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Abstract

Biomass burning, such as domestic heating, agricultural, and wild open-land fires, has
a significant influence on the atmosphere at the global and, especially, at the local
scale. Levoglucosan has been shown to be a good tracer for biomass burning emis-
sions in atmospheric particulate matter and several analytical techniques have been5

presented for the determination of levoglucosan from filter samples. In this paper,
a novel combination of a Particle-into-Liquid Sampler (PILS) to a high-performance
anion-exchange chromatograph (HPAEC) with the detection by a mass spectrometer
(MS) is presented for the online analysis of levoglucosan in ambient particles. The
PILS–HPAEC–MS technique enables a fast online analysis of levoglucosan from the10

particulate samples. The method was tested at an urban background station in Helsinki,
Finland, in winter 2011. A comparison with simultaneous levoglucosan measurements
from filter samples by the HPAEC–MS was performed and it showed a good agreement
between the online and offline methods. Additionally, the online levoglucosan data were
compared with the biomass burning tracer fragments measured by a High-Resolution15

Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS). As there were no local
biomass burning sources close to the measurement station, online levoglucosan mea-
surements revealed that most of the particles from biomass burning were either re-
gionally distributed or long-range transported in the urban background of Helsinki. The
average levoglucosan concentrations were relatively low (average 0.083 µg m−3) dur-20

ing the measurement campaign. The highest concentration peak measured for levoglu-
cosan (1.4 µg m−3) seemed to originate from biomass burning in Eastern Europe, likely
in Estonia, that was transported to Helsinki.

1 Introduction

Smoke from biomass burning, e.g. open-land fires, slash and burn agriculture, and25

residential wood combustion, has a strong influence on the atmospheric particulate
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matter (PM) concentrations at rural, urban, and regional background sites (e.g. Engling
et al., 2006; Saarikoski et al., 2007; Gilardoni et al., 2011; Saarnio et al., 2010a, 2012).
Biomass burning can affect significantly global climate, regional air quality, visibility,
ecosystems, and human health (e.g. Ramanathan et al., 2001; Seinfeld and Pandis,
2006). Residential heating with wood has been associated with adverse health effects5

(Boman et al., 2003; Naeher et al., 2007) and it has also been shown that biomass
burning emissions contribute to respiratory hospitalizations (Schreuder et al., 2006).
Quantification of biomass burning emissions is mandatory to understand the impact of
this source on regional and local air quality. High time-resolution measurements repre-
sent added value, since they help to identify biomass burning sources and atmospheric10

processing.
Molecular markers are commonly used to identify the sources of ambient aerosols

and assess their contributions. Anhydro monosaccharides (MAs), such as levoglu-
cosan, mannosan, and galactosan, of which levoglucosan is typically the most abun-
dant one, are generally used as biomass burning tracers in ambient air particles15

(e.g. Simoneit, 2002; Yttri et al., 2005; Saarikoski et al., 2008a,b; Niemi et al., 2009;
Saarnio et al., 2010a). Levoglucosan is produced specifically from the pyrolysis of plant
material (cellulose and hemicelluloses) (Simoneit, 2002) and it is generally used as a
tracer for biomass burning because it is considered relatively stable (Fraser and Lak-
shmanan, 2000). Nevertheless, it has been lately shown that levoglucosan may also20

be produced to a lesser extent in the pyrolysis of lignite (Fabbri et al., 2009) and that
hydroxyl radicals may degrade levoglucosan in atmospheric conditions (Hennigan et
al., 2010; Hoffmann et al., 2010).

Several analytical techniques have been presented for the analysis of levoglucosan,
e.g. gas chromatography (GC) and diverse liquid-chromatographic (LC) techniques,25

such as high-performance liquid chromatography (HPLC) and high-performance anion-
exchange chromatography (HPAEC) with mass spectrometric (MS) or pulsed amper-
ometric detection (PAD) (e.g. Dye and Yttri, 2005; Engling et al., 2006; Schkolnik and
Rudich, 2006; Iinuma et al., 2009; Saarnio et al., 2010b; Piot et al., 2012). The anal-
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ysis of levoglucosan is traditionally conducted from filter samples with sampling dura-
tions from several hours to days. Filter samplings, however, average the levoglucosan
concentrations over the sampling period and short-term changes are lost. Hardly any
studies present highly time-resolved data of ambient levoglucosan concentrations. That
kind of data can be useful to detect diurnal changes and to separate the local biomass5

burning emissions from those that are regionally distributed. Additionally, high-time-
resolution data of biomass burning emissions are needed to improve the atmospheric
dispersion models of smoke plumes in the atmosphere.

Particle-into-Liquid Sampler (PILS) was developed for collecting samples of water-
soluble compounds in aerosols (Weber et al., 2001). PILS enables the online deter-10

mination of the collected samples with several analytical devices, such as ion chro-
matographs (IC), analyzers for water-soluble organic carbon (WSOC), or liquid wave-
length capillary cell and absorbance spectrophotometry (e.g. Orsini et al., 2003; Sul-
livan et al., 2004; Rastogi et al., 2009; Timonen et al., 2010). Also an application of
the online coupling of the PILS with a solid-phase extraction to liquid chromatography–15

mass spectrometry has been presented for the analysis of organic acids in aerosols
(Parshintsev et al., 2010). Recently Sciare et al. (2012) presented a technique where
the aerosol sample is collected with the PILS and directly injected to an electrospray
ionization source – tandem mass spectrometer (ESI-MS/MS) to measure levoglucosan
in real-time from ambient air.20

The highly time-resolved data of biomass burning emissions can also be gained with
Aerosol Mass Spectrometers (AMS) by using the mass fragments specific for biomass
burning. Mass-to-charge ratios (m/z) of 60 and 73 have been shown to be associated
with biomass burning (e.g. Alfarra et al., 2007). These mass fragments may originate
from levoglucosan and other MAs but also from other sugar compounds that can be25

from other sources.
In our previous paper (Saarnio et al., 2010b), we presented a HPAEC–MS method

for the analysis of MAs from filter samples. In the present study, we combined a PILS
with the HPAEC–MS in order to measure levoglucosan in ambient aerosol online with
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the time resolution of 8 min. The levoglucosan concentrations measured with the de-
veloped PILS–HPAEC–MS method were compared with those measured from concur-
rently collected filter samples. Moreover, the levoglucosan results were compared with
the biomass burning tracer fragments measured with an Aerodyne High-Resolution
Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS).5

2 Methods

2.1 Site description

The measurements were conducted between 16 February and 25 March 2011, at
the SMEAR III station that is an urban background site in Helsinki, Finland (60◦12′ N,
24◦57′ E, 30 m a.s.l.). The local meteorological data, including air temperature (T ), wind10

speed (WS), and wind direction (WD), were recorded at the same station. The mean
daily temperature remains typically below 0 ◦C in winter but warm airflows can raise the
daily high above 0 ◦C at times. During the measurement campaign, the air temperature
ranged between −24 and 6 ◦C.

About one million inhabitants live in the Helsinki Metropolitan Area, in which ex-15

ist about 65 000 detached houses and approximately 90 % of them have some kind
of fireplace. In the urban areas of Helsinki Metropolitan Area, the particles that origi-
nate from wood combustion are typically regionally distributed and/or long-range trans-
ported because there are only few local wood combustion sources in the urban areas of
Helsinki (Saarnio et al., 2012). The main emission sources of PM1 (particles with aero-20

dynamic diameter smaller than 1 µm) in the metropolitan area are long-range transport
and traffic throughout the year, small-scale wood combustion at the residential areas
with detached houses mainly in the cold season, and secondary organic aerosol (SOA)
formation in the warm season (Saarikoski et al., 2008b). In addition, smoke from open-
land fires in Russia and Eastern Europe is transported occasionally to the area during25

the warm season (Saarikoski et al., 2007; Niemi et al., 2009; Saarnio et al., 2010a).
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2.2 Materials

Levoglucosan (1,6-anhydro-β-D-glucopyranose; purity 99+%; Acrōs Organics, NJ,
USA), mannosan (1,6-anhydro-β-D-mannopyranose; purity 99 %; Sigma Aldrich Co.,
MO, USA), and galactosan (1,6-anhydro-β-D-galactopyranose; Sigma Aldrich Co.)
were used for the calibration and as standard addition compounds. Methyl-β-D-5

arabinopyranoside (purity 99 %; Aldrich Chemical Co., WI, USA) was used as an in-
ternal standard compound (ISTD). Carbon-13-labeled levoglucosan (1,6-anhydro-β-D-
[UL-13C6]-glucopyranose in dimethyl sulfoxide; 100 µg mL−1, purity 98 %, 1.2 mL am-
poule; Cambridge Isoptope Laboratories, Inc., MA, USA) was used for the comparison
of ISTD. Deionized water (Milli-Q water; resistivity 18.2 MΩ cm at 25 ◦C, total organic10

carbon 3–5 µg L−1) was produced with a Millipore Gradient A10 water purification sys-
tem (Millipore S. A. S., Molsheim, France), and it was used in standard solutions and
as vaporizing water in the PILS, and it was given for eluent generator of the analysis
instrument.

The standard solutions were made by dissolving a weighed amount of a solid stan-15

dard compound into a weighed amount of deionized water, yielding stock solutions with
a concentration of about 1.0 mg mL−1 (Mettler AT200 balance, Mettler Instrumente AG,
Zürich, Switzerland). Standard solutions for the calibration and use in the PILS were
diluted from the stock solutions.

Quartz filters (47 mm, TissuquartzTM, Pall Life Sciences) and polytetrafluoroethylene20

(PTFE) membrane filter (47 mm, 3.0 µm FS, FluoroporeTM, Millipore) were used for
collecting air particulate samples. The samples extracted from the collected filters were
filtered through IC Acrodisc® syringe filters (13 mm, 0.45 µm Supor® (PES) membrane,
Pall Sciences) for the analysis.
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2.3 Set-up for online analysis of levoglucosan

The online measurement of levoglucosan was conducted between 16 February and
25 March 2011. The measurement campaign was divided into five periods (Periods A–
E) with different analytical conditions.

2.3.1 Sampling with PILS5

PILS enables the online measurement of water-soluble material 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) where the principle of
the PILS was also given. The schematic diagram of the sampling system and the anal-
ysis apparatus used in the present study is presented in Fig. 1. Fine particles were10

sampled from ambient air through a size-selective inlet (Digitel LVS/PM) that removed
the particles with an aerodynamic diameter larger than 1 µm. The sampling line did not
include denuders because levoglucosan is in the particle phase at ambient temper-
ature (Oja and Suuberg, 1999). The air flow (16.7 L min−1) was directed to the PILS
where the particles were grown with saturated water vapor to droplets and impacted15

onto the impaction plate that was flushed with a steady stream of a standard solution
(130 µL min−1). The standard solution contained internal standard compound and stan-
dard addition of levoglucosan. 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 µL) of the HPAEC instrument was 70 µL min−1 so that20

the loop was filled in less than one minute. Then the sample was automatically injected
into the column for analysis. During the time required for the sample elution and de-
tection (about eight minutes), the sample loop was flushed and filled with the following
sample. A minor drawback with the loop timing is that the achieved data are only semi-
continuous and the chromatograms represent less than one minute sampling period25

over eight minutes analysis period.
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2.3.2 Determination with HPAEC–MS

The online determination of levoglucosan was conducted with a high-performance
anion-exchange chromatograph coupled to a quadruple mass spectrometer (HPAEC–
MS). The HPAEC–MS method for the analysis of MAs was recently developed and val-
idated for laboratory use and it was published by Saarnio et al. (2010b). The analysis5

instrument was Dionex ICS-3000 system designed for ion chromatography with Dionex
MSQTM. The used chromatography set-up consisted of a Dionex CarboPacTM PA10
guard column (2 mm i.d.×50 mm length) and a Dionex CarboPacTM PA10 analytical
column (2 mm i.d.×250 mm length), a 2 mm ASRS® 300 suppressor, a CR-ATC anion
trap column, and a EGC II KOH eluent generator. The ionization was made using elec-10

trospray technique (ESI), and the mass range scanning (m/z 50–250) and selected
ion monitoring (SIM) modes were used for the detection. The molecular ions of lev-
oglucosan were monitored with m/z 161 and the internal standard with m/z 163. Data
were stored and processed with a Dionex Chromeleon® (6.8) system.

The HPAEC-MS equipment was calibrated using eight solutions, with concentrations15

from 0 to 500 ng mL−1 of levoglucosan and from 0 to 50 ng mL−1 of mannosan and
galactosan, made from stock solutions. These solutions contained also the ISTD (the
same concentration that was used in the standard solution of PILS; see Sect. 3.1).

In order to get data with a highest possible time resolution, the HPAEC–MS analysis
time was chosen to be eight minutes that was less than in the offline method (15 min)20

described in Saarnio et al. (2010b). The target analytes are eluted in eight minutes
but there is a possibility that the later eluting monosaccharides (such as glucose) may
overlap with the target analytes in the following analysis runs. It was earlier seen that
the high ionization probe temperature of MS induces slight dehydration of monosac-
charides forming MAs (Saarnio et al., 2010b). However, glucose was not found in the25

fine particle samples collected on the filters at the same site in wintertime and therefore
the shorter run-time was considered suitable for the PILS–HPAEC–MS method.
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2.3.3 Maintenance procedures

The operational requirements of the PILS–HPAEC–MS system included maintaining
the supply of internal standard and deionized water for the use of the PILS and HPAEC
as well as running a calibration standard approximately every other day to verify that
the complete analytical system was functioning within acceptable limits. The air flow of5

the sampler and the liquid flows of the standard solution and the effluent were checked
weekly.

2.4 TEOM

The mass concentration of PM1 was measured with a tapered element oscillating mon-
itor (TEOM©, model 1400ab, Rupprecht & Pataschnik). An online cyclone (sharp cut10

cyclone SCC1.829, BGI Inc.) was used to cut off the super-micrometer particles be-
fore TEOM. The time resolution of TEOM was 30 min. The results of TEOM were not
corrected for the evaporation of semivolatile aerosol compounds.

2.5 Filter samples

Concurrently with the PILS–HPAEC–MS measurements, PM1 filter samples were col-15

lected and analyzed offline with the HPAEC–MS. The sampling procedure was similar
to that presented by Saarnio et al. (2010b). Shortly, the sampling air flow was directed
through the four upper stages of a Berner low-pressure impactor to remove the super-
micrometer particles and the fraction of PM1 was sampled on a filter. The sampling was
conducted by dividing the sample flow into two and using two filter cassette systems in20

parallel: one with two pre-fired quartz filters one upon the other (front+backup) and the
other with a PTFE filter. The sampling duration varied from 18 to 72 h. The flow rate was
40 L min−1 for each filter cassette system. The filter samples were stored in a freezer
before the analysis. Levoglucosan was analyzed from the quartz filters by punching
a 1 cm2 piece from the filter, followed by an extraction with 5 mL of deionized water25
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(containing the same concentration of internal standard as in the standard solution of
the PILS) and filtering through an IC Acrodisc® syringe filter prior to the injection. The
offline analysis was conducted with the HPAEC–MS using the same analysis program
and apparatus as above presented for the online analyses. To determine the mass of
the sampled PM1, the PTFE filters were weighed before and after the sampling with a5

Mettler Toledo UMT2-balance (readability of 1 µg; Mettler Toledo GmbH, Switzerland).

2.6 HR-ToF-AMS

The Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometer (Aerodyne
Research Inc.; DeCarlo et al., 2006) operated at SMEAR III from 22 February to
25 March 2011. HR-ToF-AMS was alternating between V- and W-modes, but due to10

the issues in W-mode only V-mode results were used. The time resolution for the HR-
ToF-AMS was six minutes.

Collection efficiency (CE) of 0.5 was used in order to calculate the ambient concen-
trations of the chemical species from the HR-ToF-AMS data. CE depends on several
factors, e.g. particle chemical composition and relative humidity (Middlebrook et al.,15

2012). Timonen et al. (2010) compared chemical species from the HR-ToF-AMS with
the semicontinuous OC/EC, PILS–IC and TEOM results showing that a CE=0.5 is
appropriate for the HR-ToF-AMS data collected in Helsinki in springtime. In this study
only a total mass from the HR-ToF-AMS, with a CE=0.5, was compared with the mass
concentration from the TEOM. The mass concentration from the HR-ToF-AMS cor-20

related quite well with that from the TEOM (R2 =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 1.10H). The m/z of 60 and 73, which are used as tracer
mass fractions for biomass burning (Schneider et al., 2006; Alfarra et al., 2007), were25

obtained from the high resolution data (m/z 60.021 (C2H4O+
2 ) and 73.029 (C3H5O+

2 ),
respectively).
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In separate laboratory measurements, the HR-ToF-AMS mass spectrum for a lev-
oglucosan standard was obtained. A standard solution of levoglucosan was prepared
by dissolving the solid standard compound into deionized water. The solution was
then atomized with a constant output atomizer (TSI Model 3068, St Paul, Minnesota,
USA), the aerosol was dried with a diffusion dryer, and a monodisperse aerosol fraction5

(300 nm) was selected with a Differential Mobility Analyzer (TSI Model 3080, St Paul,
Minnesota, USA). The selected aerosol fraction was then analyzed with the HR-ToF-
AMS in order to obtain the ratios of C2H4O+

2 and C3H5O+
2 to levoglucosan concentra-

tions in the HR-ToF-AMS mass spectra.

3 Results and discussion10

The aim of this study was to develop a fast online method for the determination of
levoglucosan in atmospheric aerosols enabling the detection of biomass burning emis-
sions in real-time. This study included the development of the analytical method, the
results from a month long campaign and the validation of the results by comparing the
online results with filter samples and data from the HR-ToF-AMS.15

3.1 Characteristics of PILS–HPAEC–MS

3.1.1 Use of internal standard

In the PILS methods, dilution of the sample solution in the PILS and the changes in
the response of the MS can cause variation in the online determination. The amount
of condensed water in PILS depends on the quantity and water-solubility of the parti-20

cles in sample air. An ISTD compound is needed to correct for these fluctuations. The
concentration of the ISTD is measured when the ISTD solution is prepared and then
the concentration of ISTD is analyzed in each PILS sample, and hence the analyte
concentration in aerosol can be calculated accurately.
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In the present study, the PILS–HPAEC–MS method was developed based on
the HPAEC–MS method that was developed for offline analysis of levoglucosan in
our previous study (Saarnio et al., 2010b). In that method, levoglucosan-13C6 was
used as ISTD. In the online method, levoglucosan-13C6 was replaced with methyl-
β-D-arabinopyranoside because it has a different retention time from levoglucosan,5

and therefore it does not cause ion suppression in levoglucosan determination like
levoglucosan-13C6. The consumption of ISTD is notable in the PILS–HPAEC–MS
method, and therefore methyl-β-D-arabinopyranoside is also a substantially less ex-
pensive option as ISTD than levoglucosan-13C6. Methyl-arabinopyranosides are struc-
turally related compounds to levoglucosan and they have previously been used as ISTD10

compounds in the GC–MS analysis for levoglucosan (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 differences in retention time of
the two ISTD compounds and levoglucosan.

The PILS–HPAEC–MS method was tested with ISTD concentrations of 50 and15

100 ng mL−1 of methyl-β-D-arabinopyranoside. The 50 ng mL−1 concentration was
tested first (Periods A–C in Fig. 3). During this test period the ambient levoglucosan
concentration was relatively high but there was a lot of variation in the results of lev-
oglucosan and ISTD as well. The higher ISTD concentration (100 ng mL−1) showed
better stability of the method (Periods D–E in Fig. 3).20

3.1.2 Determination range

In the previously published HPAEC–MS method (Saarnio et al., 2010b), the limit of de-
tection (LOD) and the limit of quantification (LOQ) values for levoglucosan were 2 and
5 ng mL−1, respectively. When the LOD and LOQ values of the HPAEC–MS method
were directly calculated from the sampling times of the PILS–HPAEC–MS method (the25

respective LOD and LOQ values for the levoglucosan concentration in the sampled
air volume) they were equal to 8.4 and 21 ng m−3, respectively. However, these theo-
retical values were significantly lower than those observed in ambient air. In the PILS–
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HPAEC–MS method, the direct injection of ambient particulate sample into the analysis
apparatus causes apparently more noise than in the laboratory conditions. Therefore
the LOD and LOQ values were estimated to be in the range of 5–10 ng mL−1 (21–
42 ng m−3 in ambient air) and 20–30 ng mL−1 (84–126 ng m−3), respectively.

The linear range of the HPAEC–MS method was from 5 ng mL−1 to about5

200 ng mL−1 when methyl-β-D-arabinopyranoside was used as ISTD. Additionally, the
determination of the higher levoglucosan concentrations up to about 500 ng mL−1

succeeded using the quadratic calibration curve. The determination range of the
PILS–HPAEC–MS method was consequently from LOQ to 500 ng mL−1, i.e. from 84–
126 ng m−3 to about 2.1 µg m−3. During the measurement campaign, the measured10

levoglucosan concentrations were within the dynamic range.

3.1.3 Standard addition method

The limitation of the method was the determination of levoglucosan of low concen-
trations. The average wintertime concentration of levoglucosan in the ambient urban
background air of Helsinki is relatively low (typically less than 100 ng m−3; Saarnio et15

al., 2012) that is on the same concentration level as the estimated LOQ value of the
PILS–HPAEC–MS method. Therefore a standard addition method was tested to im-
prove the analytical range of the levoglucosan determination.

The levoglucosan standard was added to the flushing solution of the PILS with 0,
50, and 100 ng mL−1 additions. The concentration of flushing standard solution was20

checked daily by bypassing the PILS and analyzing several replications with the
HPAEC–MS. The concentration of levoglucosan in the flushing standard solution was
subtracted from the measured concentrations in the ambient samples (Fig. 3).

It can be seen from Fig. 3 that only during the first half of the measurements (Pe-
riods A and B) the concentrations of levoglucosan were above the LOQ, and there-25

fore could theoretically be determined without standard addition. When the method
was tested without any standard addition (Periods C and D), the levoglucosan peak,
however, could not be identified in the chromatograms. It is possible that ambient lev-
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oglucosan concentrations decreased from Periods A–B to Periods C–D as after the
standard addition was applied again (Period E), ambient levoglucosan concentrations
were significantly lower than during Period A–B. That can be confirmed by the HR-ToF-
AMS data that show very low values for the molecular fragments of biomass burning
aerosol (C2H4O+

2 and C3H5O+
2 ) during Periods C–D. The comparison of the levoglu-5

cosan results with the HR-ToF-AMS data will be discussed in detail in Sect. 3.3.
During the measurement campaign, the method was not capable of measuring the

isomers of levoglucosan, i.e. mannosan and galactosan, due to their significantly lower
concentrations in ambient air. In our previous study, levoglucosan contributed on aver-
age 86 % to the sum of MAs at the same site (Saarnio et al., 2010b).10

3.2 Comparison with the filter samples

During the study period, filter samples (n=23) were collected in parallel with the PILS–
HPAEC–MS measurements (Fig. 4). With the filter samples the short-term changes in
the levoglucosan concentration during the sampling time were lost; for example on 24–
25 February, a high-concentration peak of levoglucosan was detected by the PILS–15

HPAEC–MS whereas the levoglucosan concentration in the corresponding filter sam-
ple did not differ notably from the adjacent samples (more about this sample is given
in Sect. 3.4). Nevertheless, with the filter samples the general decreasing trend of lev-
oglucosan in springtime was observed.

The online levoglucosan data were averaged over the filter sampling periods in or-20

der to compare them with the levoglucosan concentrations analyzed from the filters.
The least-squares regression analysis (Fig. 5) showed that the correlation between
the online and offline techniques was good (R2 =0.903) but the PILS–HPAEC–MS
somewhat underestimated the levoglucosan concentrations compared with those de-
termined from the filter samples. The online levoglucosan concentrations from the25

PILS–HPAEC–MS were on average 20 % lower than those from the filter samplings.
Similar difference between the filters and PILS has been earlier detected for the other
compounds. Timonen et al. (2011) found that for sulfate the results of the filter sam-
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ples were on average 18 % higher than the PILS-results during a one-year period in
Helsinki. Even larger difference was observed for oxalate in Helsinki: Saarikoski (2008)
observed that oxalate concentrations were 62 % lower in the PILS than in the filter
samples. The smaller results from the PILS–HPAEC–MS method may be due to sev-
eral causes; (1) typical features of the PILS measurements, e.g. sample loss inside5

the PILS (Orsini et al., 2003), especially due to the fact that biomass burning particles
might contain a significant fraction of black carbon, which is hydrophobic, (2) possible
evaporation or degradation of analytes in the PILS, and (3) higher analytical uncertainty
for the lower concentrations in the HPAEC–MS.

3.3 Comparison with the HR-ToF-AMS data10

Levoglucosan concentrations from the PILS–HPAEC–MS method were compared with
the biomass burning tracers analyzed from the HR-ToF-AMS data. The concentrations
of biomass burning tracers at m/z 60.021 (C2H4O+

2 ) and 73.029 (C3H5O+
2 ) in the HR-

ToF-AMS and levoglucosan from the PILS–HPAEC–MS were averaged for 1 h time
resolution for the comparison.15

Time series for levoglucosan and AMS-tracers are presented in Fig. 6. Both methods
detected similar evolution of the concentrations but the PILS–HPAEC–MS had more
variation in the concentrations. Most of the high-concentration peaks were observed
with both methods, especially the maximum concentration on 25 February, but there
were some peaks that were missing in the HR-ToF-AMS data (e.g. 1 March) or in20

the levoglucosan data (e.g. 27 February and 11 March). Even though both data were
averaged to one hour it is possible that HR-ToF-AMS and PILS–HPAEC–MS measured
slightly different air; due to the four operating modes in the HR-ToF-AMS, the data
covered 25 % of the time whereas the coverage for the PILS–HPAEC–MS data were
even smaller being less than 10 % of the time due to the size of the sample loop.25

The correlation between online levoglucosan and C2H4O+
2 and C3H5O+

2 was mod-
erate (R2 =0.63 and R2 =0.55, respectively; Fig. 7a and b). There was a lot of vari-
ation, especially for the small concentrations. The respective correlations coefficients
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between the concentrations of levoglucosan determined offline from the filter samples
and C2H4O+

2 and C3H5O+
2 averaged over the filter sampling times were slightly larger

than for the online levoglucosan method (R2 =0.83 and R2 =0.74, respectively; Fig. 7c
and d).

In order to obtain the ratios of C2H4O+
2 and C3H5O+

2 to levoglucosan concentrations5

in the HR-ToF-AMS mass spectra, a solution of levoglucosan standard was nebulized
and analyzed with the HR-ToF-AMS in the laboratory. C2H4O+

2 and C3H5O+
2 fragments

contributed 10 and 2.6 % to the total mass of levoglucosan, respectively. Based on the
ratio of C2H4O+

2 to levoglucosan from the laboratory tests, AMS-levoglucosan equiv-
alent was 3.5 times higher than levoglucosan measured with the PILS–HPAEC–MS.10

Although the average proportion of levoglucosan is the major anhydrosugar contribut-
ing 86 % to the sum of three anhydrosugars in Helsinki (Saarnio et al., 2010b), it should
be noted that also other anhydrosugars can contribute to C2H4O+

2 fragment.
It has been suggested that there are other minor sources for C2H4O+

2 in ambient air.
Mohr et al. (2009) found C2H4O+

2 in meat cooking aerosol and Aiken et al. (2009) sub-15

tracted 0.3 % of organic aerosol mass from the m/z 60 mostly due to SOA. In this study
there was a small offset for C2H4O+

2 concentration (∼4 ng m−3) when it was plotted
against the online levoglucosan concentration (Fig. 7a). The background C2H4O+

2 was
equal to 0.2 % of organic aerosol, which is lower than suggested in Aiken et al. (2009).
That is reasonable as the contributions of other sources for C2H4O+

2 , SOA and meat20

cooking, can be assumed to be small in wintertime Helsinki. When C2H4O+
2 was com-

pared to offline levoglucosan from the filter samples, the offset for C2H4O+
2 was nega-

tive (Fig. 7c).
Similar to this study, it has been noticed earlier that all C2H4O+

2 fragment in the AMS
may not be related to levoglucosan or other anhydrosugar molecules. Lee et al. (2010)25

calculated an AMS anhydrosugars equivalent concentration using a multiplying factor
of 7.5 for C2H4O+

2 for the estimation of the sum of levoglucosan, mannosan, and galac-
tosan. They found that in the conditions of open biomass burning, the sum of three an-
hydrosugars, determined from filter samples, made up only a fraction of estimated AMS
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anhydrosugar equivalent concentration (AMS-equivalent concentration was 8.5 times
higher). They explained the difference by other structurally similar compounds in smoke
that produce the same fragment (e.g. glucose). Just the opposite behavior was noticed
in the ambient measurement in the Po Valley, Italy (Saarikoski et al., 2012). Based on
the same fragmentation patterns for anhydrosugars that were used in Lee et al. (2010),5

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 lower
values were due to the difference in the fragmentation patterns of different instruments.

3.4 Levoglucosan concentration in atmospheric aerosol

The average concentration of levoglucosan was 83 ng m−3 during the measurement10

campaign. That was close to that measured at urban sites in Helsinki during the cold
season (83–98 ng m−3; Saarnio et al., 2012) and slightly higher than the annual aver-
age of 64 ng m−3 at the same site (Saarikoski et al., 2008b). The online measured
levoglucosan concentration (PILS–HPAEC–MS) was on average 2.3 % of the concen-
tration of organics measured with the HR-ToF-AMS (Fig. 6) and 1.4 % of PM1 concen-15

tration measured with the TEOM (not shown).
There was only a minor difference in the levoglucosan concentrations between

the night (18:00–06:00 LT) and day (06:00–18:00 LT). In nighttime the levoglucosan
concentration was on average only 8 % higher than in daytime with the average
levoglucosan concentrations (± standard deviation) during the night and day being20

86 (±133) ng m−3 and 79 (±104) ng m−3, respectively. A similar night/day variation has
been observed earlier in Helsinki with filter samples (nighttime concentration 12 %
higher than in daytime during the winter 2008–2009 (Saarnio et al., 2010b) and 8 %
in February 2006 (Saarnio et al., 2012)). Similarly, levoglucosan concentration did not
seem to have a clear diurnal cycle (Fig. 8), which implies that there are no, or only few,25

local biomass burning sources. Instead of a clear night/day variation or diurnal cycle,
there seemed to be plumes from regional wood combustion sources and transported
from Baltic countries and Central Europe that affected the levoglucosan concentrations
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in Helsinki. Those long-range transported plumes did not have a dependence on the
time of the day. These observations support the estimations made in our previous study
(Saarnio et al., 2012), in which we estimated that in the urban background of Helsinki
the particles from biomass burning are either regionally distributed or long-range trans-
ported.5

The highest levoglucosan concentration was measured during the night between
24 and 25 February when the levoglucosan concentration increased temporally up to
1.4 µg m−3 (Fig. 9a). The detected plume lasted for about three and a half hours of
which for two hours the levoglucosan concentration was higher than 0.5 µg m−3. The
concurrent filter sample (from 24 February, 11:22, to 25 February, 08:12) was collected10

for 21 h and the levoglucosan concentration was 0.29 µg m−3. The meteorological data
showed that air temperature and wind speed were low during that night (Fig. 9d). The
principal wind direction was from east-south-east. In that direction there are a few small
residential areas with detached houses (3–7 km away from the measurement station).
However, it is unlikely that fireplaces would have been used at that time of the night, at15

least not to a large extent.
The PM1 concentration measured with the TEOM as well as organics measured

with the HR-ToF-AMS increased simultaneously with levoglucosan (Fig. 9b). However,
the increase was more pronounced for levoglucosan than for PM1 and organics; lev-
oglucosan concentration was 3.2 % of the concentration of organics and 2.7 % of the20

PM1 concentration during the plume, which were 37 and 88% higher contributions than
the averages for the whole measurement period, respectively. The other main particu-
late components did not show a behavior similar to biomass burning tracers, although
sulfate increased slightly (Fig. 9c), which implies that the reason for the high concentra-
tions was no temperature inversion. Instead, the backward air mass trajectories (HYS-25

PLIT transport and dispersion model, NOAA Air Resources Laboratory; Draxler and
Rolph, 2013) showed that the air masses came to Helsinki from Estonia (>70 km away
from Helsinki) at that night. Presumably the measured levoglucosan originated mainly
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from the wood combustion in Estonian households earlier in the evening of 24 Febru-
ary.

4 Conclusions

A new application was developed for the online analysis of levoglucosan in atmo-
spheric aerosol in which the sample collection with the PILS was combined with the5

fast analysis by HPAEC–MS. The time resolution of the PILS–HPAEC–MS method was
eight minutes. With a standard addition method, the method was shown to be capa-
ble of measuring the typical wintertime background concentrations of levoglucosan in
Helsinki, Finland.

A fairly good agreement in levoglucosan concentrations determined using the filter10

and PILS samplings showed that the PILS–HPAEC–MS method was able to measure
levoglucosan accurately and that the PILS–HPAEC–MS was a useful tool for measuring
the levoglucosan concentrations in ambient fine particles. Short-term changes in the
levoglucosan concentration were detected with the PILS–HPAEC–MS method whereas
that information was lost in the integrating filter samples. The short-term changes in the15

levoglucosan concentration corresponded to the biomass burning tracers measured
with the HR-ToF-AMS. The ratio between levoglucosan and the biomass burning trac-
ers implies that in the urban background air in Helsinki, a significant part of the C2H4O+

2
fragment measured by HR-ToF-AMS is caused by levoglucosan and other anhydrosug-
ars.20

Levoglucosan concentrations ranged from LOD to 1.4 µg m−3 with an average of
0.083 µg m−3 during the measurement campaign. Levoglucosan did not have any clear
diurnal trend. Concentrations were slightly larger in nighttime than in daytime but the
difference was insignificant. That was expected as there were no local biomass burn-
ing sources near the measurement station. The largest concentration peak was ob-25

served on 25 February when biomass burning smoke from Estonia was transported to
Helsinki.
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Fig. 1. Schematic representation of the sampling line and the online coupled PILS–HPAEC–
MS apparatus. Arrows represent the flow of the aerosol sample and the liquids within the sys-
tem. STD= standard solution containing internal standard and standard addition of levoglu-
cosan; SUP= suppressor; CC= conductivity cell; ESI-MSQ=quadrupole mass spectrometer
with electrospray ionization. The figure is not to scale.
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Fig. 2. Chromatogram of the MAs and the two ISTD compounds with the HPAEC–MS.
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Fig. 3. Ambient levoglucosan concentrations during the campaign and the changes in the an-
alytical conditions. The concentrations of ISTD and standard addition, respectively (ng mL−1):
(A) 50 and 50, (B) 50 and 100, (C) 50 and 0, (D) 100 and 0, (E) 100 and 50.
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Fig. 4. Time series of levoglucosan measured online with the PILS–HPAEC–MS and deter-
mined offline from the filter samples with the HPAEC–MS. The PILS–HPAEC–MS measured
with a time resolution of 8 min whereas the sampling duration for the filters varied from 18 to
72 h.
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Fig. 5. Comparison of levoglucosan concentrations measured online with the PILS–HPAEC–
MS (averaged over the filter sampling times) and the levoglucosan concentrations sampled with
filters and analyzed offline with HPAEC–MS. The dotted line represents the 1 : 1 line.
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Fig. 6. Online measured levoglucosan (PILS–HPAEC–MS) compared with the time series of
C2H4O+

2 and C3H5O+
2 fragments and the sum of organics (HR-ToF-AMS) with the air tempera-

ture. All measured values are averaged with 1 h time resolution. The letters (A)–(E) as in Fig. 3.
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Fig. 7. Comparison of levoglucosan concentrations measured online with the PILS–HPAEC–
MS and the biomass burning tracer concentrations measured with the HR-ToF-AMS (the data
were averaged with 1 h time resolution) (a–b); and the comparison of levoglucosan concentra-
tions determined offline from the filter samples with the HPAEC–MS and the biomass burning
tracer concentrations measured with the HR-ToF-AMS (the HR-ToF-AMS data were averaged
according to the filter sampling times) (c–d).
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Fig. 8. The average levoglucosan concentration for each hour of day during the campaign. The
vertical lines represent one standard deviation.
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Fig. 9. The concentrations of online levoglucosan with the PILS–HPAEC–MS and offline from
the filter sample (left axis) and C2H4O+

2 and C3H5O+
2 with the HR-ToF-AMS (right axis) (a),

PM1 mass with the TEOM and from the filter sample and organics with the HR-ToF-AMS (b),
nitrate, sulfate and ammonium with the HR-ToF-AMS (c), as well as air temperature and wind
speed (d) during the filter sampling on 24–25 February 2011.
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