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A B S T R A C T

Aerosol samples were collected by a MOUDI cascade impactor in central Budapest in winter 2017, and were
analysed by GC–MS and AAS methods for major monosaccharide anhydrides, i.e. levoglucosan (LVG), mannosan
(MAN) and galactosan (GAN), and for K, which are important chemical markers for biomass burning (BB)
emissions. Their median atmospheric concentrations were 0.36 μgm−3, 37 ngm−3, 10.9 ngm−3 and
0.32 μgm−3, respectively. Detailed mass size distributions were determined in an aerodynamic diameter range
of 0.053–9.9 μm for all markers. There were 3 modes identified in the distributions of the monosaccharide
anhydrides with typical mass median aerodynamic diameters (MMADs) and relative modal concentrations
(RMCs) of 0.42 μm and 90%, 1.62 μm and up to 9%, and 0.11 μm and up to 9%, respectively. The modes were
assigned to the condensation and droplet submodes (formed by splitting) of a dominant accumulation mode and
to a minor accumulation mode, respectively. The former 2 modes were generated by BB, while the latter mode
was explained by another source type with higher burning temperature than BB, which is likely lignite com-
bustion. The size distributions of K also contained 3 modes with mean MMADs and RMCs of 0.40 μm and 78%,
0.16 μm and 12%, and 5.8 μm and 10%, respectively. The former 2 modes were assigned to a major and a minor
accumulation mode similarly to the monosaccharide anhydrides, while the latter peak is a coarse mode.
Levoglucosan was further utilised to estimate the PM10 mass originating from BB, which yielded a mean relative
contribution of 18%. This implies that BB represents a considerable or substantial source for particulate mass in
the area. Concentration ratios among the monosaccharide anhydrides suggested that it is the wood burning that
is the major form of BB, and that the relative share of softwood burnt to hardwood is around 46%.

1. Introduction

Biomass burning (BB) includes wildfires, intentional agricultural
fires and burning of wood, straw, grain, bio-oils and organic waste in
household appliances for heating, cooking or pleasure, in boilers and
industrial power plants. The latter forms have an increasing role in
decentralised and substitute energy production (Vicente and Alves,
2018). Biomass burning is an important source type for particulate
matter (PM), carbonaceous aerosol particles (Saarikoski et al., 2007;
Szidat et al., 2009; Claeys et al., 2010; Gilardoni et al., 2011; Saarnio
et al., 2012; Herich et al., 2014; Chen et al., 2017; del Águila et al.,
2018) and some further compounds of special interest such as poly-
cyclic aromatic hydrocarbons (PAHs; e.g. Hays et al., 2003). It can yield
enlarged atmospheric concentrations on seasonal time scale or as a
tendency. Disadvantages and potential risks related to BB have been
increasingly recognised. Smoke from BB can affect regional or local

visibility, air quality, ecosystems, built environment, cloud processes,
climate and human health (e.g. Chen et al., 2017 and references
therein). Quantification of the contributions from BB to various aerosol
species is necessary to better understand its relevance, role and effects.
There are several receptor models, which facilitate its quantification on
the basis of atmospheric concentrations and some properties which are
derived from theoretical models (e.g. wavelength dependence of optical
absorption coefficient; e.g. Favez et al., 2010 and references therein).
They primarily include: 1) single marker methods, which are mainly
based on molecular tracers (see below) or 14C (e.g. Szidat et al., 2006;
Minguillón et al., 2011; Zhang et al., 2012; Bernardoni et al., 2013, and
references therein) or their combination (Salma et al., 2017), 2) the so-
called Aethalometer model and its developed versions (e.g. Sandradewi
et al., 2008a, 2008b; Zotter et al., 2017 and references therein) and 3)
multivariate statistical receptor models (e.g. Hopke, 2016 and refer-
ences therein; Maenhaut et al., 2016). The marker methods are
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advantageous from the point of view that they do not require many
samples or extensive and complex data sets, are quite straightforward,
and, therefore, they are often the choice for source apportionment
studies.

During pyrolysis of cellulose- and hemicellulose-containing bulk
material, 3 stereoisomers of a monosaccharide anhydride of C6H10O5,
namely levoglucosan (LVG, 1,6-anhydro-β-D-glucopyranose, Simoneit
et al., 1999), mannosan (MAN, 1,6-anhydro-β-D-mannopyranose) and
galactosan (GAN, 1,6-anhydro-β-D-galactopyranose; Nolte et al., 2001)
are formed in relatively large concentrations (Locker, 1988; Simoneit
et al., 1999). They are initially generated as gaseous molecules at
temperatures larger than 300 °C, and subsequently condense onto pre-
existing particles due to their low vapour pressure as the temperature
decreases (Caseiro et al., 2009). Levoglucosan is the most abundant of
them (e.g. Table 2) and it is reasonably stable in the atmosphere to-
wards photolysis and acid-catalysed hydrolysis (Locker, 1988; Fraser
and Lakshmanan, 2000; Simoneit et al., 2004). Its atmospheric lifetime
of 10 d can be decreased by chemical reactions with OH radical in the
aqueous phase under high relative humidities (RHs, Hennigan et al.,
2010; Hoffmann et al., 2010). Such conditions can be important in
tropical areas or for aged (long-range transported) smoke plumes in
summer. Nevertheless, LVG was found to be a suitable molecular
marker in many studies (e.g. Simoneit et al., 1999; Zdráhal et al., 2002;
Puxbaum et al., 2007; Saarikoski et al., 2008; Szidat et al., 2009;
Maenhaut et al., 2012, 2016; Yttri et al., 2014). Levoglucosan can also
be produced in lignite (Fabbri et al., 2009) and peat combustion
(Iinuma et al., 2007; Fabbri et al., 2008; Kourtchev et al., 2011), al-
though their contributions are usually neglected. The relationships
among the stereoisomers can also provide information on the ratios of
hardwood and softwood burning. The determination of the mono-
saccharide anhydrides in aerosol samples is well established by now,
and can be performed by various analytical methods (Yttri et al., 2015).
Some inorganic species such as K are also produced in large abundances
by BB (e.g. Maenhaut et al., 1996, 2016; Chen et al., 2017), although it
also has further substantial sources such as sea spray, meat cooking or
refuse incinerators (e.g. Zhang et al., 2014). The measurement of the
corresponding water-soluble (non-sea salt) K in aerosol samples can be
commonly realised by various standard analytical methods. It has to be
notes that BB also produces a large variety of PAHs, which have dis-
tinctive relevance for human health (Hays et al., 2003 and references
therein). Their measurements and particularly their collections requires
special considerations to avoid the loss of PAHs from the substrates or
filters (Hays et al., 2003).

Particulate matter from BB is expected to occur in fine size fraction
due to high-temperature emissions or condensation processes of cor-
responding vapours. Since the burning temperatures can differ for
various biomass types (e.g. lignite, wood or straw), it is expected that
the temperatures can have implications on the size distributions of
primary BB products, including its major molecular markers. The size
distributions can further be modified by transformation (e.g. dissolution
of gases, multiphase chemical reactions, water activation, condensation
of vapours, coagulation in the aerosol population or aging) processes
during atmospheric transport under varying meteorological, chemical
and physical conditions. Such (small) differences in the shape of the
distributions associated with the transformation processes or similar
source types can be investigated by utilising an increased size resolution
of modern cascade impactors (with larger number of stages, e.g. Marple
et al., 1991), some developments in their calibration and advanced
mathematical algorithms for processing their experimental data
(Wolfenbarger and Seinfeld, 1990), which became available recently
(see Section 2.3.). The perspective results can have relevance mainly for
refining the source apportionment methods based specifically on
monosaccharide anhydrides from BB.

In earlier aerosol studies in Budapest, atmospheric concentrations,
contributions and mass size distributions of several relevant carbonac-
eous chemical species were determined (e.g. Salma et al., 2004, 2007,

2013; Claeys et al., 2012), and source apportionment of major carbo-
naceous species to fossil fuel (FF) combustion, BB and biogenic emis-
sions was realised by a coupled radiocarbon-levoglucosan marker
method (Salma et al., 2017). Size distributions of carbonaceous mole-
cular markers of BB (namely LVG and its stereoisomers) and related
important information have been missing internationally. The objec-
tives of this research are to determine and present detailed mass size
distributions of major monosaccharide anhydrides by using a cascade
impactor sampler and an advanced inversion algorithm, to relate their
fine structure to possible source types and atmospheric transformation
processes, to quantify the relative importance of the processes identi-
fied, to discuss the consequences of the modal structure on the LVG
marker method, and to estimate also the contribution of BB to PM10

mass and relative ratios of hardwood and softwood burning. The results
and conclusions are based on aerosol samples collected in winter, when
the emissions, concentrations and contributions from BB are expected
to be the largest.

2. Methods

2.1. Aerosol sampling and on-line measurements

The aerosol samples were collected at the Budapest platform for
Aerosol Research and Training (BpART) facility situated near the river
Danube (N 47° 28′ 29.9″, E 19° 3′ 44.6″, 115m above mean see level,
Salma et al., 2016). The site represents a well-mixed, average atmo-
spheric environment for the city centre thank to orographic, physical
and typical meteorological conditions around the location (Salma et al.,
2016). The collection campaign took place continuously from 07:00 on
Sunday, 24–12–2017 to 07:10 on Saturday, 30–12–2017. Local time
(LT=UTC+1) was chosen as the time base because the daily activity
time pattern of inhabitants substantially influences the atmospheric
concentrations in cities (Salma et al., 2014). There was no wildfire in
the larger area in this time interval. A microorifice uniform deposit
impactor (MOUDI, type 110, Marple et al., 1991) was deployed with a
simple rain shield. The sampler has 11 impaction stages labelled from 0
to 10 with 50% cut-off aerodynamic diameters of d50= 18, 9.9, 6.2,
3.1, 1.8, 1.0, 0.603, 0.301, 0.164, 0.094 and 0.053 μm, respectively.
The stage 0 was utilised as upper size cut-off inlet. The samples were
collected on 47-mm diameter ungreased polycarbonate membrane fil-
ters (with a pore size of 0.4 μm). The cascade impactor operated at an
air flow rate of 30 Lmin−1. The collection efficiency curves for the
impaction stages of the MOUDI were supplied by the manufacturer, and
they were fine-tuned according to their experimentally determined 50%
cut-off values. A total of 4 aerosol sample sets were obtained together
with 1 set of field blanks. The first (S1) and last (S4) sample sets were
collected for 48 h, while the other 2 sets (S2 and S3) were obtained for
24 h. The substrates were placed into polycarbonate Petri slide dishes,
and were stored frozen until the analysis.

Atmospheric concentration of PM10 mass was also obtained from the
closest measurement station of the National Air Quality Network in
Budapest. This monitoring station is located in the upwind prevailing
wind direction from the BpART facility in a distance of 1.6 km. It was
measured by a continuous ambient particulate monitor (Thermo FH-62-
IR), which is based on beta-ray attenuation, with a time resolution of
1 h. Total particle number concentrations (N6–1000) and ultrafine (UF,
d < 100 nm) particle number concentrations were derived from a
differential mobility particle sizer (DMPS) system with a time resolution
of 8min (e.g. Salma et al., 2016). The DMPS measurements have been
performed continuously and according to the recommendations of in-
ternational technical standards. Local meteorological data including air
temperature (T), RH and wind speed (WS) were obtained by standar-
dised methods from a regular measurement station of the Hungarian
Meteorological Service (HMS, no. 12843) situated near the BpART fa-
cility. Time resolution of these measurements was 10min.
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2.2. Chemical analyses

The PM mass concentrations on the impactor stages were obtained
by gravimetric method, weighing each substrate before and after the
sampling on a Sartorius MC 210P microbalance with a sensitivity of
5 μg. The filters were pre-equilibrated before weighing at a temperature
of 19 ± 5 °C and RH between 40% and 50% for 24 h. Possible static
electricity on the substrates were eliminated.

Half section of each impaction substrate was analysed for LVG, MAN
and GAN by gas chromatography–mass spectrometry (GC–MS) after
trimethylsilylation. The sections were extracted in glass beakers with
10mL of absolute ethanol in an ultrasonic bath (Bandelin Sonorex, RK
52H) for 15min. After decantation of the supernatant, the extraction
step was repeated. The combined extracts were filtered through a PVDF
syringe filter with a pore size of 0.22 μm and were spiked with an in-
ternal standard (IS) of methyl β-L-arabinopyranoside (1.54 ng μL−1).
Standards of LVG, MAN and GAN were dissolved in methanol (5–10mg
in 5mL), were diluted 10–2000×, and finally, they were also spiked
with 20–40 μL of IS. The sample extracts and standard solutions were
evaporated to dryness with a rotary evaporator (Büchi Rotavapor R-
200) at a temperature of 30–40 °C in 2–4mL Reacti vials. The silylation
chemical reaction was carried out by adding 200 μL hexamethyldisila-
zane (HMDS) as silylating agent, 125 μL pyridine as solvent and 25 μL
trifluoroacetic acid as catalyst of the silylation to the evaporation re-
sidues at 70 °C for 90min. All analytical reagents were of high purity
grade, which means a purity of at least 99% except for MAN and GAN
model compounds which had a purity of 95%. After the derivatisation,
the aerosol samples were diluted 6× with HMDS, and the solutions
were injected into a Varian 4000 GC–MS/MS system (Varian, USA)
equipped with a Varian CP-8400 auto sampler and with a septum
equipped CP-1079 programmable temperature vaporizer (PTV) in-
jector. The GC column used was a SGE forte BPX-5 capillary
(length× inner diameter 15m×0.25mm; film thickness 0.25 μm,
SGE, Australia). Helium (in a purity of 99.9999%) was utilised as car-
rier gas with a fixed column flow rate of 1mLmin−1. The injection
volumes were 1 μL in all cases with selecting the “on column” injection
mode. The optimized temperature program for the PTV injector was the
following: the injections were made at 100 °C, held for 0.5min, then
heated up to 280 °C with a rate of 200 °Cmin−1, and finally held at this
temperature for 3min. The optimized temperature program for the
column oven was the following: the column temperature program
started at 100 °C, held for 1min, heated up to 150 °C with a rate of
5 °Cmin−1, then heated up to 300 °C with a rate of 20 °Cmin−1, and
finally held at this temperature for 2min. The total program runtime
was 21min. The temperatures of the transfer line, ion trap and manifold
were 280, 210 and 80 °C, respectively. The ionization voltage was 70 eV
with an internal ionization option. The quantification was carried out in
the selected ion monitoring mode by quantifier ions with mass-to-
charge ratios of m/z=204 for LVG and of 217 for MAN, GAN and IS
standard. The retention times for GAN, MAN and LVG were 7.9, 8.1 and
8.4 min. Chromatograms containing the 4 derivatised compounds in a
standard solution and for a real aerosol sample are shown in Fig. 1,
which indicate that the selected peaks are well separated. The cali-
bration curves consisting of 7 points covered the ranges of
0.05–10 ng μL−1 for LVG, 0.01–2.0 ng μL−1 for MAN and
0.005–1.0 ng μL−1 for GAN. The repeatability of the method was be-
tween 2% and 10% relative SD. The field blank samples were analysed
utilising an analytical protocol that was identically to that for the
aerosol samples, and each analytical series contained a blank sample.
The limit of quantitation (LOQ) for LVG and MAN was approximately
0.7 ngm−3, while it was approximately 0.3 ngm−3 for GAN.

Concentrations of K in the aerosol samples were determined by
extracting the remaining half sections of the impactor substrate in
2.5 mL high-purity reagent Milli-Q water with an ultrasonic bath for
2× 15min. The water extracts were filtered through a PVDF syringe
membrane filters with a pore size of 0.45 μm to remove the suspended

insoluble particles, and 25 μL of ionization matrix which contained
100mgmL−1 Cs and 50mgmL−1 La was added to each sample. The
measurements were accomplished by atomic absorption spectrometry
with electrothermal atomization using an instrument AAnalyst 700
(Perkin Elmer, USA). The field blank samples were treated identically
with the aerosol samples, and the analytical results were corrected for
the blanks. The LOQ of the sampling and analytical procedure was
approximately 0.2 ngm−3; and the concentrations measured were
several times above this limit.

The PM mass, LVG and K analytical data were corrected for blanks
by subtracting the mean blank value from the corresponding amounts
in real samples. The blank PM mass was determined from the full im-
paction foils; half section of each impaction substrate was utilised for
determining the blank value for LVG, while the other half section was
applied for deriving the blank values for K. The mean blanks and SDs
were 25 ± 6 μg, 30 ± 8 and 81 ± 11 ng, respectively for the sample
sections analysed. Mannosan and GAN were not detected in the blanks.

2.3. Data treatment

The concentration data sets obtained for LVG, MAN, GAN and K in
the cascade impactor samples were inverted into size distributions by
the computer program MICRON (Winklmayr et al., 1990; Wolfenbarger
and Seinfeld, 1990). Its mathematical procedure is based on con-
strained regularisation. The data treatment takes into account both the
concentration data on all impactor stages and the impaction efficiency
curves for all stages. The SDs of the input concentration data, which are
also needed for the inversion, were estimated by combining the relative
SD for aerosol sampling and chemical analysis according to the pro-
pagation of errors in order to obtain more realistic overall SDs. The
former uncertainty was estimated previously to be approximately 10%
from a number of parallel samplings with two cascade impactors (Salma
et al., 2004), while the latter uncertainty was determined by the ana-
lysis and ranged from 2% to 10%. With increasing input uncertainties,
the peaks in the distributions become broader and somewhat smaller,
while the modal concentrations and mass median aerodynamic dia-
meters (MMADs) are ordinarily preserved. The increased uncertainties,
however, disadvantageously affect the identification of modes with
very small concentrations. As far as the impaction efficiency curves are
concerned, they each contained at least 120 experimental data points of
which, there were 30, 24, 15, 15, 15, 15, 24, 20, 34 and 34 relevant
efficiency data between 10% and 90% for stages from 1 to 10, re-
spectively. The inversion produced a smooth size distribution, which
was represented by 80 inverted data points. The inverted data sets were
then fitted by log-normal distributions so that the MMADs, geometric
standard deviations (GSDs) and mass concentrations of the contributing
modes are derived. The quality of the fit was usually good (reduced
χ2≈ 1), though in some particular cases and usually around the end
points of the diameter interval investigated, the agreement between the
inverted data and the fitted curve was less perfect. This is most likely
caused by experimental fluctuations in the baseline concentrations,
shifts of the modes during the sampling time periods (e.g. with chan-
ging RH) and/or by some possible sampling errors (e.g. due to bounce-
off effect, Schwarz et al., 2012). To consider these artefacts as well, the
relative uncertainty of a few particular concentrations at the diameter
limits were increased up to 25%.

3. Results and discussion

Air T and RH varied over the sampling campaign between −2.4 and
11.8 °C and 58% and 92%, respectively. Their means and SDs derived
for the separate sampling time intervals are summarised in Table 1
together with WS. The data indicate that the local weather during the
collections of samples was mild and calm without extreme meteor-
ological situations. It was also dry except for last sampling interval (S4)
when there was a mixed precipitation of 7mm composed of rain and
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snow (on 28–12–2017). Strong wind up to 12.4m s−1 occurred during
this sampling interval (on 29–12–2017) as well.

3.1. Atmospheric concentrations

Atmospheric concentrations of total particle number, UF particles,
particulate mass, K and monosaccharide anhydrides in various size
fractions are shown in Table 2. Median total particle number con-
centrations were calculated from the individual DMPS data for the

related consecutive sampling intervals. The particle number con-
centrations in Table 2 are in line with ordinary concentration levels in
central Budapest. The annual median N6–1000 in 2017 was
10.6×103 cm−3 with an annual mean UF concentration ratio and SD
of (81 ± 10)%. Temporal variability in N6–1000 and UF ratio in the
consecutive sampling intervals can be explained by the effect of local
meteorology on the air quality (Salma et al., 2014). The larger total
concentrations and relatively low UF ratios for the sampling intervals
S2 and S3 jointly suggest that during these days, the air masses which
arrived to the receptor site brought in larger particle number con-
centrations from polluted regional areas, and that local (urban) high
temperature sources were less intensive. These days seem, therefore,
particularly important for studying the markers since BB is expected to
mainly occur outside the city (Salma et al., 2017).

Concentrations in PM9.9 and PM3.1 were derived by summing up the
concentrations for impactor stages with d50≤ 9.9 μm and ≤ 3.1 μm,
respectively. The former size fraction expresses the PM10 (which is
often reported and used in health-related studies) well, while the latter
(fine) size fraction represents a systematic overestimation of the PM2.5

for chemical species which have a non-negligible relative concentration
above the diameter of 2.5 μm. This is the case for the PM mass and K,
while the concentrations of the monosaccharide anhydrides are

Fig. 1. GC–MS chromatograms of a standard solution containing 1.54 ng μL−1 methyl β-L-arabinopyranoside as internal standard, 0.20 ng μL−1 galactosan,
0.40 ng μL−1 mannosan and 2.0 ng μL−1 levoglucosan (a) and for the aerosol sample S4, impaction stage no. 6 (b) showing the separation of the trimethylsilyl ether
derivatives of the compounds.

Table 1
Means and standard deviations (SDs) for air temperature (T), relative humidity
(RH) and wind speed (WS) for separate sample collection time intervals S1-S4.
The duration of the sampling intervals is also shown in brackets.

Property/Sampling interval T (°C) RH (%) WS (m s−1)

Mean SD Mean SD Mean SD

S1 (2 d) 6.7 2.7 76 9 2.5 1.8
S2 (1 d) 3.8 1.0 85 3 2.1 1.2
S3 (1 d) 7.5 2.4 75 9 1.9 1.1
S4 (2 d) 3.3 2.6 78 7 4.3 2.8
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Table 2
Median total aerosol particle number concentrations (N6-1000), ultrafine particle (UF) concentration ratios to the total particle numbers obtained from the DMPS
system, and concentrations of particulate matter mass and K in the PM9.9 size fraction, of levoglucosan (LVG), mannosan (MAN), galactosan (GAN) in the PM3.1 size
fractions as derived by summing up the concentrations for MOUDI stages with aerodynamic cut-off diameters of ≤9.9 μm and ≤3.1 μm, respectively. The PM9.9 size
fraction represents well the PM10, while the PM3.1 expresses well the PM2.5 (fine) particles for the chemical species given. The sample labels are indicated together
with the duration of the sampling intervals in brackets.

Size fraction/species/sample PM1.0 PM9.9 PM3.1

N6-1000 UF ratio Mass K LVG MAN GAN

(103 cm−3) (%) (μgm−3) (μgm−3) (μgm−3) (ngm−3) (ngm−3)

S1 (2 d) 4.2 80 18.6 0.197 0.34 42 11.2
S2 (1 d) 11.3 61 43 0.52 0.85 98 35
S3 (1 d) 15.0 74 27 0.44 0.37 32 10.5
S4 (2 d) 6.6 80 11.2 0.150 0.177 17.8 5.8

Fig. 2. Modal structure of mass size distributions of levoglucosan (LVG, a and b), mannosan (MAN, c and b) and galactosan (GAN, e and f) in the most loaded samples
(S2 and S3). The modes 1, 2 and 3 were assigned to the condensation submode and droplet submode of the major accumulation mode and to a minor accumulation
mode, respectively. The error bars indicate± 1 overall standard deviations.
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representative for PM2.5 as well (see Section 3.2.). The cut-off value at
3.1 μm was also selected by considering that the contribution of
monosaccharide anhydrides in the diameter interval between 2.5 and
3.1 μm to their total amount is negligible, while their contribution in
the interval 1.8–2.5 μm is larger (see Fig. 2.). Median PM9.9 and PM3.1

mass concentrations for the all samples were 23 and 20 μgm−3, which
indicate relatively clean atmospheric situations in the city. The medians
are below the EU daily mean PM10 health limit and annual mean PM2.5

target value, respectively. It is noted that the concentrations were ob-
tained during Christmas time and festive season, when the urban ve-
hicular road traffic is usually lower and the house heating and cooking
activities including BB are expected to be larger. Daily ranges and
medians of the PM10 mass concentration obtained from the air quality
monitoring network for the sampling campaign were 3–19 and 8.5,
6–59 and 16.0, 30–55 and 46, 23–66 and 42, 8–37 and 19.0 and 3–21
and 10.5 μgm−3, respectively. The concentration level was low in the
first and the last 2 days, which was the main reason for selecting the
consecutive sampling time intervals for 2, 1, 1 and 2 d, respectively.
The PM9.9 mass from the MOUDI was compared to the mean PM10 mass
derived by averaging the individual on-line concentrations from the
monitoring station for the time intervals that correspond to the sample
collection intervals. A mean MOUDI/monitor concentration ratio and
SD of 84 ± 11% were obtained. This is a reasonable agreement, which
indicates that the overall operation of the impactor is acceptable.
Median atmospheric concentration of K in the PM9.9 size fraction was
0.32 μgm−3. This agrees well with the mean of 0.36 μgm−3 at STP
reported earlier for PM10 filter based aerosol samples collected in the
city centre in springtime (Salma et al., 2002).

Median atmospheric concentrations of LVG, MAN and GAN for all
samples were 0.36 μgm−3, 37 and 10.9 ngm−3, respectively. These
data are comparable to median concentrations of 0.40 μgm−3, 25 and
16.1 ngm−3, respectively which were obtained for the PM2.5 size
fraction at the same site in winter 2014 (Salma et al., 2017). The
concentrations of monosaccharide anhydrides are also comparable to
those in other urban sites in Europe in winter (e.g. Szidat et al., 2009;
Maenhaut et al., 2012, 2016; Schwarz et al., 2016). Their ordinary
concentrations exhibit a pronounced seasonal variation with a max-
imum in winter (Caseiro et al., 2009; Kourtchev et al., 2011; Maenhaut
et al., 2012, 2016; Wang et al., 2018), which suggests that residential
wood burning preferably occurs in the colder months.

3.2. Size distributions

The mass size distributions of markers consisted of several modes.
The distributions of the monosaccharide anhydrides were fitted by 3
separate modes in order to avoid systematic differences in the residuals.
Their distributions are shown in Fig. 2 for the 2 most loaded samples as
examples, and their mean modal parameters are summarised in Table 3.
All distributions contained a dominant accumulation mode (labelled as
mode 1) with a typical MMAD of 0.42 μm. Its relative modal

concentration (RMC) varied between 85% and 90% for all mono-
saccharide anhydrides. It is undoubtedly caused by BB. The accumu-
lation mode is sometimes split into condensation and droplet submodes
(Hering and Friedlander, 1982; John et al., 1999, Hering et al., 1997).
The splitting is produced by water activation of condensation submode
particles under high RH conditions to form cloud droplets, followed by
dissolution of some atmospheric gases (e.g. SO2 or some polar VOCs,
which can be present in relatively large concentrations inside smoke
plumes) into the droplets, and finally, by aqueous-phase chemical
oxidation reactions leading to less volatile products. If the ambient RH
decreases at a later time and the droplets evaporate, the remaining solid
particles have larger diameters than the original dry particles (Meng
and Seinfeld, 1994; Kerminen and Wexler, 1995; Salma et al., 2005).
This splitting of the dominant accumulation mode was also observed for
all monosaccharide anhydrides. In some cases such as in Fig. 2a, c and e
for LVG, MAN and GAN, respectively, the droplet submode (mode 2 in
Fig. 2 and Table 3) was obviously present, and showed a typical MMAD
from 1.4 to 1.7 μm. In some other cases such as in Fig. 2b, d and f, the
droplet submode may be not significant. It could be so small or even
missing that the related peak was just generated by the inversion pro-
cedure from the fluctuating concentration data as an artefact. It is
worth mentioning for the comparison that the droplet submodes for
water-soluble organic carbon (WSOC) and atmospheric humic-like
substances (HULIS) were obviously identified earlier at the same loca-
tion (Salma et al., 2013). Its MMADs of 1.72 μm for WSOC and 1.22 μm
for HULIS are similar to those for the monosaccharide anhydrides. The
size distributions of WSOC and HULIS also contained an evident coarse
mode with a typical MMAD of 6.4 μm. These 2 conclusions confirm the
assignment of the mode 2 to the droplet submode (and not to a coarse
mode), and it is also strengthened by the size distributions of K (see
below). The absence of the coarse modes of LVG, MAN and GAN implies
that their resuspension processes are negligible relative to their
burning-related sources. This could be different for field fires. Mode 3 in
the size distributions showed typical MMADs at 0.11 μm and RMCs of
up to 9%. Similarly to the droplet submode, its presence was obvious in
some cases (Fig. 2b, d and f), while it may be not significant in some
other cases (Fig. 2a, c and e). The mode 3 is expected to be generated by
another source which is realised at higher burning temperatures than
BB since it has smaller MMADs than the mode 1. Fossil fuel combustion
was reported to produce smaller aerosol particles than BB (Yang et al.,
2006), which implies that the additional emission source could be lig-
nite combustion. The final association can be validated by dedicated
measurements. Nevertheless, the mean contribution of lignite to the
LVG seems small (5%) or negligible when compared to its experimental
uncertainty. This could justify that the lignite combustion is usually
neglected as an LVG source in BB studies. The dominant accumulation
modes of LVG, MAN and GAN were found to be quite uniform and
consistent, which can be associated with the abundance and intensity of
their major sources in the area on a time scale of their atmospheric
lifetime of approximately 10 d. Contributions of the other 2, much
smaller modes varied considerably, which suggests that their major
sources and atmospheric transformation processes change with en-
vironmental conditions or air mass trajectories (more localised source).

There are only a few studies which dealt with the size distribution of
LVG. They reported unimodal size distributions with MMADs between
0.7 and 1.1 μm (Wang et al., 2009) and of 0.5 μm (Gaughan et al.,
2014). All these distributions were generated without inverting the
experimental concentrations, and were plotted as column graphs. This
representation, however, does not make it feasible to derive detailed
size distributions and characteristics. The former interval was obtained
under haze conditions caused by wheat straw burning and non-haze
conditions in Nanjing, China by using an Andersen cascade impactor.
The difference in the MMADs for our major accumulation mode (at
0.42 μm) and the fine mode in that study could be related to the wheat
straw burning, which occurs at lower temperatures than wood burning
(as it was in our case, see Section 3.3.), and, which, therefore, tends to

Table 3
Mean values of mass median aerodynamic diameters (MMAD) in a unit of μm,
geometric standard deviations (GSD) and relative modal concentrations (RMC)
in a unit of % for separate modes in the mass size distributions of levoglucosan,
mannosan and galactosan. The modes 1, 2 and 3 were assigned to the con-
densation submode and droplet submode of the major accumulation mode and
to a minor accumulation mode, respectively.

Species/ Levoglucosan Mannosan Galactosan

Property/
mode

MMAD GSD RMC MMAD GSD RMC MMAD GSD RMC

Mode 1 0.41 1.71 90 0.42 1.65 89 0.43 1.61 85
Mode 2 1.70 1.39 5 1.43 1.38 9 1.74 1.52 12
Mode 3 0.11 1.54 9 0.12 1.50 9 0.10 1.40 8
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generate relatively larger particles (Yang et al., 2006). Another ex-
planation could be that the MOUDI sampler has 6, well spread impac-
tion stages in the submicrometer diameter range down to 0.053 μm (see
Section 2.1.), while the Andersen cascade impactor (most commonly
used for testing inhaled pharmaceutical products) has only 3 stages
(with d50s of 1.1, 0.7 and 0.4 μm) in the corresponding diameter range.
The MMAD in the latter publication was obtained by using personal
cascade impactors attached on wildland firefighters, and agrees well
with our corresponding value.

For K, 3 modes were also identified in the size distributions. (They
were numbered as 1, 3 and 4 to maintain the consistency with the
monosaccharide anhydrides.) Some size distributions are shown in
Fig. 3 as examples. The mean MMADs, GSDs and RMCs of the 3 con-
tributing modes were 0.40 μm, 1.66 and 78% for the mode 1, 0.16 μm,
1.61 and 16% for the mode 3, and 5.8 μm, 1.45 and 10% for the mode
4. The modes 1 and 2 were assigned to the major and minor accumu-
lation modes similarly to the monosaccharide anhydrides, while the
mode 4 is an evident coarse mode. Major emission sources of coarse K
could be the disintegration and suspension processes of crustal rock and
soil. Potassium was determined after a water extraction, and, therefore,
its concentration only represents the water-soluble chemical forms,
primarily K+ cation. Particles generated from continental surfaces are
expected to mainly contain K in water insoluble molecules (such as
alkali feldspars), which would make the coarse mode of the total K
larger or very substantial in accordance with earlier local studies (e.g.
Salma et al., 2002, 2005). The overall size distributions of fine K are
also consistent with earlier results (e.g. Schwarz et al., 2012), and
follow the distributions of the monosaccharide anhydrides.

3.3. Relationships and contributions

Considerable linear relationships among the monosaccharide an-
hydrides were observe although the number of samples is rather lim-
ited. Fortunately, the ranges of the concentrations were relatively large.
The Pearson's coefficients of correlation between LVG on one side and
MAN, GAN and fine K on the other side were 0.99, 0.99 and 0.86, re-
spectively, while MAN correlated with GAN with a coefficient of 0.99.
The relationships are significant at a joint p= .1 level, and are in line
with earlier results (e.g. Zhang et al., 2014). This suggests that their
major source is common, which is undoubtedly residential BB. Coeffi-
cients of correlation between PM10 mass on one side and the mono-
saccharide anhydrides on the other side were smaller, typically between
0.91 and 0.96. Conclusive interpretation of these correlations is re-
stricted by the limited number of samples. Levoglucosan was utilised to
estimate the amount of the PM originating from BB. Several PM10 mass/
LVG conversion factors have been used in the literature; they were
reviewed by Puxbaum et al. (2007). The conversion factor depends on

the burning conditions and biofuel types. We adopted a factor of 10.7,
which was suggested by Schmidl et al. (2008) for the mix of wood used
in Austria. Based on our previous local experience (e.g. Salma et al.,
2017) and international practice (e.g. Szidat et al., 2009; Maenhaut
et al., 2012, 2016), this seems to be a reasonable approximation to
reality for our conditions as well. The uncertainty of the conversion was
estimated to be approximately 30% (Maenhaut et al., 2012). Con-
tribution of BB to the PM10 mass estimated in this way ranged from
15% to 21% with a mean and SD of 18 ± 3%. This is in good agree-
ment with a mean contribution and SD of 11 ± 3% determined from
aerosol filter samples at the same site for the mild winter of 2014
(Salma et al., 2017). Biomass burning represents a considerable or
substantial source for PM10 mass in the Budapest area. The present
results and conclusions are also in line with winter data from various
other locations in European cities (Pashynska et al., 2002; Szidat et al.,
2009; Piazzalunga et al., 2011; Caseiro and Oliveira, 2012; Maenhaut
et al., 2012, 2016; Schwarz et al., 2016).

Concentration ratio LVG/(MAN+GAN) was proposed to differ-
entiate between wood burning and other BB emissions, while the ratio
LVG/MAN was applied to distinguish between hardwood and softwood
burning (Fine et al., 2004; Schmidl et al., 2008; Fabbri et al., 2009;
Caseiro et al., 2009; Favez et al., 2010; Piazzalunga et al., 2011;
Maenhaut et al., 2012). The typical ranges of the two ratios for different
BB fuel types were overviewed by Maenhaut et al. (2012). Combustion
of Miocene lignite exhibits an identical LVG/(MAN+GAN) and LVG/
MAN ratios of approximately 54. Softwood combustion typically yields
LVG/(MAN+GAN) and LVG/MAN ratios smaller than 3 and 4, re-
spectively, while the same ratios for hardwood emissions are 8.5–9.9
and 14–15, respectively. Derivatives of crude oil, natural gas, coal and
biomass are the major carbonaceous fuel types utilised in Hungary; peat
is not burned. The major form of solid fuels is lignite/brown coal, which
makes up approximately 88% of the consumption when expressed in
tons utilised. For our samples, the LVG/(MAN+GAN) ratios ranged
from 6.3 to 8.8 with a mean and SD of 7.3 ± 1.2, while the LVG/MAN
ratio varied from 8.1 to 11.7 with a mean and SD of 9.6 ± 1.6. The
means are close to the values characterising wood combustion, parti-
cularly hardwood emissions. The ratios also can indicate indirectly that
lignite combustion a small or even a negligible contribution to the
monosaccharide anhydrides. This is in line with the conclusion ob-
tained from the LVG, MAN and GAN size distributions.

The mean LVG/MAN ratio was further utilised to roughly estimate
the share of softwood (ordinary spruce) burnt relative to the hardwood
burnt according to the empirical relationship of %spruce= (14.8–LVG/
MAN)/0.112 (Schmidl et al., 2008). This dependency was originally set
for the combustion of common hardwood (beech and oak) and soft-
wood species (spruce and larch) in typical wood stoves in Austria. For
our samples, all individual LVG/MAN ratios were smaller than 14.8.

Fig. 3. Modal structure of mass size distributions of K in the most loaded samples (S2 and S3). Modes 1, 3 and 4 were assigned to a major accumulation mode, minor
accumulation mode and coarse mode, respectively. The error bars indicate± 1 overall standard deviations.
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The percentage of spruce burned relative to the hardwood in the Bu-
dapest area was estimated in this way to be 46%.

4. Conclusions

Importance of BB for air quality considerations is increasingly re-
cognised. One of the most straightforward methods of estimating the
share of BB on PM mass or OC is based on LVG as a single marker. Its
possible emissions from lignite combustion are ordinarily neglected.
This can be backed by carbonaceous fuel inventory for a region or
country. Here we present a complementary method based on detailed
mass size distributions, which can be applied to estimate the con-
tribution of lignite combustion to LVG concentrations. In the Budapest
area, its relative contribution was approximately 5%, which is within
usual experimental uncertainty of atmospheric concentrations, and,
therefore, it can indeed be neglected. A limitation of this study lays in
the restricted number of samples. A dedicated source apportionment
survey involving BB at the city centre, suburb and regional background
of Budapest based on aerosol samples collected on filters for 1 full year
has been in progress, and its perspective results and conclusions are to
add on the seasonal variability of the BB emissions and are to increase
the representativity and reliability of the present conclusions as well.

It was pointed out in a recent study (Maenhaut et al., 2016) that the
PM10/LVG conversion factor of Schmidl et al. (2008) may be sub-
stantially underestimated for other conditions and sites than originally
considered, which implies that the real importance of wood burning in
many areas could be much larger than previously thought. Studies that
apply both the LVG marker method and e.g. statistical approaches are
desired for more accurate estimations.

The most severe daily PM10 health limit exceedances in many cities
occur in winter, when the contribution of BB is expected to be the
largest. This offers a considerable potential for improving the air quality
by improvements in technological specifications for various household
appliances that burn biomass together with efficient training of their
users.
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