessSults all above factors should be taken into account to calcu-

probability for residues of refractory and charred OC in the late A fu(EC), as in the below Eq. (7):

final fraction which minimises the bias from the positive arte- A ( fiy (EC)); =

fact (i.e. remaining OC) on th¢ of the EC recovered in fu (chap x FATN et fit (EC) x (ECyield)
S4. However, the EC yield decreases substantially with in- (fATN T(EC iela)) €5 _
creasing S2 temperature, which also distgitgEC), as this char y M
enhances the bias from the negative artefact (i.e. losses ok fu(EC) can be reduced to less than5% if the peak
wood-burning EC). Moreover, the higher S2 temperature theS2 temperature is higher than 48D, assuming that th&'C
lower the EC yield, which directly influences radiocarbon content of charred carbon is three times as much as that in

@)
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Fig. 6. Thermograms from the analysis of two water-extracted winter samplega&Hind MOL (b). The protocol used for analysis was
modified according to the SwiskS protocol (see in Table 2) with a fixed peak S2 temperature of@7but with different steps in S3 (He
mode): 450 C, 550°C, 650°C, 700°C, 750°C and 850°C, each of 180s.

EC (e.g.fm(charred OC}x=0.6, fm(EC)=0.2), whichisrea-  not completely evolve or pyrolyse at low inert-mode temper-
sonable as indicated below in Sect. 3.4. Consequently, aatures (Novakov and Corrigan, 1995), while the combustion
the most satisfying compromise between complete evolu-of some EC can be catalytically enhanced by the presence
tion of OC and a minimum EC pre-combustion before EC of mineral oxides at high inert-mode temperatures (Fung,
collection, 475 C is chosen as the peak S2 temperature in1990). In order to minimiseA f,(EC), (Eg. 6), we exam-
the Swiss4S protocol. With this S2 temperature, both char- ined the effect of the peak He temperature (i.e. S3) on the
ring and pre-combustion of EC are kept at acceptable levelscarbon amounts and théC content of isolated EC in S4
However, this temperature can be increased up to°625 (fm(EC)). The protocol used for analysis was modified ac-
order to guarantee complete OC removal before S4, whickcording to the SwisglS protocol (see Table 2) with a fixed
may become necessary for a few filters with high OC load-peak S2 temperature of 476, but with different intermedi-
ing. By analysis of such samples, we observed that EC yieldsite steps in S3 (He mode): 450, 550°C, 650°C, 700°C,

> 90 % after S2 and/of ATNchar> 10 % during the analy- 750°C and 850C, each of 180s. Figure 6a and b show
sis, increasing the risk of remaining OC in the EC step (i.e.two typical thermograms obtained by analysing two rural
S4). This risk can be much reduced by increasing the peakvinter samples (MOL and CHI, see Table 1) with consid-

S2 temperature from 47P& to maximum 525C. erable contributions from wood burning (Szidat et al., 2007).
The transmission signal remains quite stable from45@
3.2.3 Influence of the S3 temperature on OC/EC 550°C in S3 and begins increasing slightly when the temper-
separation ature reaches 65C. This shows that carbon evolving below

550°C is exclusively OC, without any untimely removal of
S3i ied out in helium t oc letely bef EC. The carbon evolved between 58Dto 650°C in S3 can
IS carried out in hefium 1o remove completely DEIOTe  oither pure EC or a combination of EC and remaining OC.

isolation and collection of EC during S4. Previous studies L TE
. ~Then, after temperature exceeds 7G0the transmission sig-
have demonstrated that the OC/EC split can be strongly in- perature ex o0 ISSIon i

; nals increases rapidly, indicating substantial premature EC
fluenced by the peak temperature step in He mode (Conny & | : .
) . This ph ly f for th
al., 2003). Some certain types of OC such as wood smoke dotemova is phenomenon is not only found for these two
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samples, but also in many other winter samples with large 14 : 1.0
wood-burning contributions (data not shown here). The ECZ .| :f‘fE‘gd
evolving in He during high temperature steps can be eithei 7 !

native EC or charred carbon, or a combination of them (Sub-% *¢
ramanian et al., 2006). However, as the charring is negligible 3 04
in our method, the transmittance increasing in S3 can onlyg ¢,
be explained by premature EC losses. Indeed, EC may bZ 00
catalytically removed by mineral oxides under inert gas con- 550 650 700 550 650 700

I EC yield
= f(EC)

JM(EC) and EC yield
=
-

ditions even at lower high temperature (Fung, 1990; Wang e Temperature in S3°C () TemperatureinS3FC

al., 2010). In the Swis4S protocol, more metal oxides may 1o B EC yicld 06 “msoL

form upon heating in the presence of pure oxygen in S1 ancg, 08 _=EO) 03 [ g Mo ..

S2, which may enhance the premature EC lossesin S3. & os 7
The EC optical yield at 658C is about 45% and 20% % ,, ST

higher than at 850C and 700C, respectively. As a result, S e

lowering the peak S3 temperature below 85&an improve = 02 0.1~

the EC recovery substantially by avoiding premature EC ™ 00 S50 650 700 0 (A 0 0 0

losses, and thu¥'C results obtained from collected EC in () Temperature in $3/°C (d EC yield

S4 could represent the entire EC better. However, the lower

the peak S3 temperature, the higher the possibilities that OE1g- 7- Influence of S3 temperatures in the SwiS protocol on

might not totally be removed before S4, so the complete Oclfgr:'g:gsa"‘r‘]g? fsr_zcg??hzf m;tgf:: f’r‘;gggve.rﬁifga'r:jgs@%l

removal at a low peak S3 temperature needs to be confirmed, ys! water-ex win ;

To evaluate a possible bias due to different peak S3 temper%/—igé‘sﬁz))'and CHI(c) andfm (EC) as a function of different EC
tures, samples were analysed by the SwiiSsrotocol with

a fixed maximum S2 temperature of 4%, but with dif-

ferent peak S3 (He mo&e) temperatures of 850650°C  ainty (< 5%) in fiu(EC). Therefore, 656C is selected as
and 700°C. Additionally,*C measurements of the GOO0l- e peak temperature in S3, the same as the maximum He
lected during S4 are also carried out for the samples SOLiemperature in the EUSAAR protocol, which assures that
MOL and CHI. As illustrated in Fig. 7/m(EC) and EC  the pias offy (EC) due to the positive artefact (i.e. the resid-
yields decrease by-15% and~10% respectively, when 5| oC slipping into the EC step) is minimised (less than
the peak S3 temperature increases from ¥5@0 650°C. 54 with a maximum EC yield. However, this temperature
This result implies that a fraction of OC may evolve even may be decreased down to 58D for filters, which show
after S3 with too low a peak S3 temperature (i.e. 85)  gypstantial EC losses in S3, e.g. due to premature EC evo-
and is erroneously collected together with native EC in S4,tion caused by catalytic oxidation in the presence of min-
which leads to a positive bias ¢ (EC). Recent_ly, Cavalliet gral dust (Fung, 1990; Wang et al., 2010). For such sam-
al. (2010) also observed that OC can evolve into HS@P  ples we suggest that EC yields should not be lower than
with a peak He temperature of 550 such as IMPROVE, 609, which may be avoided by decreasing the S3 tem-
thus potentially Qve_restlmatlng EC. However, when the peakperature from 650C to minimum 550°C. In general, the EC

S3 temperature is increased from 680to 700°C, fm(EC)  recovery amounts to maximum 70-90 % in this work, so that

does not decrease significantly, while an obviou26%)  the source apportionment of the entire EC is still not quanti-
EC yield decrease occurs, corresponding~t6 % uncer-  i5iive if only EC in S4 is considered.

tainty on the attribution of EC to non-fossil sources. Sup-

posing that thefy1(EC) measured at a peak S3 temperature3.2.4 Comparison of TC, OC and EC concentrations

of 700°C represents the “truein(EC) value, the bias of from Swiss 4S with EUSAAR 2

MM(EC) (Afm(EC)) (Eq. 6, in Sect. 3.2.2) at a peak S3 tem-

perature of 550C and 650C imply ~25% and~5% con- A few particulate matter samples were also analysed by the
taminations to EC, respectively, resulting from OC remaining protocol EUSAAR?2 to perform a first comparison with the
after S3. However, the high&fC values of EC obtained with  present protocol Swis4S results on TC, OC and EC concen-

a lower peak S3 temperature (i.e. 38Dand 650C) could  trations. All filters were water-extracted before their OC/EC
also stem from a better recovery of the biomass-burning ECdeterminations. The EC amounts measured by the S48ss

In these circumstances, 25 % and~ 5 % may be the upper protocol was corrected to 100 % EC yield, and OC was de-
limits for OC contamination in native EC at peak S3 tempera-termined by subtraction of the corrected EC from TC. In
tures of 550 C and 650 C, respectively. The results demon- general, Fig. 8a, b and ¢ show a very good agreement be-
strate that the carbon evolving between 660and 700C tween both protocols for all fractions, which suggests that
during S3 is almost exclusively native EC with a maximum the Swiss4S protocol provide reliable concentrations of OC
59% OC contamination, corresponding to an accepted uncerand EC. Piazzalunga et al. (2011) also demonstrated that the
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Fig. 8. Comparisons between the SwikS and EUSAAR?2 proto-
cols for the analysis of T@a), OC (b) and EC(c) for the water-
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extracted aerosol samples.
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ference of the corresponding, (OC). Concerning EC, the
premature losses of EC during the OC removal before col-
lecting CQ increase with increasing peak S2 temperatures
in the Swiss4S protocol and the oven temperatures used in
the previous THEODORE method (Fig. 9). For both meth-
ods, the decrease ifiu(EC) is linearly associated with the
decreasing EC yields. This confirms that non-fossil EC is
less refractory than fossil EC, suggesting that the recovered
EC cannot fully represent the total EC. Figure 9 also reveals
that both methods underestimate the wood-burning contribu-
tion, unless the complete EC fraction is taken into account
for source apportionment and that the bias increases with de-
creasing EC recoveries. For this sample (GOT2), a range of
~35% to~90% EC vyield leads to a difference 6f0.15

for fm(EC). fm of the total EC is estimated by linear extrap-
olation to 100 % EC vyields as 0.220.01 and 0.190.02

(1o uncertainties) for the Swis4S and the THEODORE
methods, respectively. It is speculated that the different fossil
and non-fossil contributions in EC may result in a continuum
from thermally refractory near-elemental EC to thermally re-
active or non-refractory EC.

However, f\ (EC) has not been found to decrease signif-
icantly with decreasing EC yields when the different peak
S3 (He mode) temperature increases from 8500 700°C
(Fig. 7). This most likely arises from the more rigorous OC
removing treatments in an oxidative atmosphere (i.e. S2 in
Swiss4S and oven in THEODORE method) compared to an
inert atmosphere (i.e. S3 in Swids), which may enhance
the different behaviour of wood-burning EC compared to fos-
sil EC and favour its untimely removal.

3.4 The optimal strategy of radiocarbon-based source
apportionment of carbonaceous aerosols

3.4.1 Considerations of total EC

According to the separation scheme shown in Fig. 2, different
carbon fractions of two aerosol samples (GOT2 and GOT3)
were isolated fot“C determination using the SwigkS pro-
tocol. As illustrated in Fig. 10:*C measurements of the indi-

removal of water-soluble compounds from the filter is effec- vidual different carbon fractions (i.e. OC, EC, WINSOC and
tive in reducing the differences between different protocols.wSOC) may provide more comprehensive and refined infor-

A more rigorous comparison on a larger number of samplesnation for source apportionment of carbonaceous aerosols.
is currently in progress at our laboratory.

3.3 Comparison of!4C results using the SwissAS
protocol and the THEODORE method

The distinction between WSOC and WINSOC shows a sig-
nificantly higher fossil contribution for the water-insoluble

fraction. WSOC is nearly on the contemporary level, sug-
gesting that secondary organic aerosol (SOA) is mainly
formed from biogenic VOCs in the studied area, as WSOC

A comparison of the Swisd4S protocol and the THEODORE aerosol is thought to be a good proxy for SOA (Weber et

method was performed for a few selected filters from theal., 2007; Jimenez et al., 2009). Consequently, OC should be
Goteborg 2005/2006 campaign (Szidat et al., 2009). For bottseparated into WSOC and WINSOC fractions to better un-

methods, OC and EC were recovered on original and waterderstand its sources.

extracted filters, respectively. The OC concentrations show Moreover, the experiments above demonstrate the lower

differences between both methods withinl5 % without

refractivity of wood-burning EC compared to fossil EC

any trend (Table 3). Nevertheless, there is no significant dif-and the difficulty of clearly isolating EC without premature

www.atmos-chem-phys.net/12/10841/2012/
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Table 3. Comparisons of the carbon masseg@C)) and fraction of modern of OCf{;(OC)) obtained with the present thermal-optical

method (SwisgtS) and thermal method (THEODORE).

Sample Swis#lS THEODORE
m©C)pgem®  fu(OC)  m(OC)pgemr?  fia(OC)
GOT1 13.7+0.4 0.74+-0.02 15.40.4 0.74+-0.02
GOT2 61.6:1.3 0.64+-0.01 54.8:1.5 0.67+0.02
GOT3 19.4£0.4 0.72+£0.01 19.6:0.5 0.73+0.01
Table 4.EC yield and fraction of moderry{,) of the refractory EC 0.40
(rEC), non-refractory EC (non-rEC) and total EC (tEC). *SWISS 45 + THEODORE
0.30
Sample  f(fEEC?  fu(non-rECY  Aq(ECP  ECyield = 0 P N
rECHEC = y=10.33x-0.073 500°C
Z R =0.99 ss0°c B80°C
GOT2  0.17+0.01  0.230.07 0.18:-0.04 0.80t0.06 0.10 g
GOT3 0.18:0.01 0.27:0.08 0.12:0.04 0.76:0.06 > 390°C v=0.29x-0.068
soL 0.33:0.01  0.42:0.06  0.35:0.06 0.74-0.05 0.00 400°C R=0.93
ZUR3 0.28+0.01 0.58+0.06 0.35:0.06 0.7A40.05
MAG 0.38+0.01 0.56+0.07 0.42:-0.04 0.80+0.05 -0.10 . : ! .
BER  0.22£0.01 0.35:0.06 0.24:0.04 0.85:0.04 0.00 0.20 040 060 0.80 1.00
SIS 0.30£0.01  0.36:0.06  0.31:0.06 0.82:0.05 EC pied

Fig. 9.f M (EC) in S4 as a function of EC yield obtained by analysing
the sample GOT2 with the SwigkS protocol and the previously
used THEODORE method with different peak S2 temperatures and
the oven temperatures, respectively. Shading indicates the confiden-
tial interval of the linear extrapolation withirnl

evolution of EC. For an optimafC-based source apportion-
ment of carbonaceous aerosols, and particularly of EC, the
whole amount of EC has to be taken into account to quanto the corresponding 100% EC vyield (Fig. 9). Although
tify its fossil vs. non-fossil contributions. Indeed, total EC the deviations of thé*C determinations of rEC and tEC
(tEC) consists not only of rEC recovered in S4, but also ofare not statistically significant for the individual samples,
non-rEC evolved in S2 and S3. Therefore, not only the char+igs. 9, 10 and Table 4 suggest a general trend towards an
acteristic of the rEC in S4, but also that of non-rEC evolv- underestimation of EC from wood and/or biomass burning
ing during S2 and S3 should be investigated. As shown infor both methods. As shown above, this trend strongly
Figs. 2 and 10, the most refractory WINSOC and non-rEC,depends on the EC recovery and, moreover, probably on the
which are volatilized simultaneously due to their overlap- sample types. Therefore, refractory WINSOC and non-rEC
ping thermal properties, can also be recovered4@ranal-  (S2 and S3), as well as OC (S1) and rEC (S4), should also
ysis. To estimate th&'C content of non-rEC from this mix- be isolated with the SwiséS protocol for subsequeftC
ture, we determined OC and EC filter concentrations usingneasurements, at least for a few selected samples from a
the EUSAARZ2 protocol and assumed that the refractory dedicated campaign, in order to get a comprehensive picture
WINSOC has the sam¥C value (within 5% uncertainty) of the fossil and contemporary sources of carbonaceous
as the WINSOC from S1. aerosols (see Fig. 10). As for the solely thermal methods (i.e.
Following this isotope-mass balancefy(non-rEC) the THEODORE method), thé, value of total EC may be
amounts to 0.23 0.07 and 0.274 0.08 for the GOT2 and derived from measurements g¢fy(EC) for different oven
GOT3 samples, respectively. This+s30 % higher than the temperatures and the extrapolation to 100 % EC vyield for
fm(rEC) measured from S4 (0.1#70.01 and 0.18& 0.01, selected samples similar to Fig. 9 (see Fig. S1). Moreover,
respectively). Correspondingly, fu(tEC) amounts to we recommend that*C results of EC should in general be
0.184+0.04 and 0.19-0.04, respectively for these two reported together with the EC recovery, because the recov-
samples, which is~6% higher than the corresponding ered EC may not fully represent the total EC. This procedure
fm(rEC). Similar results are also found for the other samplesalso avoids possible discrepancies between temperatures as
shown in Table 4. Moreover, for the GOT2 sample analyseddisplayed by the oven from actual temperatures on the filter.
with the Swiss4S protocol and the THEODORE method, In the Supplement (Figs. S1, S2, Table S1 and Sect. S1), we
the fum(tEC) values from the isotope-mass balance arecompile EC yields offy(EC) determinations from earlier
consistent, within uncertainties, with the extrapolations studies (Szidat et al., 2004b, 2006, 2007, 2009; Sandradewi

arEC: refractory EC as the isolated EC during S4 in the SwBgrotocol
b non-rEC: non-refractory EC as the EC fractions in S2 and S3 in the Si@igwotocol
CtEC: total EC=rEC+ non-rEC
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imise OC charring, untimely removal of EC and the potential
positive artefacts leading to co-evolution of EC with resid-
ual OC, the SwisglS protocol has been developed by opti-
mising thermal-optical conditions, in particular the heating
program and the choice of the carrier gas. This optimised
Swiss4S protocol involves the following consecutive four
steps: (1) S1 in @at 375°C for isolation of OC (untreated
filters) or WINSOC (water-extracted filters) without prema-
ture EC evolution; (2) S2 in @at 475°C followed by (3) S3

in He at 65C°C, the same as the peak temperature in the EU-

0.15] WsoC SAAR_2 protocol; and (4) S4 in ©at 760°C for recovering
{ B RWINSOC the remaining EC. For few special samples, these parameters
e @» "honrefrastory EC | May need to be optimised: the S2 peak temperature may be
mRefractory EC increased up to 528C for filters with high OC loading in or-
0.56 Refractory WINSOC der to make sure that OC is removed completely before S4,

=Non-refractory EC the S3 peak temperature may be decreased down t&G50
for samples with an extraordinary mineral-dust contribution
in order to prevent too large EC losses before S4. It is note-
Fig. 10. Composition of different carbonaceous particle fractions worthy that the water-extraction treatment prior to any ther-
(pies) andfy values (numbers) in &eborg for winter (GOT2fa)  mal treatment is an essential prerequisite for EC isolation and
and summer (GOT3p). its subsequent radiocarbon analysis, as this substantially re-
duces charring by removal of water-soluble organic and inor-
) ) ganic compounds. Otherwise the non-fossil contribution due
et' aI.,.2,008a, b; Aiken et al., 2009; HOdZ'C_ et aI.., 2910; to the positive bias from charring could be potentially over-
Minguillon et al., 2011; Perron et al., 2010) with estimations estimated. A good agreement on OC and EC concentrations

of fw values of total EC (w(tEC)) by extrapolation 10 paq peen found between the SwitS and the EUSAAR
100 % EC yield. Overall, fossil EC could be overestimated protocols applied to some water-extracted samples.

by 5-70% with an average of 3015 % (Table S1) if only The 14C analysis of isolated OC from S1 and EC from
reEC was taken.lntt') account to quantify relative fossil and S4 using the SwisdS protocol concerns-80% of total
non-fossil contributions of EC. OC and total EC, which already gives a good indication
of the OC and EC sources. However, the full information
about all the emissions cannot be basedt® analysis of

For 4C measurement of OC, untreated filters were analyse®C @nd EC only. On the one hand, OC should be separated
with the Swiss4S protocol and the Cevolving from S1 into WSOC and WINSOC fraptlons to bette.r understan_d |t_s_
(accounting for 75- 85 % of total OC) was recovered. The SOUTCES, because. the wgter_-lnsoluble fraction has a signifi-
unrecovered OC can correspond to charred OC formed dui€@ntly higher fossil contribution. On the other hand, due to
ing S1 and to refractory OC which cannot be released unih€ lower refractivity of biomass-burning EC compared to
der S1 temperature (378). Using the isotope-mass bal- fossil EC,th_e former fraction partially co-evolve with r_efrac-
ance (total OC= WSOC -+ non-refractory WINSOGt re- 1oy OC during thermal treatment. TherefolC analysis of
fractory WINSOC), thefy values of total OC are calcu- EC in S4 alone may underestimate the wood-burning contri-

lated to be 0.86 0.02 and 0.74- 0.02 for samples MOL and bution, and thus a simplified technique of complete EC iso-

GOT3, respectively. These values are consistent with the vallation for *4C analysis is not optimal. Consequently, the best
ues measured from OC isolated in S1. i.e. GSR01 and  Strategy for radiocarbon-based source apportionment of car-

0.724 0.01, respectively. This suggests that charring and un_bonaceous aerosols involves a subdivision of TC into carbon

evolved refractory OC during S1 do not alter H€ signa- fractions of diff4erent chemical and physical properties. To
tures of the total OC significantly. However, this should be Petter perform*“C-based source apportionment of carbona-

evaluated carefully for each sample, particularly if the load- CE0US @€rosols, the Swigs protocol is implemented to de-

. 14 . B
ing of OC is too low or the amount of charred OC is too high. {ermine the"C content not only in OC and rEC fractions
but also WINSOC as well as a continuum of refractory OC

and non-rEC. In addition, WSOC can be determined by sub-
traction of the water-soluble fraction of TC from untreated
TC. For the solely thermal methods (i.e. the THEODORE
A detailed study has been performed to establish a newnethod), thefyy value of total EC can be derived from mea-
thermal-optical protocol to isolate the carbon fractions of surements off\y (EC) for different oven temperatures dura-
interest (i.e. OC and EC) fol*C measurement. To min- tions and the extrapolation to 100 % EC yield for selected

(b)

3.4.2 Mass closure for OC

4 Conclusions
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samples. Moreover, we recommend tA4E results of EC atmospheric organic and elemental carbon: the EUSAAR proto-
should in general be reported together with the EC yield. col, Atmos. Meas. Tech., 3, 79-880i:10.5194/amt-3-79-2010
2010.
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