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Abstract. Accurate measurement of black carbon (BC) massl Introduction

concentrations in snow and ice is crucial for the assessment

of climatic impacts. However, it is difficult to compare meth- Black carbon (BC) only enters the atmosphere as a primary
ods used to assess BC levels in the literature as they are neimission and mainly originates from incomplete combus-
the same. The single particle soot photometer (SP2) methotion of biomass and fossil fuels. BC is the subject of in-
appears to be one of the most suitable to measure low corereasing attention as it strongly absorbs visible light and
centrations of BC in snow and ice. In this paper, we evalu-thereby affects the earth’s radiative budget (Bond et al., 2013;
ated a method for the quantification of refractory BC (rBC) Jacobson, 2001). BC particles are ubiquitous in the atmo-
in snow and ice samples coupling the SP2 with the APEX-Qsphere. Their relatively long residence time in the atmo-
nebulizer. The paper reviews all the steps of rBC determinasphere (up to 10 days; Bond et al., 2013, and references
tion, including SP2 calibration, correction for rBC particle therein) allows for efficient transport over long distances
aerosolization efficiency (78 7 % using the APEX-Q neb- once emitted above the boundary layer, as, for example, at
ulizer), and treatment of the samples. In addition, we com-high-altitude or high-latitude sites in the Northern Hemi-
pare the SP2 method and the thermal—optical method — Surephere, where they are deposited with snow precipitation and
set organic carbon (OC)/ elemental carbon (EC) aerosol anaan the surface of the snow. The deposited BC darkens the sur-
lyzer with EUSAAR?2 protocol — using snow and firn samples face of the snow and ice and can modify the local radiative
with different characteristics from the Greenland Summit, balance with potentially larger scale consequences for cli-
the French Alps, the Caucasus, and the Himalayas. Carefuhate (Doherty et al., 2010; Flanner et al., 2007; Painter et al.,
investigation was undertaken of analytical artifacts that po-2013). The absolute rate of snow albedo reduction by BC and
tentially affect both methods. The SP2-based rBC quantifi-other absorbing particles is not particularly high, but it is of
cation may be underestimated when the SP2 detection rangsoncern because even slight changes in solar absorption can
does not cover correctly the existing size distribution of theaccelerate snowmelt (Clarke and Noone, 1985; Hansen and
sample. Thermal-optical EC measurements can be undereBlazarenko, 2004; Warren, 1984). Hence, BC deposited on
timated by low filtration efficiency of quartz fiber filter be- snow surfaces has been identified as a significant contribut-
fore analysis or dust properties (concentration and type), anéhg factor that may increase snowmelt over the Himalaya
overestimated by pyrolyzed OC artifacts during EC analysis.and the Tibetan Plateau (Flanner et al., 2007; Ginot et al.,
These results underline the need for careful assessment of tf&914; Xu et al., 2009), although the exact impact has not yet
analytical technique and procedure for correct data interprebeen precisely quantified. The BC deposited in snow is also
tation. an important indicator in ice-core studies (e.g., McConnell
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et al., 2007) as it provides information on the variability of decade, several inter-laboratory studies reported that method
combustion processes due to both natural and anthropogeninter-comparison can yield ambient EC estimates that differ
activities. Since multi-year observations of atmospheric BCby up to 1 order of magnitude (Ten Brink et al., 2004; Schmid
concentrations are rare, long-term BC trends derived fromet al., 2001; Viana et al., 2007).
ice-core studies are extremely useful in identifying possible These differences appear despite good precision of indi-
changes in its sources of emissions. vidual laboratory analyses and are mainly attributed to or-
The term “black carbon” is often used without a clear def- ganics that pyrolize during thermal analysis (Chow et al.,
inition of its meaning (Petzold et al., 2013). It is now gener- 2001; Schmid et al., 2001; Cavalli et al., 2010). The am-
ally agreed that, when determined by thermal—optical meth-bient eBC, provided by optical measurements, can only be
ods using its chemical composition and carbon content, BGcompared with EC (e.g., within a factor of 2 or less) when
should be called “elemental carbon” (EC). Thermal methodsproper MAC values are used, and the values depend on the
have been widely used to quantify EC mass concentrations iphysical-chemical characteristics of the BC particles (Chow
snow and ice in the Arctic (Aamaas et al., 2011; Hagler et al.,et al., 2009; Laborde et al., 2012b). Otherwise, eBC/EC ra-
2007), the European Alps (Legrand et al., 2007; Thevenon etios can easily vary by more than a factor of 3 (Jeong et al.,
al., 2009), and the Himalayas (Ming et al., 2008, 2009), as2004). The main factors responsible for the high variabil-
well as in the atmosphere, and the EC values obtained usingy of eBC/ EC ratios are the amount of organics (e.g., re-
these methods have been termed “BC” in many studies. Optifractory or water-soluble organic carbon) and dust, as well
cal methods are also widely used for monitoring ambient BC.as the relative humidity of sampled air (Jeong et al., 2004;
BC measured using optical methods should be called “equivYang et al., 2006). BC yields from the SP2 and several op-
alent BC” (eBC) since its mass concentration is indirectly de-tical instruments were compared by Slowik et al. (2007) us-
termined by applying a mass absorption cross-section (MAC)ng laboratory-generated airbone BC particles. The measure-
of BC (Petzold et al., 2013). A few measurements have beements provided by the optical methods wer®&5 % higher
performed on Arctic and European Alpine ice-core samplesdepending on particle morphology and coating materials,
with such optical methods (Doherty et al., 2010; Lavanchy etwhereas the SP2 output was independent of these particle
al., 1999). Recently, an incandescence method using a singleharacteristics. Another recent finding reported a small posi-
particle soot photometer (SP2, Droplet Measurement Techtive offset associated with dust content for the SP2 measure-
nologies, Boulder, Colorado) was used to measure refractorynent, but which was much smaller than the positive arti-
BC (rBC) inice cores (Bisiaux et al., 2012a, b; Kaspari et al., fact of the optical measurement (Schwarz et al., 2012). An
2011; Jenkins et al., 2013; McConnell et al., 2007; Sterle efnter-comparison study between an SP2 and a filter-based
al., 2013). This technique is nearly independent of the mor-absorption photometer continuous soot monitoring system
phology of BC and of the presence of other materials, sucHCOSMOS, using a heated inlet) revealed the good agree-
as light-absorbing organics. Its high sensitivity, compared toment within 10 % on average from measured BC concentra-
other techniques, makes it particularly suitable for measuretions in Tokyo (Kondo et al., 2011). Recently, another inter-
ments in snow and ice-core samples from remote areas whei@mparison study between a thermal-optical method, an op-
BC concentrations are often low and the volume of the samtical method, and an SP2-based analysis using a standard
ple is limited. However, the use of the SP2 technique for rBCBC aerosol (airborne combustion aerosol standard, CAST
measurements in snow and ice is not currently performed irsoot, whose mass size distribution was within the detection
the same way in the different studies and still raises manyrange of the SP2) showed that measured rBC, EC, and esti-
questions, ranging from the definition of calibration material mated eBC mass concentrations were comparablelf%
to the process of aerosolization of rBC particles in melted(Laborde et al., 2012b). However, the detailed parameters in-
snow and ice (Schwarz et al., 2012). Appropriate treatmentwolved in the determination of BC particles in those analyses
of the samples is also required for accurate rBC analysis tare still not fully understood. This should encourage further
minimize potential losses of rBC particles. Such losses occuinter-comparison exercises. Such studies are even scarcer for
as rBC particles easily adhere to the walls of the containesnow or ice analyses. Only one inter-comparison study by
due to their hydrophobic nature, and tend to form agglomer-Schwarz et al. (2012) between SP2 measurements and an
ations with each other and/or with other particles including optical method used snow sampled in semi-rural and rural
dust (Schwarz et al., 2012; Wang et al., 2012). areas. Given that rural and alpine aerosol samples exhibit
Many laboratory studies have reported that results of meaeven higher variances than urban aerosol samples in EC con-
surements of environmental carbonaceous particles depenzkntrations between analytical methods and laboratories, it
not only on their source, the combustion process and mixings crucial to examine similarity and difference in BC parti-
state, but also on the analytical techniques and experimereles in a variety of snow and ice samples according to differ-
tal procedures used (Countess, 1990; Schmid et al., 2001pnt analytical methods. Furthermore, SP2 measurements and
A recent review by Lack et al. (2014) describes the currentthermal—optical methods used to qualify rBC or EC in snow
state of BC measurement instrumentation, including the lim-and ice have never been carefully compared, despite the ob-
itations and uncertainties of available techniques. In the passerved discrepancy between rBC and EC concentrations even
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at the same Himalayan glacier site (e.g., Kaspari et al., 2011between the measured mobility diameter and the effective
Ming et al., 2008). The different terminology used in the dif- density of standard materials (Gysel et al., 2011; Moteki and
ferent studies also contributes to some confusion and makekondo, 2010). SP2 counts were validated by parallel mea-
the comparison of studies somewhat difficult (Petzold et al.,surements with a condensation particle counter (CPC). The
2013). number of concentrations obtained with both instruments
In this paper, we describe and evaluate a methodology fomgreed within 10 % in the calibration range.
rBC measurements in snow and firn samples using an SP2 Fullerene soot with an rBC mass ranging frenD.2 to
technique that includes calibrating the SP2 with the most70fg, corresponding te- 60 to 420 nm MED, was used for
appropriate BC standard, building the coupling of nebulizercalibration of the SP2. The lower and upper limit of mea-
and SP2, and evaluating snow-sample treatment methods. Wairements for real rBC mass in actual samples was therefore
compared the results of using this method with results us~ 60-620 nm MED by extrapolating the data with a spline
ing a thermal—-optical method, Sunset @QEC aerosol an- fit. The calibration size range generally cover80—90 % of
alyzer with the EUSAAR2 (European Supersites for Atmo- observed rBC mass in the SP2 detection range for the snow
spheric Aerosol Research) protocol of Cavalli et al. (2010)and firn samples tested (Sect. 2.4). Particles heavier than
using snow and firn samples from different locations. ~ 220fg (corresponding te- 620 nm MED in rBC diame-
ter) were detected by the SP2 but treated as if they had a BC

) mass of~ 220 fg due to the saturation of the/B convert-
2 Experimental ers of the detectors. Note that the value 220 fg corresponds
to a fullerene calibration, and the determined rBC mass and
size at this saturation point might differ slightly depending
on the calibration materials/curves. For ease of reading, data
collected at this saturation point are not presented in figures.

The SP2 uses a laser-induced incandescence method to mea-Calibration was performed regularly, specifically when the
sure the mass of individual rBC particles (Schwarz et al.,.SP2 was moved, and calibration curves (for the high-gain
2006; Stephens et al., 2003) independently of particle moroutput of the broadband incandescence channel) are repro-

phology or of light scattering coating materials (Cross etducible within 4.5% for fullerene soot. We used s_ignals
al., 2010; Moteki and Kondo, 2010; Slowik et al., 2007). from the broadband detector for rBC particle detection, as

Individual rBC particles pass through the intra-cavity Iaserit showed less noise and more stable calibration curves than

beam of a 1064nm Nd YAG laser. The rBC particle ab- the narrowband detector.

sorbs light, reaches its vaporization temperatur&700 to ) )

4300K) and incandesces. The mass of individual rBC par-2-2 SP2 and nebulizer coupling for snow

ticle is proportional to its incandescence signal, as detected ~ @nd ice samples

by two photomultiplier tube (PMT) detectors with broadband ]

and narrowband detection capabilities, respectively. The paroupled to a nebulizer, the SP2 can be used to measure rBC
ticle diameter is determined as a mass-equivalent diametdP'@SS concentration in liquid-phase samples. Different types
(MED) by assuming spherical morphology and an rBC par_of_nebuhzmg techniques have been used for ice-core ar_wal-
ticle density of 1.8 g cm3 (Moteki and Kondo, 2010). In ad-  YSIS: The SP2 has been coup_led to an ultrasonic nebulizer
dition, an avalanche photodiode measures number conced5000AT, CETAC Technologies, Omaha, NE, USA) for
trations and optical sizes{(100-400 nm) of the laser light rBC measurements of ice cores from Greenland (McConnell

scattered by individual particles. In our case, SP2 data wer&t @, 2007), Himalaya (Kaspari et al., 2011), and Antarc-
processed with the SP2 measurement toolkit developed b%)ca (Bisiaux et al., 2012a, b), and for analysis of rain water

M. Gysel at the Paul Scherrer Institute (PSI, Switzerland;(Ohata et al., 2011, 2013). Similarly to Wendl et al. (2014),
http://aerosolsoftware.web.psi.gh/ we introduce a jet nebulizer (APEX-Q, Elemental Scientific

Inc., Omaha, NE, USA) to aerosolize the aqueous samples
2.1.2 Calibration of the SP2 for SP2 analysis. This section describes the coupling between
SP2 and APEX-Q, as well as a comparison between APEX-
The SP2 was calibrated by analyzing mass-selected fulleren® and U5000AT nebulizers.
soot (Alfa Aesar Inc., USA). Recent studies reported the
similarity between the physical properties of fullerene soot2.2.1 Nebulizer configurations
and ambient rBC for urban areas in Switzerland and Tokyo
(Laborde et al., 2012a; Moteki and Kondo, 2010). The sizesSelf-aspiration by a flow of compressed air of 1 L mirin-
of fullerene soot were selected by their electrical mobility troduces the liquid sample in the APEX-Q nebulizer. Wa-
diameter Dmop) before entering the SP2 inlet by a differen- ter droplets are then formed by the difference in pressure
tial mobility analyzer (DMA). The mass of mono-dispersed through a capillary of a concentric glass nebulizer. Particles
particles was empirically calculated using the relationshipare spun in the heated cyclonic spray chamber and liquid

2.1 Single particle soot photometer

2.1.1 Principle of the SP2
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is desolvated in several heating (140) and cooling (2C) numbers of PSL solutions to levels similar to those ob-
steps, finally producing aerosols. The details of the US000ATserved for rBC samples of concentrations ranging from 10
geometry and performance are described in previous studie® 100 ugL-1. The number concentrations of the PSL so-
(e.g., Ohata et al., 2011; Zanatta, 2012). The liquid sampldutions reported by the manufacturer were used to estimate
flow rate is 70+ 10 uL mirr ! for the APEX-Q, and the sam- the original number concentrations of the PSL solutions be-
ple at 1.1 mL min! is delivered by a peristaltic pump for the fore entering the APEX-Q, and the aerosolized particle num-
US000AT nebulizer, operated with a compressed air flow ofber concentrations of the diluted PSL solutions were mea-
0.5Lmin™L. In this study, compressed air flows required for sured by the SP2. For these SP2 measurements, we used
operation of both APEX-Q and U5000AT nebulizers were the specific channel for detection of scattering particles. A
regulated using mass flow controllers. Liquid flow was mon- size-independent aerosolization efficiency of472% was
itored by a liquid mass flow meter (ASL 1600 series, Sen-determined for the APEX-Q nebulizer for PSL sizes rang-
sirion, Switzerland) for APEX-Q, and calculated using the ing from 150 to 600 nm (Fig. S1 in the Supplement). This

peristaltic pump speed for US000AT. result is consistent with the study of Wendl et al. (2014),
which reports a size-independent aerosolization of over a
2.2.2 BC standard solutions 100-1000 nm range for the APEX-Q.

Our PSL-based results suggest that the APEX-Q/SP2 sys-
We used AQ (Aquaddy Acheson Inc., USA), an aqueous- tem preserves the rBC size information when measuring
based colloidal dispersion of ultra-fine graphite, to prepareliquid samples. Contrarily, previous studies reported size-
rBC standard solutions. AQ solid content provided by the dependent aerosolization capability for the US000AT nebu-
manufacturer is 22 %, but it slowly dries out. The solid con- lizer (Ohata et al., 2013; Schwarz et al., 2012; Wendl et al.,
tent of our AQ increased to 28 % after being used over 22014). The efficiency of the US000AT for aerosolizing PSLs
years. was observed to suddenly drop at 500 nm (Ohata et al., 2013;

The BC content of AQ was evaluated with the SunsetSchwarz et al., 2012) or gradually decrease from 200 hm to-
OC/EC analyzer (Sect. 2.3). 10 ug (dry mass) of AQ wereward larger sizes (Wendl et al., 2014).We did not characterize
dissolved in 50 pL ultrapure water and loaded on quartz fibethe US000AT nebulizer with PSLs in this study, but we ob-
filters (1.5cn%, n = 7). We did not actively pump through served a larger rBC mass-median diameter (MMD) for the
the filters to avoid rBC losses by water penetration. Analy-liquid removed during first drainage of the US000AT when
sis of these filters using the Sunset instrument indicated thatompared to the original sample, confirming a decrease in
EC makes up~ 87 % of the total mass of AQ, and this value aerosolization efficiency for larger particles.
was later used when preparing AQ standard solutions for SP2
external calibration (see Sect. 2.2.4). In contrast, 100% of2-2.4 Aerosolization efficiency determined by
gravimetric mass of fullerene soot was measured as EC. Our gravimetric rBC standard solutions
estimate of rBC content of dry AQ is slightly abower1 and . . .

76 %, the values reported by Gysel et al. (2011) and Wend!| e{l’he aerosolization efﬂgency of rBC partlcles thrc_)ugh a neb-
al. (2014), respectively. How the thermal—optical analyzer isulizer (E Fnen) Was derived by the following equation:
programmed can introduce some variability in the evaluation _ .
of rBC content of dry AQ. However, dry rBC contents of an EFneo= Msp2> Fnebga (msamp> Fneb.io), @)

AQ batch can vary, and we therefore suggest that each batclwhere Msp»is the rBC mass concentration measured by the
needs to be individually characterized. SP2 (ugcm?d), Freb.gasiS the air flow rate (crhmin~1),

For nebulizer efficiency tests and calibrations (Sects. 2.2.3nsamp is the rBC mass concentration of the injected sam-
and 2.2.4), an AQ rBC stock solution, with a concentrationple (ug L™1), andFneb ligis the liquid-flow rate of the sample
of ~ 10000 pg -1, was prepared in a 50 mL polypropylene (L min—1).

(PP) tube. This stock solution (10000 pg') was then di- The repeated blank (Milli-®, >18.2M, 0.2 um fil-
luted to 100 and 50 ugtl. The 50 ug £ AQ solution was  tration) tests § > 10 for both nebulizers) revealed for
diluted again to prepare low concentration standard solutiongach nebulizer similar limits of detection (LOD, me&dv
(25,10, 5,1, 0.5, 0.1 ugtl). AQ solutions were always son- of blank), limits of quantification (LOQ, mearlQs of

icated 15 min before dilution. blank), and coefficients of variation (C¥/meanx 100) of
~0.01pg L1, ~0.03 pg L1, and~ 70 %, respectively.
2.2.3 Size-dependence of the aerosolization efficiency Evaluation of aerosolization efficiency of the APEX-Q

was performed with eight gravimetric standards, AQ in
We used mono-dispersed polystyrene latex (PSL) sphereaqueous phase (ranging 0.1-100 id)Lanalyzed every 2
with diameters of 150, 200, 240, 350, and 600 nm (3000 seweeks. Over a 10-month period, and independently of con-
ries nanosphere, Thermo scientific, USA) to specifically in- centrations, 7537 % ( = 20, CV=9 %) of rBC mass was
vestigate size dependence of the aerosolization efficiency forecovered. This value is in excellent agreement with the
the APEX-Q nebulizer. Dilutions allowed to adjust particle aerosolization efficiency estimated from the PSL solution
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analysis (i.e., 72 5% in Sect. 2.2.3). The fraction of AQ

that was not aerosolized was partially identified in the —&— APEX-Q_Measure  mwm APEX-Q_Fit

APEX-Q drains, or adhering to the internal surface of the —8 US000AT_Measure =1= US000AT_Fit

nebulizer (see the Supplement and Fig. S2). 140

The U5000AT does not demonstrate a size-independer<—

aerosolization capability (see Sect. 2.2.3), and thus shouls

strictly not be calibrated with polydispersed gravimetric rBC

standards for particle losses during nebulization. However

such calibrations can improve our understanding of the be:

havior of the US000AT, and have already been reported be

fore (Bisiaux et al., 2012a, b; Jenkins et al., 2013; Kaspari

et al.,, 2011; McConnell et al., 2007). In this study, ap-

proximately 60-70% of the sample volume injected to the _

US5000AT was lost during the first drainage before con- 04

version to water droplets by the piezoelectric transducer.

When the sample volume collected during the first drainage Mass equivalent diameter Dygy (nm)

was subtracted from the sample volume injected into the

nebulizer, an aerosolization efficiency of 2B % (@ = 4, Figure 1. Mass size distributions of polydispersed AQ (100 jid).

CV =8 %) was observed. Following a similar approach, Kas-measured with APEX-Q and U5000AT. The whiskers stand for one

pari et al. (2011) reported an efficiency ©f50 %, a higher ~ standard deviation. Histogram bin size is 50.

value likely explained by a different setting of the US000AT.

However, this approach may be unrealistic as there is no

evidence that rBC particles are homogeneously distribute®.2.5 Repeatability and stability of the

in between the first drainage and the aerosols that are pro- APEX-Q/SP2 coupling

duced. Considering sample loss during the first drainage,

E Fnep of USO00AT of ~ 10 % was obtained, a value consis- The repeatability and stability of rBC detection with our

tent with that reported in Ohata et al. (2011), although theseAPEX-Q/SP2 system was first investigated by repeating the

authors operated the US000AT with a slightly different set- measurement of a single French Alpine (Col du Déme site,

ting. Figure 1 shows mass size distributions of AQ in wa- hereafter “CDD”, Sect. 2.4.1) snow sample =€ 30, one

ter when nebulization was carried out with the APEX-Q and measurement every 2 minutes) over 1h. The total analy-

the US5000AT. Both distributions show an MMD 6f210—  sis time was limited to 1 h to avoid uncertainties driven by

220 nm MED, but lower amplitude for the US000AT reflects rBC losses during liquid-phase storage at room temperature

low aerosolization efficiency. For both nebulizers, the shapgSect. 3.1.5). rBC concentration averaged 6@&3 ug L1

of size distribution was independent of AQ concentrationsover 1 h, resulting in a CV of 3.9 %.

over the 0.1-100 pugt?! range. As presented in detail by Ohata et al. (2011), the evapora-

In the following, we exclusively report rBC analysis ob- tion of water droplets in the heated zone of the nebulizer can

tained by coupling the SP2 analyzer with the APEX-Q neb-promote rBC particle coagulation if multiple particles have

ulizer. Our study suggests that rBC losses during aerosolizabeen incorporated in a single water droplet. Thus, we also

tion depend on factors that are specific to each analytical sysnvestigated the dependence of size distributions on sample

tem, underlining the crucial need for calibration. Thus, quan-concentrations. The MMD and the count median diameter

tification of rBC losses during aerosolization, i.e., calibration (CMD) of AQ obtained from lognormal fits were evaluated at

of the APEX-Q/SP2 coupling, was performed regularly (ev- different rBC concentrations ranging from 0.1 to 100 gL

ery 2 weeks) using eight AQ standards, and daily during eacli.e., the rBC concentrations frequently observed in snow and

analytical session using three standards. Although the resultirn samples (see Table 2). Each measurement was made in

were always within the range of #57 %, we recommend triplicate using new standard solutions. The mean values of

such daily calibration using three standards to ensure thathe MMD and the CMD were 220 and 67 nm MED for

aerosolization efficiency remains stable and to ensure thatBC concentrations ranging from 0.1 to 100 pgl. result-

no unlikely dysfunction may be affecting the nebulizer. Theing in a CV=1.5 and 0.6 %, respectively. The stability ob-

typical errors ofE Fnen, Msp2 Fneb.gas and FneniigWere es-  served for MMD and CMD when measuring these AQ solu-

timated to be around 15, 10, 5, and 10 %, respectively, basetions demonstrates that rBC size distributions are not affected

on their repeated measurement, resulting in the overall unby aerosolization. This conclusion was further supported by

certainty of about 20 %. PSL measurements. Coagulated particles (determined when
the mean diameter increases by more than 20 %) represented
only 1-2% of the total humber of detected PSL particles
of 200, 240, and 350nm (see Sect. 2.2.3). Consequently,
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coagulation of rBC patrticles is likely negligible when using  Finally, sample decarbonation was conducted for all sam-
the APEX-Q nebulizer. ples before analysis in the Sunset OC/EC aerosol analyzer.
Different chemical species including ionic water-soluble Most of the samples presented in this study were collected
species, such as sulfate and calcium, are included in solit sites that were potentially affected by Saharan or Asian
precipitations (Preunkert et al., 2000; Savarino and Legranddust. Such dust contains calcium carbonate as one of the ma-
1998) and thus coexist with rBC particles in depositedjor constituents of coarse particles (Karanasiou et al., 2011,
snow and ice. AQ solutions spiked with water-soluble ionic and references therein; Maupetit and Delmas, 1994). We ob-
species were also analyzed to investigate potential arteserved that a positive EC artifact from calcium carbonate
facts, since water-soluble species may affect the surface ter{~ 6 pg) was efficiently removed when the chemical decar-
sion of droplets, and hence nebulizer efficiency (Facchini etbonation procedure was applied to a filter loaded with both
al., 2000; Ohata et al., 2011). To assess this effect in ouAQ (10 pug) and calcium carbonate (200 ug, a level in the
system, we measured rBC concentrations of AQ solutiongange frequently observed in CDD ice cores: Preunkert et al.,
(10 pug L) with 100-1000 ppb of sulfate and calcium, us- 2000). Further results and details about the chemical decar-
ing five different concentrations. This range of sulfate andbonation and filtration procedure are presented in the Supple-
calcium covers the typical values in ice cores collected fromment. Filtration with 100 mL of ultrapure water and a decar-
the European Alpine region (Preunkert et al., 2000). Thebonation procedure led to an LOD of 4 ug C for OC and of
rBC concentrations in these artificial samples were stabled.1 ug C for EC. Filtration with ultrapure water without de-
within 8% and 5% without any trend for the AQsulfate  carbonation showed the same detection limits, indicating that
samples and the A@ calcium samples, respectively. Us- this process does not induce any contamination.
ing the US000AT/SP2 system, Ohata et al. (2011) also con-
cluded that analytical errors due to possible changes in sur2.4 Origin of snow and ice samples used in the study
face tension caused by such species are negligible, how-
ever, these authors mentioned that this may not be the case24.1 Alpine surface snow
for high concentrations of water-soluble, humic-like sub-
stances (HULIS), e.g 100 mg L. Typical water-soluble  Alpine snow samples were collected in September 2012 from
HULIS levels are below 0.05mg1! in the French Alpine the surface and from a 1.8m deep snow pit at the CDD
ice core over the 1920-2004 time period (Guilhermet et al.,(45°50' N, 6°50 E, 4250 ma.s.l.), located close to the sum-
2013). The impact of water-soluble species on rBC parti-mit of Mont Blanc (French Alps). We collected snow sam-
cle aerosolization driven by change in water-surface tensiomples ¢ = 46) from the top 2 cm snow layer across an area of

should thus be negligible. 0.8 mx 1.3 mand over a period of 1 h. In addition, snow sam-
ples were collected from the top 2 cm layer= 5) and from
2.3 Thermal-optical detection of EC applied the top 5cm layeri(=5) in a neighboring area, measur-
to snow and ice samples ing 0.3mx 1.9 m. The samples from the top 2 cm layer and

) ) from the top 5cm layer were respectively stored in 50 and

One of the aims of this study was to compare SP2 andjz5 i pp containers pre-rinsed with ultrapure water. The
the_rmal—opur;al methods (Sept. 3.2). Brlefly, the thermal—ater equivalent volume of each snow sample wd9 and
optical technique used for this comparison follows the EU- 30 mL for the 50 and 125 mL container, respectively. Snow
SAAR2 protocol (Cavalli et al., 2010). was collected in one or two 1 L glass containers (Pyrex) from

This protocol involves an OC/EC aerosol analyzer (Sun-gach jayer of a four-layer snow pit. The snow pit was divided
set Iaborat(_)ry Inc., US) that has been yv|del)_/ used for EC a,”qnto layer 1 (“fresh snow”), layer 2 (“summer layer’), layer
oC _analy§|s.. The prehe.ated quartz fiber filter, Iogded w|th3 (“dust deposition”), and layer 4 (“winter layer”). The col-
particles, is first heated in an oxygen-free, ultra-high purity gcteq samples were sealed in plastic bags, stored in a freezer,
helium atmosphere in increasing temperature steps, which aling et frozen prior to analysis. The CDD surface-snow and
lows for the detection of various organic carbon fractions.Snow_pit samples were used to optimize the snow-sample
Then, the gas is switched to a 2%/e mixture and the  e3tment method (Sect. 3.1) and to compare our SP2 method

filter is heated with increasing temperature steps for deteryii the thermal—-optical method of OC / EC aerosol analyzer
mination of EC. During the initial heating steps, some OC (Sect. 3.2).

may undergo pyrolyzation (resulting in “pyrolyzed OC”) and
be finally determined as EC due to EC-like light absorption.
This pyrolytic conversion was continuously monitored and
taken into account by measuring the transmission of a lasep 183 m ice core was drilled in September 2009 on Mt. EI-
beam. brus in the Caucasus (hereafter “ELB”,°28' N, 42°25 E,
5115ma.s.l.). Five 1 m long firn sections from 7 to 12m
in depth were selected to compare our SP2 method with
the thermal—optical method of OC/EC aerosol analyzer

2.4.2 Caucasus high-altitude firn
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(Sect. 3.2). This is the first core from the Caucasus to be meavhen comparing rBC and EC data obtained with the two
sured for rBC. Samples cover the calendar years 2006—200methods (Sect. 3.2).
and are affected by changes in both anthropogenic and nat-
ural aerosol emissions, such as fossil fuel and biomass conB8.1 Treatment of the snow and ice samples
bustions, and dust transport from arid areas. The core was  before SP2 analysis
kept frozen until analysis.
Natural freeze/thaw cycles within snow packs that affect the

2.4.3 Greenland summit firm size and shape of snow grains (Dominé et al., 2003) may

) ) . _also affect the properties of rBC particles (e.g., Flanner et
A 305m long ice core was drilled in July 1989 at Summit, 5 2012). The rBC particles can undergo physical changes
central Greenland (hereafter “SUM”, @' N, 37°38 W,  qyring melting/refreezing processes in sample containers,
3240ma.s.l) as part of the European EUROCORE projectyenending on the procedure used to transport the samples
Three fim sections (29.2-30, 37.9-38.2 and 64.5-64.9 Mo the field and their conservation. Recently, Schwarz et
depth) were analyzed in this study, covering multi-year pe-51 (2012) tested the effects of snow-sample acidification, ag-
riods over the last 2 centuries (corresponding to 1918-1922¢4in  and storage on rBC mass and size determinations.
1893-1894, and 1799-1800 in calendar years, respectivelyNeyertheless, the detailed, complete evaluation of snow- and
The sections contain records of historical changes in both anice-sample treatment prior to SP2 analysis is still necessary.
thropogenic and natural emissions of aerosol species in the A series of tests using the natural CDD snow samples were
high-latitude Northern Hemisphere (Savgrino and Le_grandperformed to identify the optimal sample treatment to min-
1998). The samples were kept frozen prior to analysis. Thgmize |osses of rBC particles and changes in their size dis-
fim samples were analyzed for the inter-comparison of twoyihfions. We investigated the variability of rBC concentra-
analytical methods (Sect. 3.2). tions in snow samples from the top 2 cm= 51) and the
top 5¢cm ¢ = 5) layers by direct measurements without pre-
treatment. All the samples had comparable rBC concentra-
tion with CV of 18 % and 17 %, respectively, indicating that
they could be used for this comparison study. The mean of

2.4.4 Himalayan surface snow

Surface snow was collected at high-altitude sites in the Hi-
malayan region in Nepal (hereafter “HIM"). The surface- .
snow samples including fresh and old snow were collecteothe tOP 2_Icm sarr;nplfasnf]: 50) én thf:)?'smx 1.9in4%rea \.Nr?s
at three sites near the Nepal Climate Observatory-Pyramid€"Y Similar to that in the 0.8 m 1.3 m area( = 46), wit

station (NCO-P, 5079 ma.s.l.), the Changri Nup glacierValues only 3% higher. . .
(5644ma.s.l), and the Kongma glacier (5600 ma.s.l.) lo- The CDD snow was thus treated using different methods

cated in/near the Kumbu valley. All surface snow was sam-a‘nd subsequently analyzed with the SP2. We specifically in-

pled from the surface to a depth of 10 cm in the period 2010_vestigated the impact of container condition, melting proce-

2012. The snow was sampled somewhat randomly by tim(_‘du.re, multiple melting/fregzing cycles, the surface/volume
and/or location due to difficult access to the snowfields. Eightrat'ﬁ. of the sample container, and storage procedures after
samples collected in 1L glass containers were analyzed fofeMtNg-

the inter-comparison of two analytical methods (Sect. 3.2). 11 Choice of | )

Major sources of aerosols observed in the region have beer-1- oice of sample containers

identified as biofuel combustion and transported desert dust . e
(Bonasoni et al., 2010; Decesari et al., 2010). These snov§30th PP and glass were tested as vial material in this study.

samples melted during the transport from Nepal to GrenobIéDP containers are widely used as snow-sample containers,
(France), which lasted for more than a week, and were Iate?anatta (2012) suggested that PP containers have a less ab-

stored in the liquid phase in a refrigerator prior to analysis.s'orpt've and more stable surface than glass containers for

Storage time varied between 1 to 2 years, depending on sanﬁ?’.c' Morg recently_, Wendl et al. (2014) did not findlany Sig-
ples. nificant difference in rBC sample storage when using PP or

glass containers.
We conducted blank rBC analyses in new PP contain-

3 Results and discussion ers that had been pre-rinsed with ultrapure water with and

without 15 min of sonication. Blank rBC levels under both
A full evaluation and understanding of the method for the sonication conditions were 0.01 pg =1, based on repeated
analysis of snow and ice samples with the SP2 techniquanalyses. Blank levels of 0.05pug L1 were found after
is required before it can be compared with the thermal-sonication for 30—-45min, but were still much lower than
optical method. Our discussion is thus organized along twahe lower limit of field snow- or ice-sample level, i.e.,
axes: (i) how sample treatments can impact rBC analysis~ 0.1 pugL~1. Thus, all new PP containers were only pre-
conducted with SP2 coupled with the APEX-Q nebulizer rinsed with ultrapure water before sampling. Conversely,
(Sect. 3.1), and (ii) which uncertainties should be consideredecycled glass containers that were stored and filled with
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ultrapure water, without cleaning by sonication, were found3.1.3 Effect of multiple melting/freezing/melting cycles

to be significantly contaminated by rBC particles from previ-

ous samples. Blank levels of glass containers-@) ranged  Refreezing/melting processes may lead to the redistribu-
between 0.1 and 12 pgt after 15 min of sonication, butde- ion of particles in a sample container (e.g., particles stick-
creased to~0.01pg L or less after a second 15 min-long ing to the wall of the container). To simulate a melt-
sonication. This suggests potentially significant Contami”a‘mg/freezing/melting cycle, snow samples were refrozen im-
tion of the following samples when sample-filled glass con- megjately after analysis and then remelted at room tempera-
tainers are sonicated without proper cleaning beforehandyre for less than 2 h prior to a second analysis. Interestingly,
Consequently, if sonication of the samples is necessary, régere was a marked decrease in rBC concentrations during
cycled glass containers should be cleaned by 30 min of song,ig process (4% 11 %, Table 1b). We thus suggest that the
ication with ultrapure water to avoid c_:ontamination of su_b— observed loss of rBC particles happened during freezing of
sequent samples. As a result, we mainly used PP containetge sample, as we previously demonstrated that melting had
in this study, as low blank values are more easily and morg,q jmpact if conducted within 2 h (Table 1a). The remelted

consistently obtained with these containers. samples were then treated using different methods to investi-
) gate rBC recovery after freezing & 5 for each method, Ta-
3.1.2  Effect of melting procedures ble 1b): ultra-sonication (for 15, 30, and 45 min), and acid-

. o . _ ification. rBC losses of 3& 16 % were still recorded after
Previous studies involving measurements of rBC or EC inq5 min of sonication, but decreased to44 % after 30 min
snow and ice samples did not use standardized samplest sonication. Sonication for 45 min was no more efficient.
melting methods. For example, snow or ice was thawed akgnjcation for 30 min led to the highest rBC recovery rate ob-
room temperature (Jenk et al., 2006; Lavanchy et al., 19995 yed after a freezing/remelting cycle. In addition, the tested
Thevenon et al., 2009; Wang et al., 2012); snow was meltegmples/ = 3) were refrozen, remelted (thus, artificially re-
in a warm bath £ 30°C) (Ming et al.,, 2008) or in & Mi-  fr4zen two times in total) and analyzed, which showed rBC
crowave oven (Schwarz et al., 2012); or ice was melted intota1 mass reduction of 50—70 % and 30 min of sonication
discrete samples using a continuous melter system (KaSPaHelped only~ 10 % increase in rBC mass concentration. We
etal., 2_011)- ) observed significant rBC losses over all size ranges in the

In this work, we tested two melting procedures whose re-remejted samples, and the lost rBC particles were recovered
sults are listed in Table 1a. The CDD snow stored in S0mL niformly over almost all size ranges after 30 min of sonica-
PP containers was (i) melted at room temperature for lesgion e also acidified samples with 0.5 M nitric acid, follow-
than 2h, or (ii) melted in a warm water bath at“®for  juq the procedure described by Kaspari et al. (2011). Acidifi-

less than 20 min. Mechanical stirring during melting was not cation did not reduce losses of rBC after a freezing/remelting
used, as we observed that it did not cause any distinct chanqgeyde (0 % variation).

in rBC concentration, which is in agreement with Schwarz

et al. (2012). Samples melted in a warm bath did not show ]

a significant difference in rBC concentration compared to3-1-4 Effect of the surface /volume ratio of

samples melted at room temperature, i.e., there was only a sample containers

3+9% increase. To investigate potential rBC losses dur-

ing melting, all the samples were measured a second tim&he surface /volumeS(/ V) ratio of sample containers may

after 15 min of sonication. No changes in rBC concentra-affect rBC losses that occur during a melting/freezing cycle.

tions were observed before and after sonication in sample3his concern arose because our main assumption concerning

initially melted at room temperature. The samples melted inrBC losses in a container is particles adhering on the wall

a warm bath exhibited a slight increase {128 %) in rBC  of the container. Two types of PP containers with different

concentration after sonication, which we did not consider toS/V ratios were used to test this hypothesis: a 50 mL PP

be critical due to a relatively larger standard deviation for thetube container witl$ = 22.9 cnf andV = 10 mL of the sam-

smaller number of samples & 10). ples(N=5,5 / V =2.3cntmL™1), and a 125 mL cylindri-
These results showed that melting samples at room temeal PP container witt§ = 75.4cnf and V = 30 mL of the

perature in less than 2 h caused no additional rBC losses consamples § =5, S / V =2.5cn? mL~Y). The 125mL con-

pared to melting in a warm bath for a shorter time, i.e., intainers had a 10 % larged/ V than the 50 mL containers.

less than 20 min, although it is generally thought that fasterAfter refreezing/melting, average rBC mass losses from the

melting leads to fewer rBC particle losses. Sample treatmentwo containers were 3% 14 % and 55t 30 %, respectively

with sonication is also unnecessary when samples are melte@able 1c). After 30 min of sonication, rBC losses from the

rapidly (i.e., in less than 2h). However, rapid melting in 125 mL container were still 4% 34 %, while more particles

a warm bath or applying sonication after melting does notwere recovered from the 50 mL containers, with rBC losses

cause significant differences compared to more straightforof only 11+ 26 %. This result suggests that tl§¢ vV ratio

ward melting at room temperature without sonication. can influence rBC losses during cycles of refreezing/melting,
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Table 1. rBC concentrations in snow samples from Col du Déme (CDD, French Alps) determined after different treatment: (a) melting
procedure, (b) freezing/melting cycle, (c) surface to volume ratios of the container, and (d) storage. rBC refers to the mearst&iard
deviation) concentration calculated ov&rsamplesA(rBC) refers to % variations in rBC concentrations between the reference and the
treatment concerned. US stands for “ultrasonication”. * indicates data collected after refreezing and remelting samples.

N rBC ArBC Treatment Refreezing rBC ABC Treatment Comments
(gL (%) description (mgh*  (%)* description*

(a) Melting procedure

41 4.7+£1.0 Reference Melting at room temp. X

47+11 0+24 and US 15min
10 4.9+04 349 30°C melting_ X
5.3+0.8 12+18 and US 15min
(b) Freezing/melting cycle
5 5.8+41.3 Reference 35+1.3 —-40+21 Remelting at

Melting at room temp. = room temp.

3.6+1.0 —38+16 and US 15min

5 5.0+1.3 Reference Melti ¢ ¢ 24+03 -52+6 Remelting at
elting at room temp. = room temp.

43+0.7 —14+14 and US 30min.

5 3.9+0.4 Reference Melting at room tem 21+£03 —46+7 Remelting at
eling atroomtemp. = room temp.

31+10 —-21+25 andUS45min.

5 4.0+£0.4 Reference Melii t i 24404 —41+10 Remelting at
elting at room temp. = room temp.

24403 4147 and acidification

(c) Surface / volume ratio of the container

5 4.9+0.8 Reference Melting at room temp. 3.1+0.7 —-37+14 Remelting at
= room temp. 50 mL PP container
43+1.3 —-11+26 and US 30 min.
5 7.8+1.3 Reference Melting at room temp. 3.5+24 -55+30 Remelting at
= room temp. 125 mL PP container

46+26 —41+£34 andUS 30min.

(d) Storage

5 4.9+0.3 Reference Melting at room temp.

5.0+04 3+£9 and storage at room
temp. for 2h X

53+£1.0 9+20 and storage at room
temp. for4h

47+£06 —-3+£11 and storage at room
temp. for 6 h

44+08 -9+17 and storage at room
temp. for 24 h

5 4.7+0.3 Reference Melting at room temp.
46+03 -—-3+6 and storage in the
refrigerator for 2 h X
44401 —-6+£3 and storage in the
refrigerator for 4 h
44401 -6+£3 and storage in the
refrigerator for 6 h
46+03 -—-3+6 and storage in the
refrigerator for 24 h
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although measuring more samples would be required to pro- — If samples have to be kept in the liquid phase for a few

vide statistically significant conclusions. hours prior to analysis, storing them for 1 day in a re-
frigerator or at room temperature will not lead to serious
3.1.5 Effect of storage procedures after melting rBC losses € 10 %).

Snow samples stored in PP containers were first analyzed.2 Comparison between the SP2 and
without treatment (e.g., sonication or acidification) and the thermal-optical method

stored at room temperature (5-°X5) or in a refrigerator .
(4.5°C) to evaluate rBC losses as a function of time. Theselnter-comparison of the SP2-based method and the thermal—

samples were analyzed 2, 4, 6, and 24 h after the first melpptical method has been carried out for BC aero;ol_ samples
cycle, without any additional treatment. Changes in mear(€-9-» Kondo etal., 2011; Laborde etal., 2012b). Similar stud-
rBC concentrations were not significant in the samples maini€S for snow and ice samples are available only for the inter-
tained at room temperature, but their concentrations wer&omparison between the SP2-based method and the light-
more variable than in samples kept in the refrigerator (Ta-absorption method (e.g., Schwarz et al., 2012). Here, we re-
ble 1d). However, after 24 h at room temperature, the chang®0rt the results of a comparison between our SP2 method
in rBC concentrations was slight-9+ 17 %), particularly (Sects. 2.1, 2.2 and 3.1) and the thermal—optlcgl method of
compared to the rBC losses during refreezing/melting. Sunset OC/EC aerosol analyzer, operated using the EU-
When rBC concentrations were monitored in samplesSAARZ protocol (Sects. 2.3 and 3.1). Snow and firn of var-
stored in glass containers at room temperature for 24 h, siml0Us origins were used to be_tt.er characterize the I|m|tat|ons
ilar results were observed. Schwarz et al. (2012) also men®f the two approaches. Specifically, SUM and ELB firn, and
tioned that rBC losses in glass containers stored at room terrfeDD and HIM snow (Sect. 2.4), were analyzed with both the
perature were limited, although they showed that losses wereP2 and the Sunset OC/EC analyzer. _
higher (about 50 %) in high-density polyethylene bottles. ~Considering their large volume in 1L glass containers,
rBC mass losses in PP containers that were kept in the reSNoW and firn were melted in a warm bath to minimize melt-
frigerator remained constant for 24 h wit8+ 6 % change. N9 time. Only the HIM snow was sonicated for 15min to
The same snow samples were kept in the refrigerator for fvoid rBC partlcle Io;s on the container walls since they had
week and rBC was then analyzed again. Changes in rB@€en stored in the liquid phase. The melted samples were
masses after a week werel3% on average, a value that f|!trated and split into aliquots for |mmed|at_e- rBC analy-
was reduced te-7 % after 15 min of sonication. Sonication SiS by the SP2 (10mL PP) and dust analysis by a Coulter
thus helps recover rBC particles in samples stored in the ligCounter Multisizer 3 (10 mL accuvette) (Beckman Coulter,

uid phase for more than 1 day. Inc, USA) in a 100 class clean room. Filtration was care-
fully performed using the method described in the Supple-
3.1.6 Summary ment. The EC and rBC concentrations and HBC ratios

are listed in Table 2. Note that all rBC data were corrected
According to the series of tests described in Sect. 3.1, weor losses during the aerosolization processes through daily
recommend the following method to minimize a reduction calibration (see Sect. 2.2.4). We observed significant differ-
in rBC concentrations and changes in associated rBC sizences between the two techniques with &8C ratios rang-
distributions when measuring snow or ice samples. ing from 0.5 to 3.4, depending on the sample origin. In the

following, we discuss the artifacts that could have led to these

— Samples should ideally be stored in new polypropy- discrepancies between the two techniques.
lene (PP) containers, which are pre-rinsed with ultra-

pure water. The container should have the smallest pos3.2.1 Measurement sensitivity to SP2 mass
sible surface/volume ratio. Recycled glass containers detection range
should be cleaned by intense sonication (30 min), espe-

cially if samples need to be sonicated before analysis. Size distributions of BC particles mainly depend on emis-
sion sources and atmospheric processes, and range from a

— Melting should be rapid (e.g= 2 h), in which case ad-  few nanometers to a few micrometers (Bond et al., 2013).
ditional treatments such as sonication are not necessary\s mentioned in Sect. 2.1.2, the SP2 used in this study
Refreezing samples should be avoided. Remelted sanprovided rBC particle size distribution between60 and
ples showed rBC mass losses-045+11% in 50mL 620 nm MED, and particles larger than 620 nm were consid-
PP containers. If samples are melted either partially orered by the analyzer to be particles with a diameter of 620 nm
entirely, sonication for 30 min is recommended. After due to the detector saturation. However, less than 0.1 % of
30 min of sonication, the rBC mass losses were reducedhe total number of rBC particles in all the samples we tested
by a factor of~ 3. was found at the saturation point (620 nm). In particular, the

contribution of rBC at saturation point in the SUM and CDD
samples represented less than 0.05 % of total rBC. Assuming
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3.2.2 EC artifact due to inadequate filtration 100 —

® CDD
A ELB

To our knowledge, there is no size limitation in the thermal—
optical method, which can theoretically analyze all EC par-
ticles on the filter. However, the sample filtration step may
involve EC losses, especially of fine particles that can pas: -
through the filter with the sample water. The EC losses that i
occurred during filtration of sample water were investigated
by Ducret and Cachier (1992), Lavanchy et al. (1999), and .
Hadley et al. (2008). Overall, these authors concluded tha
collection efficiency was almost above 92 %. More recently, |
Torres et al. (2014) evaluated filtration efficiencies ranging
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10-38 % for rainwater samples by applying SP2 analysis tc 0 T T T T T 1
samples before and after filtration. We followed a similar ap- 100 200 300 400 500 600
proach, investigating the SP2-based filtration efficiency (FE) Mass equivalent diameter (nm)

of rBC particles collected on quartz fiber filter as follows:
Figure 3. SP2-based filtration efficiency (FE) of rBC particles col-
FE = (2) lected on quartz filter for CDD and ELB samples. The whiskers

L . . stand for one standard deviation.
rBC mass concentration in sample after filtration

~ rBC mass concentration in sample before filtration

All samples showed a significant fraction of rBC that remains highly speculative with undetermined processes in-
was not retained on the filter during filtration, and conse-Volved. Contrarily, elevated dust loading on the quartz filters
quently not measured by the thermal—-optical method (Ta.did not increase FE. Highly dusty CDD samples (dust con-
ble 2). The size of the particles filtered was found to stronglycentration of 10.9 ppm, corresponding to a loaded dust mass
affect the FE, and, consequently, the subsequent EC anan the filter of 1744 ug) exhibited a low FE, similar to other
ysis with thermal—-optical analyzer. Size distributions deter-CDD samples.
mined for all ELB and CDD samples before and after fil- Finally, the sample volume filtered could also influence
tration revealed a strong dependence of the filtration effi-FE as a consequence of the above artifact related to OC load-
ciency with the particle MED (Fig. 3). FE decreased to 209 ing on filters. As an illustration, the SUM samples showed
for particles< 200 nm MED, and exceeded 65 % for parti- low OC concentrations, but a significant OC mass could be
cles> 500 nm. Only~ 30-40 % of rBC mass in CDD snow loaded on the quartz filters due to their large volumes filtered
samples was retained by the quartz filter. In contrast, we ob{~1-2L, Table 2).
served a much higher filtration efficiency for the HIM sam-  FBC particle sizes, possibly OC loading on filters and sam-
ples with FE ranging from 70 to 90 %. These observations aré?le volumes filtered affect FE and consequently the EC quan-
in good agreement with size distributions showing the occur-ification using a thermal—optical analyzer. Previous snow
rence of small particles for CDD samples, and large parti-a”d ice studies reporting concentrations of EC determined
cles for HIM samples (Fig. 2). To support this conclusion, Using quartz filters (e.g., Hagler et al., 2007; Lavanchy et al.
the liquid collected after filtration of a CDD sample was fil- 1999; Ming et al., 2008, 2009; Thevenon et al. 2009) may
trated again on a 0.2 pm nuclepore and observed by electrop@ve underestimated EC concentration by a significant but, as
microscopy. BC aggregates with diameters ranging betweeyet. unquantifiable factor. Our results further suggest that this
100 and 200 nm were frequently visible in microscopy im- factor can vary depending on samples. Torres et al. (2014)
ages, contrary to larger BC particles (Fig. S3 in the Supp|eﬂemonstrated that FE can be increased up to 95 % by adding
ment). These images confirm that small particles can easilypalts and acid into rainwater samples. Such approach should
pass through quartz filters during filtration. be investigated as well for snow and ice samples.

Interestingly, our data suggest that FE might also be in-
fluenced by the amount of OC loaded on the quartz filter.3.2.3  Artifact due to the presence of dust
ELB and SUM samples showed intermediate filtration ef-
ficiencies ¢ 40-60%). These samples show slightly larger High levels of dust in liquid samples may affect both rBC
MMD (Fig. 2), which can contribute to more efficient fil- and EC determinations (Schwarz et al., 2012; Wang et al.,
trations. However, these samples were also characterized 8012). The impact of dust on the SP2-based rBC analysis is
larger OC masses loaded on the filters compared to CDDhot discussed in this study. Schwarz et al. (2012) conserva-
samples (67.825.0ug and 142.482.6 ug for ELB and tively estimated an rBC artifact to be4al5ng g ! offset in
SUM samples, respectively). We cannot rule out that OCa highly dust-contaminated laboratory sample, i.e., with dust
favors retention of rBC on filters, although this hypothesis levels reaching 50 ppm. Note that such elevated dust levels
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O SUM 3.2.4 EC artifact due to OC pyrolyzation
. 60— e cDD o
o é E'{,ﬁ OC pyrolysis, which occurs during thermal-optical EC
2 S0 Linear regression for all detection, could affect EC determination by biasing the
= R =05(N=8,pvalue<001) OC/EC split point and then generally causing a positive
_5 404 e v EC artifact, if not properly corrected (Chow et al., 2001,
© a0 T Schmid et al., 2001). 40% of the snow and firn sam-
k= 04 ples that we tested:(= 20) revealed a pyrolyzed OC frac-
§ P tion representing more than half of the total OC, i.e., py-
g | rolyzed_OC/total_OC ratie 0.5, which is rarely observed
O 104~ in atmospheric samples at French urban sites (unpublished
w7 e JA%N data). Figure 4 illustrates the relationship between py-
<|3 | | | LJ | | rolyzed_OC/total_OC ratio and EC concentration for sam-
0.50 0.52 0.54 056 058 0.60 ples with pyrolyzed OC/total_OC rat0.5 (z =8). The

EC concentration generally increased with an increase in the
pyrolyzed_OC/total_OC ratio, with a Pearson correlation co-

. . 2 .
Figure 4. Comparison of pyrolyzed_OC/total_OC ratio and EC efficient () of 0.5 (p value<0.01). Conversely, no linear

concentration for all snow and firn samples showing values of py-rélationship of pyrolyzed_OC/total_OC ratio and rBC con-
rolyzed_OC/total_OC ratis 0.5. centration was observed for these samptés<(0.1). Previ-

ous studies reported that some non-volatile OC fractions, ei-
ther OC with high-molecular weight (Miyazaki et al., 2007;

were never observed for any CDD, ELB, SUM, or HIM sam- Yu et al., 2004) or HULIS (Cavalli et al., 2010; Clarke et
ples (Table 2). al.,, 2007; Kondo et al., 2011), are prone to pyrolysis dur-

The impact of dust on the thermal-optical method hasing the thermal analysis. We cannot confirm which organic
been addressed in previous laboratory studies (e.g., Chow détactions underwent pyrolysis in our samples. However, this
al., 2001; Wang et al., 2012). Dust particles including cat-result clearly suggests that the higher pyrolyzed OC fraction
alytically active ions or mineral oxides (e.g., hematite) canprobably causes a positive EC artifact in the snow and firn
reduce the sensitivity of the instrument (Chow et al., 2001)samples by biasing the OCEC split point, and consequently
but also bias the OC/EC split point during the analysis byleading a fraction of pyrolyzed OC to be determined as EC.
delaying or preventing the laser signal from reaching its ini- We observed lower OC concentrations in SUM samples
tial value (Wang et al., 2012). Consequently, EC concentra{n = 3) than in ELB and HIM samples, but the large vol-
tions of dusty samples are generally underestimated or noimes of SUM samples filtered for EC analysis meant that a
determined. In this study, however, we observed a lack of éhigher OC mass was loaded on the filter in the case of SUM
systematic correlation between EC and dust concentration. samples (143 83 pg). The SUM samples showed a positive

The thermograms of OC/EC analysis of the dusty CDD relationship between pyrolyzed_OC/total_OC ratio and OC
snow layers 2 and 3 (dust concentrations~of and~ 11 mass loading on the filter. We consequently suggest that the
ppm, respectively) reveal such artifacts. The laser signal dicelevated EQ rBC ratio of 2.0+ 1.4 observed in the SUM
not return to its baseline value before the end of analysissamples (Table 2) may be partially and indirectly explained
resulting in no EC fraction. The yellowish or dark brown by the large sample volumes used. This means that appropri-
color of these snow samples changed to red brown color afteate sample volumes should be carefully chosen and applied
combustion, indicating the existence of hematite. To elim-during EC filtration for thermal—optical analysis to reduce
inate the impact of dust on incomplete OC/EC splitting, potential uncertainties.
the results were revised following procedures described by
Wang et al. (2012). It should be noted that this revision was
somewhat rough, as we did it by visually modifying the ini- 4 Conclusions
tial laser transmittance value line in the thermograms, and
these revised concentrations are listed in Table 2. Intereste evaluated an rBC measurement methodology coupling
ingly, we did not always observe artifacts on Sunset thermo{et nebulizer (APEX-Q) and the SP2 analyzer, through an
grams when we analyzed highly dusty samples from otherextended series of tests using both rBC standard material
sites (e.g., HIM samples). Consequently, we conclude thatind various types of snow and firn collected from differ-
not only the concentration but also the type of dust can leacent glaciers worldwide. Before applying the APEX-Q/SP2 to
to analytical failure in EC measurements. Finally, we recom-field sample analysis, we compared two different nebulizers:
mend systematic evaluation of the thermogram during ECAPEX-Q and U5000AT. We found that the APEX-Q is more
analysis, particularly if the sampling site is influenced by lo- suitable for snow and ice analysis for the following reasons.
cal or regional dust sources. The aerosolization efficiency tests, using PSLs with known

Pyrolyzed_OC / total_OC
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Table 3. Evaluation of advantages and disadvantages of the SP2-based method and the thermal—optical method.

Analytical method Advantages Disadvantages
(BC terminology)
Single particle soot — Precise and reproducible —rBC loss during aerosolization
photometer
(rBC) — Provide rBC size information — Limited detection range
(mass-equivalent diameter) (depending on SP2 detector setting)
— No interference from OC — Ununified calibration material for rBC mass

(internal calibration)

— Low detection limit (0.01 pg ) — Need of devices for internal calibration
(e.g., Scanning mobility particle sizer, Conden-
sation particle counter, etc.)

— Small sample volume<1-2mL) — Relatively tricky data retrieval

— Fast analysis< 10 min)

— Continuous analysis possible

Thermal-optical — Precise and reproducible — Potential positive artifact from pyrolyzed OC
analysis
(EC) — Fast analysis{20 min) — Incomplete and variable filtration on quartz
filters

— No upper limit in particle size detection — Potential artifact from dust

— Useful to obtain actual rBC mass — Large sample volume required (0.1-2 L,

of rBC standard for SP2 analysis depending on the EC loading)

— Easy data retrieval — Sample decarbonation often required

— Contamination can occur during the long
sample preparation procedure

(e.g., filtration and drying filter, and chemical
decarbonation takes 4 days)

diameters, revealed the particle size-independent aerosoliz&hese sample treatment methods could also be applied be-
tion capability in the APEX-Q, ensuring an accurate rBC fore determination of EC using thermal—optical methods.
size-distribution determination. In contrast, the US000AT has An inter-comparison between the SP2-based method and
a strong size-dependent efficiency (Schwarz et al., 2012the thermal—optical (Sunset OC/EC aerosol analyzer with
Wendl et al., 2014). We showed that aerosolization was mor&aUSAAR?2 protocol) method was conducted using opti-
efficient with APEX-Q than with US000AT nebulizer, with mized setups with four different types of samples: Green-
75+ 7 % and 30t 3 % efficiency, respectively. The APEX- land summit firn core (SUM), surface high-altitude alpine
Q led to better aerosolization of large rBC particles with snow (CDD), firn from the Caucasus region (ELB), and Hi-
a consumption of much smaller sample volume. Further-malayan surface snow (HIM). The strengths and weaknesses
more, to avoid potential rBC losses and changes in rBCof both methods are summarized in Table 3. We observed
size distribution of snow and ice samples, we propose a sedifferences between EC and rBC, which were not constant in
ries of recommendations concerning the choice of containerthe different samples and reflected analytical artifacts poten-
first melting of the sample, melting/freezing/melting cycles, tially affecting both analytical methods. The lowest EXBC
surface /volume ratio of the sample container, and storageratio values were found for the CDD samples (£.6.2; Ta-

ble 2) and highlight the incomplete retention of rBC particles
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