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Abstract. Biomass burning, such as domestic heating, agri-(1.4 ug nt3) seemed to originate from biomass burning in
cultural, and wild open-land fires, has a significant influencethe Baltic countries, likely in Estonia, that was transported to
on the atmosphere at the global and, especially, at the locdHelsinki.

scale. Levoglucosan has been shown to be a good tracer for
biomass burning emissions in atmospheric particulate mat-

ter, and several analytical techniques have been presented

for the determination of levoglucosan from filter samples.1 Introduction

In this paper, a novel combination of a particle-into-liquid ) ) .

sampler (PILS) to a high-performance anion-exchange chroSmoke from biomass burning — e.g., open-land fires, slash-
matograph (HPAEC) with the detection by a mass Spec_and—bum agriculture, and re&denﬂa} Wooq combustion — has
trometer (MS) is presented for the online analysis of lev-2Strong influence on the atmospheric particulate matter (PM)
oglucosan in ambient particles. The PILS—HPAEC-MS tech-concentrations at rural, urban, and regional background sites
nique enables a fast online analysis of levoglucosan fron{€-9-» Engling et al., 2006; Saarikoski et al., 2007; Gilardoni
the particulate samples. The method was tested at an urb#t @, 2011; Saamio et al., 2010a, 2012). Biomass burning
background station in Helsinki, Finland, in winter 2011. A ¢an significantly affect global climate, regional air quality,
comparison with simultaneous levoglucosan measurement¥Sibility, ecosystems, and human health (e.g., Ramanathan
from filter samples by the HPAEC-MS was performed and €t al.,_ 2001; Seinfeld and Pandis, 20(_)6). Residential heat-
it showed a good agreement between the online and offlind’d With wood has been associated with adverse health ef-
methods. Additionally, the online levoglucosan data weref€Cts (Boman et al., 2003; Naeher et al., 2007), and it has
compared with the biomass burning tracer fragments mea@/S0 bqen shown t_hat_ blqmass burning emissions contribute
sured by a high-resolution time-of-flight aerosol mass speci0 respiratory hospitalizations (Schreuder et al., 2006). Quan-
trometer (HR-TOF-AMS). As there were no local biomass tification of biomass burning emissions is mandatory to un-
burning sources close to the measurement station, online levlerstand the impact of this source on regional and local air
oglucosan measurements revealed that most of the particled-ality. High-time-resolution measurements represent added
from biomass burning were either regionally distributed or Value, since they help to identify biomass burning sources
long-range transported in the urban background of Helsinki2nd atmospheric processing. . .

The average levoglucosan concentrations were relatively low Molecular markers are commonly used to identify the
(average 0.083 ugn?) during the measurement campaign. SOUrces of ambient aerosols and assess their contribu-

The highest concentration peak measured for levoglucosaHons. Anhydrosugars such as monosaccharide anhydrides
(MAs: levoglucosan, mannosan, and galactosan, of which
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levoglucosan is typically the most abundant one) are genet al., 2007). These mass fragments may originate from lev-

erally used as biomass burning tracers in ambient air partioglucosan and other MAs but also from other sugar com-

cles (e.g., Simoneit, 2002; Yttri et al., 2005; Saarikoski et al.,pounds that can be from other sources.

2008a, b; Niemi et al., 2009; Saarnio et al., 2010a). Levoglu- In our previous paper (Saarnio et al., 2010b), we pre-

cosan is produced specifically from the pyrolysis of plant ma-sented a HPAEC-MS method for the analysis of MAs from

terial (cellulose and hemicelluloses) (Simoneit, 2002) and itfilter samples. In the present study, we combined a PILS

is generally used as a tracer for biomass burning because it iwith the HPAEC-MS in order to measure levoglucosan in

considered relatively stable (Fraser and Lakshmanan, 2000ambient aerosol online with the time resolution of eight

Nevertheless, it has been lately shown that levoglucosan magninutes. The levoglucosan concentrations measured with

also be produced to a lesser extent in the pyrolysis of lig-the developed PILS-HPAEC-MS method were compared

nite (Fabbri et al., 2009) and that hydroxyl radicals may de-with those measured from concurrently collected filter sam-

grade levoglucosan in atmospheric conditions (Hennigan eples. Moreover, the levoglucosan results were compared

al., 2010; Hoffmann et al., 2010). with the biomass burning tracer fragments measured with
Several analytical technigues have been presented for then Aerodyne high-resolution time-of-flight aerosol mass

analysis of levoglucosan, e.g., gas chromatography (GCypectrometer (HR-TOF-AMS).

and diverse liquid-chromatographic (LC) techniques, such as

high-performance liquid chromatography (HPLC) and high-

performance anion-exchange chromatography (HPAECY Methods

with mass spectrometric (MS) or pulsed amperometric detec—2 1 Site description

tion (PAD) (e.g., Dye and Yttri, 2005; Engling et al., 2006; =

Schkolnik and Rudich, 2006; linuma et al., 2009; Saarnio erhe measurements were conducted between 16 February

al., 2010b; Piot et al., 2012). The analysis of levoglucosan is;,q 25 March 2011 at the SMEAR Il station, an urban
traditionally conducted from filter samples with sampling du- background site in Helsinki, Finland (B2N, 2457 E

rations from several hours to days. Filter samplings, howevergg , a.s.l.). The local meteorological data, including air tem-

average the levoglucosan concentrations over the samplingerature 1), wind speed (WS), and wind direction (WD)
period and short-term changes are lost. Hardly any studiefere recorded at the same station. The mean daily temper-
present highly time-resolved data of ambient levoglucosany ,re remains typically below<T in winter, but warm air-
concentrations. That kind of data can be useful to detect diursy s can raise the daily high abov&0 at times. During the

nal changes and to separate the local biomass burning emigseasyrement campaign, the air temperature ranged between
sions from those that are regionally distributed. Addition- _54 5nd &C.

ally, high-time-resolution data of biomass burning emissions  Apout one million inhabitants live in the Helsinki

are needed to improve the atmospheric dispersion models Qfetropolitan Area, in which about 65000 detached houses
smoke plumes n th(_a at.mosphere. exist and approximately 90% of them have some kind of
The particle-into-liquid sampler (PILS) was developed for firepiace. In the urban areas of Helsinki Metropolitan Area,
collecting samples of water-soluble compounds in aerosol§ne particles that originate from wood combustion are typ-
(Weber et al., 2001). PILS enables the online analysis Ofic4)y regionally distributed and/or long-range transported
the collected samples with several analytical devices, SUC'E)ecause there are only few local wood combustion sources
as ion chromatographs (IC), analyzers for water-soluble orj, the yrban areas of Helsinki (Saarnio et al., 2012). The
ganic carbon (WSOC), or liquid wavelength capillary cell yain emission sources of RMparticles with aerodynamic
and.absorbance spectrophotqmetry e.g., Or§|n| etal,, 2003jiameter smaller than 1um) in the metropolitan area are
Sullivan et al., 2004; Rastogi et al., 2009; Timonen et al.,jon4 range transport and traffic throughout the year, small-
2010). Also an application of the online coupling of the PILS g¢31e wood combustion at the residential areas with detached
with a solid-phase extraction to liquid chromatography-mass, 5 ;ses mainly in the cold season, and secondary organic
spectrometry has been presented for the analysis of organigeo50| (SOA) formation in the warm season (Saarikoski et
acids in aerosols (Parshintsev et al., 2010). Recently SciargL, 2008b). In addition, smoke from open-land fires in Rus-
et al. (2012) presented a technique where the aerosol sanyj, ang Eastern Europe is transported occasionally to the area

ple is collected with the PILS and directly injected t0 an ring the warm season (Saarikoski et al., 2007; Niemi et al.,
electrospray ionization source-tandem mass spectromet&jnng: Saarnio et al. 2010a).

(ESI-MS/MS) to measure levoglucosan in real time from
ambient air. 2.2 Materials

The highly time-resolved data of biomass burning emis-
sions can also be gained with aerosol mass spectrometet®evoglucosan (1,6-anhydrg-D-glucopyranose; purity
(AMS) by using the mass fragments specific for biomass99+ %; Acros Organics, NJ, USA), mannosan (1,6-anhydro-
burning. Mass-to-charge ratioa (z) of 60 and 73 have been g-D-mannopyranose; purity 99 %; Sigma-Aldrich Co., MO,
shown to be associated with biomass burning (e.g., AlfarrdJSA), and galactosan (1,6-anhydéeb-galactopyranose;
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2.3.1 Sampling with PILS

aerosol .

Dionex ICS-3000 system .
—_— PILS enables the online measurement of water-soluble ma-

EEn':f:tto r terial in aerosol particles (Weber at al., 2001; Orsini et al.,
: 2003). An extensive review of the previously reported PILS
campaigns has been presented in Timonen et al. (2010),
ESI- where the principle of the PILS was also given. The
MsQ . . . .
schematic diagram of the sampling system and the analysis
apparatus used in the present study is presented in Fig. 1.
) — Fine particles were sampled from ambient air through a size-
\ selective inlet (Digitel LVS/PM) that removed the particles
==y aerosol with an aerodynamic diameter larger than 1 um. The sam-
—> sample . . . .
_ S s pling line did not include denuders because levoglucosan
—> water/eluent is in particle phase at ambient temperature (Oja and Suu-

Fig. 1. Schematic representation of the sampling line and the onlineberg’ 1999). The air flow (16.7 L mit) was directed to the
coupled PILS-HPAEC-MS apparatus. Arrows represent the rowPILS’ where the particles were grown with saturated wa-

of the aerosol sample and the liquids within the system. STD ter_vapor to droplets_ and impacted onto the impaction pla_te,
standard solution containing internal standard and standard additiof/hich was flushed with a steady stre_am ofa S_tandard s_olutmn
of levoglucosan; SUR= suppressor; C& conductivity cell; ESl- (130 uLmim%). The standard solution contained the inter-
MSQ= quadrupole mass spectrometer with electrospray ionizationnal standard compound and the standard addition of levoglu-
The figure is not to scale. cosan. The effluent, i.e., the sample solution flushed from the
impaction plate, was split at a debubbler unit. The flow rate
of the effluent that was directed to the sample loop (50 uL)
Sigma-Aldrich Co.) were used for the calibration and as stanof the HPAEC instrument was 70 pL mih so that the loop
dard addition compounds. MethgHD-arabinopyranoside was filled in less than one minute. The sample loop volume
(purity 99 %,; Aldrich Chemical Co., WI, USA) was used as was tested to be suitable for separation of levoglucosan from
an internal standard compound (ISTD). Carbon-13-labeledwo other MAs (Saarnio et al., 2010b). Then the sample was
levoglucosan (1,6-anhydre-D-[UL-13Cg]-glucopyranose automatically injected into the column for analysis. During
in dimethyl sulfoxide; 100 pgmt?, purity 98%, 1.2mL  the time required for the sample elution and detection (about
ampoule; Cambridge Isotope Laboratories, Inc., MA, USA) eight minutes), the sample loop was flushed and filled with
was used for the comparison of ISTD. Deionized waterthe following sample. A minor drawback with the loop tim-
(Milli-Q water; resistivity 18.2M2 cm at 25°C, total  ingis that the achieved data are only semicontinuous, and the
organic carbon 3-5 ugt!) was produced with a Millipore  chromatograms represent less than a one-minute sampling
Gradient A10 water purification system (Merck Millipore, period over the eight-minute analysis period. In this study,
MA, USA), and it was used in standard solutions and asmost of the sample solution flow was directed to waste. How-
vaporizing water in the PILS, and it was given for eluent ever, it could be directed to other analysis apparatuses, such
generator of the analysis instrument. as ion chromatographs or a carbon analyzer, or it could be
Quartz filters (47 mm, Tissuquartz Pall Life Sciences) collected for offline analysis to gain more information about
and polytetrafluoroethylene (PTFE) membrane filter (47 mm,the sample.
3.0um FS, Fluoroporé, Millipore) were used for collect-
ing air particulate samples. The samples extracted fronp.3.2 Determination with HPAEC-MS
the collected filters were filtered through IC Acrodissy-

ringe filters (13 mm, 0.45 um Su®(PES) membrane, Pall  The online determination of levoglucosan was conducted

air flow

o)

Sciences) for the analysis. with a high-performance anion-exchange chromatograph
. ] coupled to a quadruple mass spectrometer (HPAEC-MS).
2.3 Set-up for online analysis of levoglucosan The HPAEC-MS method for the analysis of MAs was re-

. ntl vel nd vali for laborator nd it w
The online measurement of levoglucosan was conducted beC-e tly developed and validated for laboratory use and it was

ublished by Saarnio et al. (2010b). The analysis instrument
tween .16 Februgry anq 25 March .2011' Th_e measuremerﬁvas a Dionex ICS-3000 system designed for ion chromatog-
campaign was divided into five periods (Periods A—E) with

. . . raphy with Dionex MSQ'. The used chromatography set-up
different analytical conditions. consisted of a Dionex CarboPadA10 guard column (2 mm
i.d. x 50 mm length) and a Dionex CarboPa®A10 analyt-
ical column (2mm i.dx 250 mm length), a 2mm ASFS
300 suppressor, a CR-ATC anion trap column, and a EGC
Il KOH eluent generator. The ionization was made using the
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electrospray technique (ESI) in the negative mode, and theicles and the fraction of PMwas sampled on a filter. The
mass range scanning (z 50-250) and selected ion monitor- sampling was conducted by dividing the sample flow into
ing (SIM) modes were used for the detection. The moleculatwo and using two filter cassette systems in parallel: one
ions of levoglucosan were monitored with/z 161 and the  with two pre-fired quartz filters one upon the other (frant
internal standard withn /z 163. Data were stored and pro- backup) and the other with a PTFE filter. The sampling du-

cessed with a Dionex Chromeléd6.8) system. ration varied from 18 to 72 h. The flow rate was 40 L min
The HPAEC-MS equipment was calibrated using eight so-for each filter cassette system.
lutions, with concentrations from 0 to 500 ng mtof lev- Levoglucosan was analyzed from the quartz filters by

oglucosan and from 0 to 50 ng mL of mannosan and galac- punching a 1 crhpiece from the filter, followed by an extrac-
tosan, made from stock solutions. These solutions containeton with 5 mL of deionized water (containing the same con-
also the ISTD (the same concentration that was used in theentration of internal standard as in the standard solution of
standard solution of PILS; see Sect. 3.1). the PILS) and filtering through an IC Acrod®syringe fil-

In order to get data with a highest possible time resolu-ter prior to the injection. The offline analysis was conducted
tion, the HPAEC—-MS analysis time was chosen to be eightwith the HPAEC-MS using the same analysis program and
minutes, which was less than in the offline method (15 min)apparatus as presented above for the online analyses. Part
described in Saarnio et al. (2010b). The target analytes aref the filter samples was analyzed during the maintenance
eluted in eight minutes, but there is a possibility that the breaks of the online system and the rest after the measure-
later eluting monosaccharides (such as glucose) may ovement campaign. The filter samples were stored in a freezer
lap with the target analytes in the following analysis runs. It before the analysis. To determine the mass of the sampled
was earlier seen that the high ionization probe temperatur®M;, the PTFE filters were weighed before and after the
of MS induces slight dehydration of monosaccharides form-sampling with a Mettler Toledo UMT2 balance (readability
ing MAs (Saarnio et al., 2010b). However, glucose was notof 1 ug; Mettler Toledo GmbH, Switzerland).
found in the fine-particle samples collected on the filters at
the same site in wintertime, and therefore the shorter runtime.6  HR-ToF-AMS
was considered suitable for the PILS-HPAEC-MS method.

The Aerodyne high-resolution time-of-flight aerosol mass
2.3.3 Maintenance procedures spectrometer (Aerodyne Research Inc; DeCarlo et al., 2006)

operated at SMEAR Il from 22 February to 25 March 2011.
The operational requirements of the PILS-HPAEC-MS sys-{R_ToF-AMS was alternating between V and W mode, but
tem included maintaining the supply of internal standard andy e to issues in W mode only V mode results were used. The
deionized water for the use of the PILS and HPAEC as wellijme resolution for the HR-TOF-AMS was six minutes.
as running a calibration standard approximately every other cgjiection efficiency (CE) of 0.5 was used in order to cal-
day to verify that the complete analytical system was func-cyjate the ambient concentrations of the chemical species
tioning within acceptable limits. The air flow of the sampler f,om the HR-ToF-AMS data. CE depends on several factors,
and the liquid flows of the standard solution and the efﬂuente_g_, particle chemical composition and relative humidity
were checked weekly. (Middlebrook et al., 2012). Timonen et al. (2010) compared
chemical species from the HR-ToF-AMS with the semicon-
tinuous OC/EC, PILS-IC and TEOM results, showing that a
CE=0.5is appropriate for the HR-ToF-AMS data collected
in Helsinki in springtime. In this study only the total mass
from the HR-ToF-AMS, with a CE= 0.5, was compared with
the mass concentration from the TEOM. The mass concen-
tration from the HR-ToF-AMS correlated quite well with that
from the TEOM ®2 = 0.79); however, HR-ToF-AMS mass
concentrations were 14 % higher than those from the TEOM.

HR-ToF-AMS data were analyzed with a standard AMS
data analysis software (SQUIRREL 1.51H and PIKA
2.5 Filter samples 1.10H). The m/z of 60 and 73, which are used as

tracer mass fractions for biomass burning (Schneider et
Concurrently with the PILS—-HPAEC-MS measurements,al., 2006; Alfarra et al., 2007), were obtained from the
PM; filter samples were collected and analyzed offline with high-resolution datanf/z 60.021 (GH40J) and 73.029
the HPAEC-MS. The sampling procedure was similar to that(C3H5O§“), respectively).
presented by Saarnio et al. (2010b). Briefly, the sampling air In separate laboratory measurements, the HR-ToF-AMS
flow was directed through the four upper stages of a Bernemass spectrum for a levoglucosan standard was obtained. A
low-pressure impactor to remove the super-micrometer parstandard solution of levoglucosan was prepared by dissolving

24 TEOM

The mass concentration of HMvas measured with a ta-
pered element oscillating monitor (TEGMmodel 1400ab,
Rupprecht & Pataschnik). An online cyclone (sharp cut cy-
clone SCC1.829, BGI Inc.) was used to cut off the super-
micrometer particles before the TEOM. The time resolu-
tion of the TEOM was 30 min. The results of the TEOM
were not corrected for the evaporation of semivolatile
aerosol compounds.
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Fig. 2. Chromatogram of the MAs and the two ISTD compounds

with the HPAEC-MS. study (Saarnio et al., 2010b). In that method, levoglucosan-

13Cg was used as ISTD. In the online method, levoglucosan-

13 : . ) , -
the solid standard compound into deionized water. The solu- Ce was replaced with methy-D-arabinopyranoside be

tion was then atomized with a constant output atomizer (TSICause it has a different retention time from I_evo_glucosan,
Model 3068, St Paul, Minnesota, USA), the aerosol was driecxand therefore_lt dpes _not cause ion suppression in levoglu-
with a diffusion dryer, and a monodisperse aerosol fraction(‘fosanlc ?gt_lt::-lgmmatmnblllke_ Ie\ﬁogg,i?i%,;gge I\j(;nsumr[]) Rk d
(300 nm) was selected with a differential mobility analyzer tion o IS notable in the —HPAEC-MS method,
(TSI Model 3080, St Paul, Minnesota, USA). The selectedand therefore methys-D-arabinopyranoside is also a sub-

aerosol fraction was then analyzed with the HR-ToF-AMS in fgantially less expe_znsive optio_n as ISTD than levoglucosan-
order to obtain the ratios 0f2(E|4O§r and QH5O{ to lev- Cs. Methyl-arabinopyranosides are structural_ly related
oglucosan concentrations in the HR-ToF-AMS mass spectra(.:omIoounds to Ievoglucosar) and they have prewqusly been
used as ISTD compounds in the GC-MS analysis for lev-
oglucosan (Pashynska et al., 2002; Hinwood et al., 2008;
Fabbri et al., 2009). Figure 2 presents a chromatogram from a

standard compound analysis with the HPAEC-MS that shows

The aim of this study was to develop a fast online method forthe differences in retention time of the two ISTD compounds
the determination of levoglucosan in atmospheric aerosol&nd levoglucosan.

enabling the detection of biomass burning emissions in real The PILS-HPAEC-MS method was tested with ISTD
time. This study included the development of the analyticalconcentrations of 50ngmt* and 100ngmL* of methyl-
method, the results from a month-long campaign and the val8-D-arabinopyranoside. The 50 ng mt.concentration was
idation of the results by comparing the online results with tested first (periods A—-C in Fig. 3). During this test period the

3 Results and discussion

filter samples and data from the HR-ToF-AMS. ambient levoglucosan concentration was relatively high, but
there was a lot of variation in the results of levoglucosan and
3.1 Characteristics of PILS—-HPAEC-MS ISTD as well. The higher ISTD concentration (100 ngTL

showed better stability of the method (Periods D-E in Fig. 3).
3.1.1 Use of internal standard

3.1.2 Determination range
In the PILS methods, dilution of the sample solution in the
PILS and the changes in the response of the MS can cauda the previously published HPAEC-MS method (Saarnio
variation in the online determination. The amount of con-et al., 2010b), the limit of detection (LOD) and the
densed water in PILS depends on the quantity and waterlimit of quantification (LOQ) values for levoglucosan were
solubility of the particles in the sample air. An ISTD com- 2ngmL~! and 5ngmL?, respectively. When the LOD
pound is needed to correct for these fluctuations. The conand LOQ values of the HPAEC-MS method were di-
centration of the ISTD is measured when the ISTD solutionrectly calculated from the sampling times of the PILS-
is prepared and then the concentration of ISTD is analyzedHPAEC-MS method (the respective LOD and LOQ values
in each PILS sample, and hence the analyte concentration ifor the levoglucosan concentration in the sampled air vol-
aerosol can be calculated accurately. ume) they were equal to 8.4 ngthand 21 ngm?3, respec-

In the present study, the PILS-HPAEC-MS method wastively. However, these theoretical values were clearly lower

developed based on the HPAEC-MS method that was dethan those observed in ambient air. In the PILS—-HPAEC—-
veloped for offline analysis of levoglucosan in our previous MS method, the direct injection of ambient particulate

www.atmos-meas-tech.net/6/2839/2013/ Atmos. Meas. Tech., 6, 219 2013
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sample into the analysis apparatus causes apparently mor | |
noise than in the laboratory conditions. Therefore the —— offline from filters
LOD and LOQ values were estimated to be in the range «~ 2] SR a AR d i
of 5-10ngmL?! (21-42ngm? in ambient air) and 20—
30ngmL~1 (84-126 ng m?3), respectively.

The linear range of the HPAEC-MS method was
from 5ngmL-1 to about 200 ngmt! when methylg-D-
arabinopyranoside was used as ISTD. Additionally, the de-
termination of the higher levoglucosan concentrations up to
about 500 ngmt?! succeeded using a quadratic calibration 00—+

o
|
T

=
©
|
T

o
=
1
T

Levoglucosan (ug m
o

~

1

21/02/2011  28/02/2011  07/03/2011  14/03/2011  21/03/2011

curve. The determination range of the PILS-HPAEC-MS Date

method was consequently from LOQ to 500 ngThLi.e.,

from 84—126 ngm? to about 2.1 pgm3. During the mea-  Fig. 4. Time series of levoglucosan measured online with the PILS—
surement campaign, the measured levoglucosan CcmcemrgLPAEC—MS and determined offline from the filter samples with the

HPAEC-MS. The PILS-HPAEC-MS measured with a time resolu-
tion of 8 min, whereas the sampling duration for the filters varied
from 18 to 72 h.

tions were within the dynamic range.

3.1.3 Standard addition method

o o levoglucosan results with the HR-ToF-AMS data will be dis-
The limitation of the method was the determination of lev- ,ssed in detail in Sect. 3.3.

oglucosan of low concentrations. The average wintertime During the measurement campaign, the method was not
concentration of levoglucosan in the ambient urban backapaple of measuring the isomers of levoglucosan, i.e., man-
ground air of Helsinki is relatively low (typically less than nqan and galactosan, due to their notably lower concentra-
100ng nT?; Saamio et al., 2012), that is, on the same CoN-tion in ambient air. In our previous study, levoglucosan con-

centration level as the estimated LOQ value of the PILS—ip,ted on average 86 % to the sum of MAs at the same site
HPAEC-MS method. Therefore a standard addition methOd(Saarnio etal., 2010b).

was tested to improve the analytical range of the levoglu-
cosan determination. 3.2 Comparison with the filter samples

The levoglucosan standard was added to the flushing so-
lution of the PILS with 0, 50, and 100 ng mk additions.  During the study period, filter samples £ 23) were col-
The concentration of flushing standard solution was checkedected in parallel with the PILS—-HPAEC-MS measurements
daily by bypassing the PILS and analyzing several replica-(Fig. 4). With the filter samples the short-term changes in the
tions with the HPAEC-MS. The concentration of levoglu- levoglucosan concentration during the sampling time were
cosan in the flushing standard solution was subtracted fronfost; for example on 24—25 February, a high-concentration
the measured concentrations in the ambient samples (Fig. 3peak of levoglucosan was detected by the PILS—-HPAEC—
The standard deviation of the standard addition was 16 %S, whereas the levoglucosan concentration in the corre-
with the concentration of 50 ng mi. The variation of the  sponding filter sample did not differ notably from the adja-
standard addition caused some additional inaccuracy in theent samples (more about this sample is given in Sect. 3.4).
quantification of ambient levoglucosan concentration, butNevertheless, with the filter samples the general decreasing
the standard addition method also enabled a wider rang@end of levoglucosan in springtime was observed.
of measurement. The online levoglucosan data were averaged over the filter

It can be seen from Fig. 3 that only during the first half sampling periods in order to compare them with the levoglu-
of the measurements (periods A and B) the concentrationgosan concentrations analyzed from the filters. The least-
of levoglucosan were above the LOQ, and therefore couldsquares regression analysis (Fig. 5) showed that the corre-
theoretically be determined without standard addition. Whenlation between the online and offline techniques was good
the method was tested without any standard addition (peri{R2 = 0.903), but the PILS—-HPAEC-MS somewhat under-
ods C and D), the levoglucosan peak, however, could not bestimated the levoglucosan concentrations compared with
identified in the chromatograms. It is possible that ambientthose determined from the filter samples. The online lev-
levoglucosan concentrations decreased from periods A-B t@glucosan concentrations from the PILS-HPAEC-MS were
periods C-D as after the standard addition was applied agaion average 20 % lower than those from the filter samplings.
(period E), ambient levoglucosan concentrations were noHowever, the ratio between the PILS-HPAEC-MS and filter
tably lower than during period A-B. That can be confirmed results varied; e.g., on 24-25 February the levoglucosan con-
by the HR-ToF-AMS data that show very low values for the centration was 21 % lower with the PILS—HPAEC-MS than
molecular fragments of biomass burning aeroseiHgO; from the filters, on 26-28 February only 1% lower and on
and Q;H5O§L) during periods C-D. The comparison of the 10-11 March 41 % lower. A similar difference between the
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Fig. 5. Comparison of levoglucosan concentrations measured on- Date

I|_ne with the PILS-HPAEC-MS (averaged over the fllte_r S"?‘mp"“g Fig. 6. Online measured levoglucosan (PILS-HPAEC-MS) com-
times) and the levoglucosan concentrations sampled with filters and ared with the time series b0+ and GH=O fragments and
analyzed offline with HPAEC-MS. The dotted line represents theP . 840, and GH50; frag

1:1line. the sum of organics (HR-ToF-AMS) with the air temperature. All

measured values are averaged with 1 h time resolution. The letters
A-E as in Fig. 3.

filters and PILS has been detected earlier for the other com-

pounds. Timonen et al. (2011) found that for sulfate the re-

sults of the filter samples were on average 18 % higher thamvere observed with both methods, especially the maximum
the PILS results during a one-year period in Helsinki. An concentration on 25 February, but there were some peaks that
even larger difference was observed for oxalate in Helsinki:were missing in the HR-ToF-AMS data (e.g., 1 March) or in
Saarikoski (2008) observed that oxalate concentrations werthe levoglucosan data (e.g., 27 February and 11 March). Even
62 % lower in the PILS than in the filter samples. The smallerthough both data were averaged to one hour it is possible that
results from the PILS-HPAEC-MS method may be due toHR-ToF-AMS and PILS-HPAEC-MS measured slightly dif-
several causes: (1) typical features of the PILS measureferent air; due to the four operating modes in the HR-ToF-
ments, e.g., sample loss inside the PILS (Orsini et al., 2003)AMS, the data covered 25 % of the time, whereas the cover-
especially due to the fact that biomass burning particlesage for the PILS-HPAEC—-MS data was even smaller, being
might contain a significant fraction of black carbon, which is less than 10 % of the time due to the size of the sample loop.
hydrophobic; (2) possible evaporation or degradation of an- The correlation between online levoglucosan a@blﬂ:);r
alytes in the PILS; and (3) higher analytical uncertainty for and QH50§r was moderateR? = 0.63 andR? = 0.55, re-

the lower concentrations in the HPAEC-MS. spectively; Fig. 7a, b). There was a lot of variation, especially
for the small concentrations, which was possibly caused by
3.3 Comparison with the HR-ToF-AMS data the inaccuracy of the standard addition method. The respec-

tive correlation coefficients between the concentrations of

Levoglucosan concentrations from the PILS—HPAEC-MSlevoglucosan determined offline from the filter samples and
method were compared with the biomass burning tracer§32H40§r and C‘3H5O§r averaged over the filter sampling
analyzed from the HR-ToF-AMS data. The concentrationstimes were slightly larger than for the online levoglucosan
of biomass burning tracers at/z60.021 (QH4O§L) and method ®2 = 0.83 andR? = 0.74, respectively; Fig. 7c, d).
73.029 (GHs03) in the HR-TOF-AMS and levoglucosan  In order to obtain the ratios of £1403 and GHsOj to
from the PILS-HPAEC-MS were averaged for 1 h time res-levoglucosan concentrations in the HR-ToF-AMS mass spec-
olution for the comparison. tra, a solution of levoglucosan standard was nebulized and

Time series for levoglucosan and AMS tracers are pre-analyzed with the HR-ToF-AMS in the laboratory: i, 07
sented in Fig. 6. Both methods detected similar evolution ofand C‘3H5O§r fragments contributed 10 and 2.6 % to the
the concentrations, but the HPAEC-MS had more variationtotal mass of levoglucosan, respectively. Based on the ra-
in the concentrations. Most of the high-concentration peakdio of CzH40;r to levoglucosan from the laboratory tests,
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Online levoglucosan (ugm™)  Offline levoglucosan (ug m") ples, made up only a fraction of the estimated AMS anhydro-

Fig. 7.Comparison of levoglucosan concentrations measured onIinés,ugar equwal.ent copcentratlon (AMS-'equaIenF concentra-
with the PILS—HPAEC—-MS and the biomass burning tracer concenion Was 8.5 times higher). They explained the difference by
trations measured with the HR-ToF-AMS (the data were averagedPther structurally similar compounds in smoke that produce
with 1 h time resolutionja—b), and the comparison of levoglucosan the same fragment (e.g., glucose). Just the opposite behav-
concentrations determined offline from the filter samples with theior was noticed in the ambient measurement in the Po Val-
HPAEC-MS and the biomass burning tracer concentrations mealey, Italy (Saarikoski et al., 2012). Based on the same frag-
sured with the HR-ToF-AMS (the HR-ToF-AMS data were aver- mentation patterns for anhydrosugars that were used in Lee
aged according to the filter sampling timés)-d). et al. (2010), only 25 % of the anhydrosugar concentrations
measured from the filter samples could be reproduced from

) . . the HR-ToF-AMS data in Italy. It was speculated that the
AMS-levoglucosan equivalent was 3.5 times higher than lev-joer values were due to the difference in the fragmentation
oglucosan measured with the PILS-HPAEC-MS. Althoughpatterns of different instruments.

the average proportion of levoglucosan is the major anhydro-
sugar, contributing 86 % to the sum of three anhydrosugarsirg 4 | evoglucosan concentration in atmospheric aerosol
Helsinki (Saarnio et al., 2010b), it should be noted that also
other anhydrosugars can contribute tHgO} fragment. The average concentration of levoglucosan was 831y m

It has been suggested that there are other minor sources f@’uring the measurement Campaign_ That was close to that
CzH403 in ambient air. Mohr et al. (2009) found28403  measured at urban sites in Helsinki during the cold season
in meat-cooking aerosol and Aiken et al. (2009) subtracted83-98 ng m3; Saarnio et al., 2012) and slightly higher than
0.3% of organic aerosol mass from ting¢z 60 mostly due to  the annual average of 64 ngrhat the same site (Saarikoski
SOA. In this study there was a small offset foHGOJ con- et al., 2008b). The online measured levoglucosan concen-
centration {4 ngnT3) when it was plotted against the on- tration (PILS-HPAEC-MS) was on average 2.3% of the
line levoglucosan concentration (Fig. 7a). The backgroundconcentration of organics measured with the HR-ToF-AMS
CoH40F was equal to 0.2% of organic aerosol, which is (Fig. 6) and 1.4 % of the PMconcentration measured with
lower than suggested in Aiken et al. (2009). That is reasonthe TEOM (not shown).
able as the contributions of other sources feHgO3 , SOA There was only a minor difference in the levoglucosan
and meat cooking can be assumed to be small in wintertimgoncentrations between the night (18:00-06:00 LT) and day
Helsinki. When GH4OF was compared to offline levoglu- (06:00-18:00 LT). At nighttime the levoglucosan concentra-
cosan from the filter samples, the offset fostGO] was  tion was on average only 8 % higher than in daytime, with the
negative (Fig. 7c). average levoglucosan concentrations (median; range) during

Similar to this study, it has been noticed previously that all the night and day being 86 (56; 0-1519) nghand 79 (57;
C2H40;r fragment in the AMS may not be related to levoglu- 0-753) ngnT3, respectively. A similar night—day variation
cosan or other anhydrosugar molecules. Lee et al. (2010) cahas been observed earlier in Helsinki with filter samples (the
culated an AMS anhydrosugar-equivalent concentration usaverage nighttime concentration 12 % higher than in daytime
ing a multiplying factor of 7.5 for @H40§r for the estima-  during the winter 2008—-2009 (Saarnio et al., 2010b) and 8 %
tion of the sum of levoglucosan, mannosan, and galactosann February 2006 (Saarnio et al., 2012)). Similarly, levoglu-
They found that in the conditions of open biomass burning,cosan concentration did not seem to have a clear diurnal cycle
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Local time ary, 08:12) was collected for 21 h and the levoglucosan con-
12:00 18:00 00:00 00:00 centration was 0.29 pg ™. The meteorological data showed
10 la) ————— 1™ that air temperature and wind speed were low during that
----- Offline-Levog. —— C,H,0, . . . . . . .
12+ | __ onineLevog, — C,0," ~0.3 night (Fig. 9d). The principal wind direction was from east-
e o | 45 fg' southeast. In that direction there are a few small residential
g - & areas with detached houses (3—7 km away from the measure-
04 Tl o 01 ment station). However, it is unlikely that fireplaces would
0.0 0.0 have been used at that time of the night, at least not to a large
40 - 8 - - Filter-PM, extent.
9 50rimbdd ek bk e i, The PM concentration measured with the TEOM as well
; 55 B as organics measured with the HR-ToF-AMS increased si-
10 B multaneously with levoglucosan (Fig. 9b). However, the in-
crease was more pronounced for levoglucosan than for PM
0 19 — NO; and organics; levoglucosan concentration was 3.2 % of the
12/ — 50" concentration of organics and 2.7 % of the Ptbncentra-
e g NH, tion during the plume, which were 37 and 88 % higher contri-
2 § s 5 butions than the averages for the whole measurement period,
4] N respectively. The other main particulate components did not
0 4 show a behavior similar to biomass burning tracers, although
1294 sulfate increased slightly (Fig. 9¢), which implies that the
5 149 -3 Z reason for the high concentrations was not temperature in-
= 107 -2 3 version. Instead, the backward air mass trajectories (HYS-
187 L, > PLIT transport and dispersion model, NOAA Air Resources
a0y Laboratory; Draxler and Rolph, 2013) showed that the air
R0 masses came to Helsinki from Estonia 70 km away from
12:00 18:00 00:00 06:00

Helsinki) during that night. Presumably the measured lev-

oglucosan originated mainly from the wood combustion in

Fig. 9. Concentrations of online levoglucosan with the PILS— Estonian households earlier in the evening of 24 February.

HPAEC-MS and offline from the filter sample (left axis) and

CoH405 and GHsO4 with the HR-TOF-AMS (right axisXa);

PM1 mass with the TEOM and from the filter sample and organ-4 Conclusions

ics with the HR-ToF-AMSb); nitrate, sulfate and ammonium with

the HR-ToF-AMS(c); as well as air temperature and wind speed A new application was developed for the online analysis of

(d) during the filter sampling on 24-25 February 2011. levoglucosan in atmospheric aerosol in which the sample col-

lection with the PILS was combined with fast analysis by

HPAEC-MS. The time resolution of the PILS—-HPAEC-MS

: o method was eight minutes. With a standard addition method,

(Fig. 8), which implies that there are no, or only few, local : :
. : : .the method was shown to be capable of measuring the typi-

biomass burning sources. Instead of a clear night—day vari- ; . : !
. X cal wintertime background concentrations of levoglucosan in

ation or diurnal cycle, there seemed to be plumes from re-

: : . Helsinki, Finland.
gional wood combustion sources and transported from Baltic . . .
A fairly good agreement in levoglucosan concentrations

countries and Central Europe that affected the Ievoglucosi?etermined using the filter and PILS samplings showed that

C?unniigt:jailgo:jt Ir?avl:e:as'dnle(l.ezggiielf)%g;;aengri;rgp tsﬁsréz he PILS-HPAEC-MS method was able to measure levoglu-
P P Yso0san accurately and that the PILS-HPAEC-MS was a use-

These observations support the estimations made in our pre- . ) .
. ! . . . ul tool for measuring the levoglucosan concentrations in
vious study (Saarnio et al., 2012), in which we estimated ; : . .
ambient fine particles. Short-term changes in the levoglu-

that in the urb.an background of.HeIsmkl .the_ particles from cosan concentration were detected with the PILS—-HPAEC-
biomass burning are either regionally distributed or long- : : i .
MS method, whereas that information was lost in the in-

range transported. (t]egrating filter samples. The short-term changes in the lev-

du-:irr:: r:;lgeher?itgrlﬁv%gelx g:?n 230n;r?(?tr;goEevgfjarr;eﬁ#éipglucosan concentration corresponded to the bioma:;s burn-

the levoglucosan concentration increased temporaily up tgng tracers measured with the HR-TOF-AMS. The ratio be-

1.4pgnT3 (Fig. 9a). The detected plume lasted for abou,ﬁwee’n levoglucosan and the blomgss bumlng tracers implies
X . ' that in the urban background air in Helsinki, an important

three-and-a-half hours, of whlch for two hours the levoglu- part of the QH4O§ fragment measured by HR-ToF-AMS is
cosan concentration was higher than 0.5 gniThe con-
caused by levoglucosan and other anhydrosugars.

current filter sample (from 24 February, 11:22, to 25 Febru-

Local time
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Levoglucosan concentrations ranged from LOD to matography with pulsed amperometric detection, Atmos. Envi-
1.4 pg nT3 with an average of 0.083 pgT during the mea- ron., 40, S299-S311, 2006.
surement campaign. Levoglucosan did not have any clear difabbri, D., TOI’I‘I_,'C., Simoneit, B. R. T., Marynowski, L., Rushdi,
urnal trend. Concentrations were slightly larger at nighttime ~A- -, and Fabiaska, M. J.: Levoglucosan and other cellulose and
than in daytime, but the difference was insignificant. That lignin mark(_ars in emissions from burning of Miocene lignites,
was expected as there were no local biomass burning sources ;S“;roa I?Dn\ga?jnlz:kzhzrjgr?;ﬁzlis’Uzgi(r)lz.Ievoglucosan e a molec.
near tr;)e meadsurement s;atlon. Tf;]e Ia[)gest congentratlon pekakular marker for the long-range transport of biomass combustion
was observed on 25 February, when biomass burning smoke aerosols, Environ. Sci. Technol., 34, 4560-4564, 2000.

from Estonia was transported to Helsinki. Gilardoni, S., Vignati, E., Cavalli, F., Putaud, J. P., Larsen, B.
R., Karl, M., Stenstrém, K., Genberg, J., Henne, S., and Den-
tener, F.: Better constraints on sources of carbonaceous aerosols
using a combined“C — macro tracer analysis in a European
rural background site, Atmos. Chem. Phys., 11, 5685-5700,
doi:10.5194/acp-11-5685-2012011.
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A. L.: Levoglucosan stability in biomass burning particles ex-
posed to hydroxyl radicals, Geophys. Res. Lett., 37, L09806,
doi:10.1029/2010GL043082010.

Hinwood, A. L., Trout, M., Murby, J., Barton, C., and Symons,
B.: Assessing urinary levoglucosan and methoxyphenols as
biomarkers for use in woodsmoke exposure studies, Sci. Total

Aiken, A. C., Salcedo, D., Cubison, M. J., Huffman, J. A., DeCarlo,  Environ., 402, 139-146, 2008.

P. F., Ulbrich, I. M., Docherty, K. S., Sueper, D., Kimmel, J. Hoffmann, D., Tilgner, A., linuma, Y., and Herrmann, H.: Atmo-
R., Worsnop, D. R., Trimborn, A., Northway, M., Stone, E. A, spheric stability of levoglucosan: a detailed laboratory and mod-
Schauer, J. J., Volkamer, R. M., Fortner, E., de Foy, B., Wang, elling study, Environ. Sci. Technol., 44, 694-699, 2010.

J., Laskin, A., Shutthanandan, V., Zheng, J., Zhang, R., Gaffneylinuma, Y., Engling, G., Puxbaum, H., and Herrmann, H.: A highly
J., Marley, N. A., Paredes-Miranda, G., Arnott, W. P., Molina,  resolved anion-exchange chromatographic method for determi-
L. T, Sosa, G., and Jimenez, J. L.: Mexico City aerosol analysis nation of saccharic tracers for biomass combustion and primary
during MILAGRO using high resolution aerosol mass spectrom-  bio-particles in atmospheric aerosol, Atmos. Environ., 44, 1367—
etry at the urban supersite (T0) — Part 1: Fine particle composi- 1371, 2009.

tion and organic source apportionment, Atmos. Chem. Phys., 9Lee, T., Sullivan, A. P., Mack, L., Jimenez, J. L., Kreidenweis,
6633-6653, doi:0.5194/acp-9-6633-2002009. S. M. Onasch, T. B., Worsnop, D. R., Malm, W., Wold, C. E.,

Alfarra, M. R., Prevot, A. S. H., Szidat, S., Sandradewi, J., Weimer, Hao, W. M., and Collett, J. L., Jr.. Chemical smoke marker
S., Lanz, V. A., Schreiber, D., Mohr, M., and Baltensberger, U..  emissions during flaming and smoldering phases of laboratory
Identification of the mass spectral signature of organic aerosols open burning of wildland fuels, Aerosol Sci. Technol., 44, i-v,
from wood burning emissions, Environ. Sci. Technol., 41, 5770—  doi:10.1080/02786826.2010.49982010.

5777, 2007. Middlebrook, A. M., Bahreini, R., Jimenez, J. L., and Canagaratna,

Boman, B. C., Forsberg, A. B., and Jarvholm, B. G.: Adverse health M. R.: Evaluation of composition-dependent collection efficien-

AcknowledgementsThe study was funded by the Academy of
Finland (contract nos. 122870 and 124387) and by the Finnish
Funding Agency for Technology and Innovation (contract no.
40209/08).

Edited by: W. Maenhaut

References

effects from air pollution in relation to residential wood com-

bustion in modern society, Scand. J. Work Environ. Health, 29,

251-260, 2003.
DeCarlo, P. F., Kimmel, J. R., Trimborn, A., Northway, M., Jayne,
J. T., Aiken, A. C., Gonin, M., Fuhrer, K., Horvath, T., Docherty,

K. S., Worsnop, D. R., and Jimenez, J. L.: Field-deployable,
high-resolution, time-of-flight aerosol mass spectrometer, Anal.

Chem., 78, 82818289, 2006.
Draxler, R. R. and Rolph, G. D.: HYSPLIT (HYbrid Single-Particle

cies for the Aerodyne Aerosol Mass Spectrometer using field
data, Aerosol Sci. Technol., 46, 258-271, 2012.

Mohr, C., Huffman, J. A., Cubison, M. J., Aiken, A. C., Docherty,

K. S., Kimmel, J. R., Ulbrich, I. M., Hannigan, M., and Jimenez,
J. L.: Characterization of primary organic aerosol emissions
from meat cooking, trash burning, and motor vehicles with high-
resolution aerosol mass spectrometry and comparison with ambi-
ent and chamber observations, Environ. Sci. Technol., 43, 2443—
2449, 2009.

Lagrangian Integrated Trajectory) Model access via NOAA Naeher, L. P., Brauer, M., Lipsett, M., Zelikoff, J. T., Simpson, C.

ARL READY Website fttp://ready.arl.noaa.gov/HYSPLIT.
php, NOAA Air Resources Laboratory, Silver Spring, MD,
2013.

Dye, C. and Yttri, K. E.: Determination of monosaccharide anhy-

D., Koenig, J. Q., and Smith, K. R.: Woodsmoke health effects:
A review, Inhal. Toxicol., 19, 67—-106, 2007.

Niemi, J. V., Saarikoski, S., Aurela, M., Tervahattu, H., Hillamo,

R., Westphal, D. L., Aarnio, P., Koskentalo, T., Makkonen, U.,

drides in atmospheric aerosols by use of high-performance liquid Vehkamaki, H., and Kulmala, M.: Long-range transport episodes

chromatography combined with high-resolution mass spectrom-

etry, Anal. Chem., 77, 1853-1858, 2005.

of fine particles in southern Finland during 1999-2007, Atmos.
Environ., 43, 1255-1264, 2009.

Engling, G., Carrico, C. M., Kreidenweis, S. M., Collett Jr., J. L., Oja, V. and Suuberg, E. M.: Vapor pressures and enthalpies of subli-

Day, D. E., Malm, W. C., Lincoln, E., Hao, W. M., linuma, Y.,

and Herrmann, H.: Determination of levoglucosan in biomass
combustion aerosol by high-performance anion-exchange chro-

Atmos. Meas. Tech., 6, 2832849 2013

mation of D-glucose, D-xylose, cellobiose, and levoglucosan, J.
Chem. Eng. Data, 44, 26-29, 1999.

www.atmos-meas-tech.net/6/2839/2013/


http://dx.doi.org/10.5194/acp-9-6633-2009
http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php
http://dx.doi.org/10.5194/acp-11-5685-2011
http://dx.doi.org/10.1029/2010GL043088
http://dx.doi.org/10.1080/02786826.2010.499884

K. Saarnio et al.: Online determination of levoglucosan in ambient aerosols 2849

Orsini, D. A., Ma, Y., Sullivan, A., Sierau, B., Baumann, K., and trometry method for determination of levoglucosan, mannosan,
Weber, R. J.: Refinements to the particle-into-liquid sampler and galactosan in atmospheric fine particulate matter, Anal.
(PILS) for ground and airborne measurements of water-soluble Bioanal. Chem., 398, 22532264, 2010b.
aerosol composition, Atmos. Environ., 37, 1243-1259, 2003.  Saarnio, K., Niemi, J. V., Saarikoski, S., Aurela, M., Timonen, H.,

Parshintsev, J., Kivilompolo, M., Ruiz-Jimenez, J., Hartonen, Teinila, K., Myllynen, M., Frey, A., Lamberg, H., Jokiniemi, J.,
K., Kulmala, M., and Riekkola, M.-L.: Particle-into-liquid and Hillamo, R.: Using monosaccharide anhydrides to estimate
sampler on-line coupled with solid-phase extraction-liquid the impact of wood combustion on fine particles in the Helsinki
chromatography-mass spectrometry for the determination of or- Metropolitan Area, Boreal Env. Res., 17, 163-183, 2012.
ganic acids in atmospheric aerosols, J. Chromatogr. A, 1217 Schkolnik, G. and Rudich, Y.: Detection and quantification of lev-
5427-5433, 2010. oglucosan in atmospheric aerosols: A review, Anal. Bioanal.

Pashynska, V., Vermeylen, R., Vas, G., Maenhaut, W., and Claeys, Chem., 385, 26—33, 2006.

M.: Development of a gas chromatographic/ion trap mass specSchneider, J., Weimer, S., Drewnick, F., Borrmann, S., Helas, G.,
trometric method for the determination of levoglucosan and sac- Gwaze, P., Schmid, O., Andreae, M. O., and Kirchner, U.: Mass
charidic compounds in atmospheric aerosols. Application to ur- spectrometric analysis and aerodynamic properties of various
ban aerosols, J. Mass Spectrom., 37, 1249-1257, 2002. types of combustion-related particles, Int. J. Mass Spectrom.,

Piot, C., Jaffrezo, J.-L., Cozic, J., Pissot, N., El Haddad, I., Marc- 258, 37—49, 2006.
hand, N., and Besombes, J.-L.: Quantification of levoglucosanSchreuder, A. B., Larson, T. V., Sheppard, L., and Claiborn, C. S.:
and its isomers by High Performance Liquid Chromatography — Ambient woodsmoke and associated respiratory emergency de-
Electrospray lonization tandem Mass Spectrometry and its appli- partment visits in Spokane, Washington, Int. J. Occup. Environ.
cations to atmospheric and soil samples, Atmos. Meas. Tech., 5, Health, 12, 147-153, 2006.

141-148, doit0.5194/amt-5-141-2012012. Sciare, J., Bonnaire, N., Mocnik, G., Nicolas, J., Petit, J. E., Bressi,
Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.: M., Sarda-Estéve, R., and Drinovic, L.: Real-time measurements
Aerosols, climate, and the hydrological cycle, Science, 294, of levoglucosan in fine aerosols (PM2.5) in the region of Paris
2119-2124, 2001. (France), Geophys. Res. Abstracts, 14, EGU2012-1560, 2012.
Rastogi, N., Oakes, M. M., Schauer J. J., Shafer, M. M., Majestic,Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and
B. J., and Weber, R. J.: New technique for online measurement of Physics: From Air Pollution to Climate Change, 2nd Edn., John

water-soluble Fe(ll) in atmospheric aerosols, Environ. Sci. Tech- Wiley & Sons, New Jersey, 2006.
nol., 43, 2425-2430, 2009. Simoneit, B. R. T.: Biomass burning — a review of organic tracers for

Saarikoski, S.: Chemical Mass Closure and Source-Specific Com- smoke from incomplete combustion, Appl. Geochem., 17, 129—

position of Atmospheric Particles. PhD Thesis. Finnish Meteo- 162, 2002.

rological Institute Contributions, 74, 182 p., 2008. Sullivan, A. P., Weber, R. J., Clements, A. L., Turner, J. R., Bae,
Saarikoski, S., Sillanpda, M., Sofiev, M., Timonen, H., Saarnio, M. S., and Schauer, J. J.: A method for on-line measurement
K., Teinilg, K., Karppinen, A., Kukkonen, J., and Hillamo, R.: of water-soluble organic carbon in ambient aerosol particles:

Chemical composition of aerosols during a major biomass burn- Results from an urban site, Geophys. Res. Lett., 31, L13105,
ing episode over northern Europe in spring 2006: Experimen- doi:10.1029/2004GL019682004.
tal and modelling assessments, Atmos. Environ., 41, 3577-3589Timonen, H., Aurela, M., Carbone, S., Saarnio, K., Saarikoski, S.,
2007. Makeld, T., Kulmala, M., Kerminen, V.-M., Worsnop, D. R., and
Saarikoski, S. K., Sillanpda, M. K., Saarnio, K. M., Hillamo, R. E.,  Hillamo, R.: High time-resolution chemical characterization of
Pennanen, A. S., and Salonen, R. O.: Impact of biomass com- the water-soluble fraction of ambient aerosol with PILS-TOC-IC
bustion on urban fine particulate matter in central and northern and AMS, Atmos. Meas. Tech., 3, 1063-1074, t0i5194/amt-
Europe, Water Air Soil Poll., 191, 265-277, 2008a. 3-1063-20102010.
Saarikoski, S., Timonen, H., Saarnio, K., Aurela, M., Jarvi, L., Timonen, H., Aurela, M., Saarnio, K., Frey, A., Saarikoski, S.,
Keronen, P., Kerminen, V.-M., and Hillamo, R.: Sources of or-  Teinild, K., Kulmala, M., and Hillamo, R.: Monitoring of inor-
ganic carbon in fine particulate matter in northern European ur- ganic ions, carbonaceous matter and mass in ambient aerosol

ban air, Atmos. Chem. Phys., 8, 6281-6295, hb194/acp-8- particles with online and offline methods, Atmos. Meas. Tech.

6281-20082008b. Discuss., 4, 6577-6614, db0.5194/amtd-4-6577-2012011.
Saarikoski, S., Carbone, S., Decesari, S., Giulianelli, L., Angelini, Weber, R. J., Orsini, D., Daun, Y., Lee, Y.-N., Klotz, P. J., and

F., Canagaratna, M., Ng, N. L., Trimborn, A., Facchini, M. C., Brechtel, F.: A particle-into-liquid collector for rapid measure-

Fuzzi S., Hillamo, R., and Worsnop, D.: Chemical characteri- ment of aerosol bulk chemical composition, Aerosol Sci. Tech-
zation of springtime submicrometer aerosol in Po Valley, Italy, nol., 35, 718-727, 2001.
Atmos. Chem. Phys., 12, 8401-8421, d6i5194/acp-12-8401- Yitri, K. E., Dye, C., Slgrdal, L. H., and Braathen O.-A.: Quantifi-

2012 2012. cation of monosaccharide anhydrides by liquid chromatography
Saarnio, K., Aurela, M., Timonen, H., Saarikoski, S., Teinild, K.,  combined with mass spectrometry: application to aerosol sam-
Makela, T., Sofiev, M., Koskinen, J., Aalto, P. P., Kulmala, M., ples from an urban and a suburban site influences by small-scale

Kukkonen, J., and Hillamo, R.: Chemical composition of fine  wood burning, J. Air Waste Manage. Assoc., 55, 1169-1177,
particles in fresh smoke plumes from boreal wild-land fires in ~ 2005.
Europe, Sci. Total Environ., 408, 2527-2542, 2010a.
Saarnio, K., Teinila, K., Aurela, M., Timonen, H., and Hillamo, R.:
High-performance anion-exchange chromatography—mass spec-

www.atmos-meas-tech.net/6/2839/2013/ Atmos. Meas. Tech., 6, 219 2013


http://dx.doi.org/10.5194/amt-5-141-2012
http://dx.doi.org/10.5194/acp-8-6281-2008
http://dx.doi.org/10.5194/acp-8-6281-2008
http://dx.doi.org/10.5194/acp-12-8401-2012
http://dx.doi.org/10.5194/acp-12-8401-2012
http://dx.doi.org/10.1029/2004GL019681
http://dx.doi.org/10.5194/amt-3-1063-2010
http://dx.doi.org/10.5194/amt-3-1063-2010
http://dx.doi.org/10.5194/amtd-4-6577-2011

