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Abstract: Two intensive measurement campaigns using a compact time-of-flight aerosol mass spec-
trometer were carried out at the suburban site in Prague (Czech Republic) in summer (2012) and
winter (2013). The aim was to determine the aerosol sources of the NR-PM1 fraction by PMF analysis
of organic (OA) and inorganic aerosol mass spectra. Firstly, an analysis of the OA mass spectra was
performed. Hydrocarbon-like OA (HOA), biomass burning OA (BBOA), and two types of oxygenated
OA (OOA1) and (OOA2) were identified in summer. In winter, HOA, BBOA, long-range oxygenated
OA (LROOA), and local oxygenated OA (LOOA) were determined. The identified HOA and BBOA
factors were then used as additional input for the subsequent ME-2 analysis of the combined organic
and inorganic spectra. This analysis resulted in six factors in both seasons. All of the previously
reported organic factors were reidentified and expanded with the inorganic part of the spectra in
both seasons. Two predominantly inorganic factors ammonium sulphate (AMOS) and ammonium
nitrate (AMON) were newly identified in both seasons. Despite very similar organic parts of the
mass profiles, the daily cycles of HOA and LOOA differed significantly in winter. It appears that the
addition of the inorganic part of the mass profile, in some cases, reduces the ability of the model to
identify physically meaningful factors.

Keywords: NR-PM1; atmospheric aerosol; source apportionment; positive matrix factorisation;
combined spectra

1. Introduction

Atmospheric aerosol (AA), the suspension of fine solid or liquid particles in the air, is
an important area of research due to its effect on climate [1,2], visibility [3], hydrological
cycle [4,5], and also for its harmful effect on human health [6,7]. Atmospheric aerosol is
a complex mixture of organic and inorganic compounds. Organic aerosols (OAs) are still
poorly described for thousands of compounds originating from various anthropogenic and
natural sources. The evolution of OAs in the atmosphere is also very complicated and still
partly unclear. Primary organic aerosols (POAs), originating mostly from combustion, are
aging in the atmosphere, forming part of the secondary OA (SOA) through physical and
chemical processes such as oxidation, nucleation, and condensation [8]. An additional part
of SOA is formed by a chemical reaction from various organic gaseous precursors both
of natural and anthropogenic origin. Although the inorganic part of the aerosol matter is
better explored due to a smaller number of chemical species and less complex chemistry,
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it is important to include inorganic aerosol (IA) if we want to perform a comprehensive
analysis of aerosol sources influencing the measurement site because IA represents from
10 to 80% of total submicron aerosol mass [9]. Understanding how aerosol is produced
and evolved in the atmosphere is an essential step in defining strategies to reduce aerosol
concentrations in the atmosphere.

Since there are thousands of specific compounds in the atmosphere, it seems rea-
sonable to classify the particles into categories. Aerosol mass spectrometer (AMS) has
proved to be a suitable instrument for this task. AMS is capable of measuring online
the PM1 non-refractory aerosol mass concentrations and chemically speciated mass size
distributions [10,11]. Moreover, due to very high time resolution from seconds to min-
utes [12], the AMS is suitable for measuring the aging of AA. A critical step of the analysis
is to apportion AA spectra to sources and quantify the contribution of each source. This
could be achieved by a variety of receptor modelling techniques. For example, the molecu-
lar marker-based chemical mass balance (CMB) approach is favourable for primary sources
when we know their chemical profiles [13], but it is not suitable for identifying aerosol
sources that have undergone a chemical transformation in the atmosphere. Principal
component analysis (PCA) [14] allows us to model data without knowing the chemical
composition of individual mass profiles but allows results containing negative values. In
other words, PCA is not suitable for this type of task because it would allow negative
concentrations, which is physically impossible. The analysis that meets the requirement
of nonnegativity is positive matrix factorization (PMF) [15,16]. PMF is an example of a
bilinear model that resolves the data matrix into ‘factors’ that contain the species that
correlate in time; therefore, they have a common history, way of the origin, or chemical
composition [17–19]. In recent years, a number of AMS data studies have been developed
in Western Europe using a method based on PMF analysis [20–23]. Some studies have also
been conducted in the Central European region [24,25], but in the Czech Republic, only
analyses based on offline data from filter measurements from Prague [26] and the hot spot
Ostrava region [27,28] have been reported so far.

This paper presents the results of the assessment of atmospheric aerosol sources
determined on the principle of receptor modelling, using factor analysis. It analyses and
compares concentrations and chemical profiles of sources from the measurement site on
the outskirts of Prague in the Czech Republic obtained during the winter and summer
seasons. The aim of the study was to extend the description of aerosol sources to include an
inorganic part of spectra in order to obtain more comprehensive information on the size of
AA sources and their chemical composition. By comparing the results of the analysis of the
combined spectra with the organic spectra, we can then verify the stability and reliability
of the results of the analysis of the combined spectra.

2. Materials and Methods
2.1. Measurement Site

The Prague-Suchdol site is located at the northwestern outskirts of Prague (Czech
Republic; 50◦7′36.473′′ N, 14◦23′5.513′′ E, 277 m ASL). The newest part of the residential
area is directly adjacent to the measurement station. The nearest older development is
located about 500 m to the NW. A road with local traffic of about 15,000 cars per day is
located at a distance of 200 m from the station. Roads with heavy traffic are not closer than
three kilometres. A more detailed description of the measurement site in terms of aerosol
chemical composition can be found elsewhere [29–32].

The Automated Imission Monitoring (AIM) station is located at the site that belongs
to the Czech Hydrometeorological Institute (CHMI). The AIM provided us with data
on the state of the atmosphere (e.g., wind speed, wind direction, temperature) and the
concentrations of selected gaseous pollutants (SO2, NOx, CO, O3, Benzene, Toluene).
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2.2. Instrumentation and Sampling

Two intensive measurement campaigns were performed at the urban background site
Prague-Suchdol. The first measurement was conducted during summer 2012 (20.6.–1.8.),
and the second campaign was performed in winter 2013 (9.1.–19.2.). Sampling was con-
ducted with a PM2.5 size-selective inlet at a flow rate of 16.7 lpm. A stainless steel tube
(3.3 m) with an inner diameter of 12 mm and isokinetic subsampling with a 3.18 mm
stainless steel tube (0.1 m) was connected to a Nafion dryer (0.7 m), followed by a 3.18 mm
copper tube linked to the AMS inlet. At the end of the main tubing, a vacuum pump with
16.7 lpm was installed to sustain the flow through the inlet and shorten the residence time
of particles during sampling.

The measurement of aerosol particles was conducted via a compact time-of-flight
aerosol mass spectrometer (C-ToF-AMS, Aerodyne, MA, USA; 1 min time resolution).
The AMS measures the chemical and size-resolved composition of non-refractory (NR)
aerosol particles up to 1 µm. For NR we refer to particles that vaporise at 600 ◦C at
1.3 × 10−3 Pa pressure. A detailed description of this instrument can be found in Drewnick
et al. (2005) [33]. More details about the instrument operation and basic data can be found
in Kubelová et al. (2015) [31].

Black carbon (BC) concentrations were calculated as equivalent black carbon [34] from
a field semi-continuous OC/EC analyser (Sunset Laboratories) with a 2 h time resolution.
More information about the EC/OC measurement is available in Vodička et al. (2013) [29].
During both campaigns, PM1 filter measurement with 24 h resolution took place at the
station. Filter samples were analysed by ion chromatography; more details are given in
Kubelová et al. (2015) [31]. Levoglucosan concentrations were obtained by using the
HPAEC-PAD method at the National Tsing Hua University, Taiwan, according to Zhang
et al. (2013) [35]. The concentrations of polycyclic aromatic hydrocarbons (PAHs) were
measured directly by AMS [36].

2.2.1. Data Preparation

The collection efficiency (CE) was determined for each campaign by correlating sul-
phates measured by AMS with PM1 filter measurement of sulphate described in Kubelová
et al. (2015) [31]. During the summer campaign, a CE of 0.29 was calculated, and a CE of
0.35 was calculated in winter. For more details on determining CE for each campaign, see
Kubelová et al. (2015) [31].

Figure 1b shows that a period of very low concentrations starts on 30 June and lasts for
about a week. Data measured in this range have a high noise contribution to the measured
signal and, therefore, have been removed from the subsequent analysis.

After the time series were cleaned of outliers, input matrices of individual m/z con-
centrations over time for organics, sulphate, nitrate, ammonium, chloride, and potas-
sium at 30 min time resolution were obtained directly from TOF-AMS Analysis Toolkit
1.53 (Squirrel, available at http://cires1.colorado.edu/jimenez-group/ToFAMSResources/
ToFSoftware/, accessed on 10 December 2021). These matrices were used to create one
large matrix including all organic and inorganic m/z. For organics, masses up to m/z
number 160 were used. As some of the masses in the fragmentation table are calculated
as fractions of other masses and, thus, do not contribute any additional variability to the
PMF calculation, these calculated masses were excluded from further processing. Only
the m/z 48 (SO+), 64 (SO2

+), 80 (SO3
+), 81 (HSO3

+), 98 (H2SO4
+) were used for sulphate;

m/z 30 (NO+), 46 (NO2
+) for nitrate; m/z 16 (NH2

+), 17 (NH3
+) for ammonium ion; m/z

35 (Cl+), 36 (HCl+) for chloride; m/z 39 (K+) for potassium. The size of the resulting matrix
was 1942 × 145 for summer and 1991 × 285 for winter. Along with these, a minimal error
vector was generated by Squirrel. This data set was then used as input to the SoFi engine.

http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/
http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/
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Figure 1. NR-PM1 averaged 30 min time series and chemical composition of atmospheric aerosol
during (a) summer campaign and (b) winter campaign.

2.3. Data Analysis

Analysis of C-ToF AMS mass spectra time series was performed by the source appor-
tionment approach. Data were processed with a Multilinear Engine (ME-2) [37–39] which
is capable to solve the PMF algorithm via the interface SoFi [40].

The most simple case of a multilinear engine is the bilinear model, where the un-
knowns constitute two groups [16,41]

xi,j =
P

∑
p=1

gi,p fp,j + ei,j (1)

where the matrix x consists of measured values and the matrices g, f and e represent factor
profile, time series, and residuals not fitted by the model, respectively. Then, P is defined as
a number of factors. For ME-2 are the inputs gi,p and fp,j restricted for non-negative values
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only. ME-2 algorithm solves Equation (1) by the object function Q, which minimises the
sum of the errors using the least-square algorithm.

Q =
m

∑
i=1

n

∑
j=1

(
ei,j

σi,j

)2

(2)

where σi,j are the estimated measurement uncertainties calculated according to [42]. The
monitored value is then the ratio Q/Qexp, where Qexp denotes the expected value of Q,
which is a function of the size of the input data matrix.

A weakness of this approach could be that the calculated solution is not unique. That
means we can obtain an infinite number of solutions due to rotational ambiguity [43]. This
effect can be partially regulated by using the a-value (a-val) approach. The principle of
this method is to input the a priori information about a part of the desired solution. The
principle of this approach is described in Canonaco et al. (2013) [18] as

gj, solution = gj ± a.gj fi, solution = f j ± a. f j (3)

where gj, solution and fi, solution are allowed to vary from gj and fi input by value a that can
take values between 0 and 1.

All the measured data were analysed by the SoFi toolkit [18,40], (software version
SoFi Pro 8.0.3.1), which utilises the ME-2 algorithm. All the calculations were run in ‘robust
mode’ [16], with a threshold value = 4. For all the xi,j values a minimum error, smoothing
was applied according to Ulbrich et al. (2009) [44]. The contribution of variables with
a signal-to-noise ratio (SNR) in the range of 0.2–2 was down-weighted by a factor of 2.
Variables with SNR < 0.2 were down-weighted 10 times. SNR ratio was defined in Paatero
and Hopke (2003) [45] as

SNR =

√
∑ x2

i,j/ ∑ σ2
i,j (4)

where x is signal and σ is estimated measurement uncertainties.
In all modelled cases, there was a problem with the stability of the solution for the

combined AMS spectra, which is the most likely due to several inorganic species with
high contributions causing solution bias. Therefore, first, an unanchored PMF run was
performed only at organic aerosol data without fixing factors according to the guideline in
Crippa et al. (2014) [22]. After obtaining a meaningful solution, the analysis of combined
spectra, which are described in Section 2.2.1, was executed. As mentioned above, the
initial results for combined spectra have a problem with the convergence of the solution.
For the solution improvement, the a-value approach was utilised. Firstly, the HOA factor
was fixed using the factor profile from the UMR AMS spectra database [46] (available
at http://cires1.colorado.edu/jimenez-group/AMSsd/, accessed on 10 December 2021)
with a-val ranging from 0.1 to 0.3. This did not lead to a satisfactory result, so the factors
identified during the PMF analysis of the organic part of the data were used as the anchors.
The best result was achieved when the HOA was fixed with the a-val = 0.15, and the BBOA
also with the a-val = 0.15.

The factor identification was based on typical markers of factor profiles [47–50]. The
final solution was chosen based on several criteria according to Crippa et al. (2013) [51]. The
following analyses were performed: (1) Interpretation of mass spectra profiles and compar-
ison with unit mass resolution (UMR) spectra from UMR AMS spectra database (available
at http://cires1.colorado.edu/jimenez-group/AMSsd/, accessed on 10 December 2021),
(2) temporal correlation with collocated measurements, and (3) physically and chemically
meaningful shape of diurnal patterns. Although one of the analyses was performed on
combined mass spectra, all data were measured by the same instrument, and therefore, no
further correction due to the different error rates of the data was needed.

http://cires1.colorado.edu/jimenez-group/AMSsd/
http://cires1.colorado.edu/jimenez-group/AMSsd/
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3. Results and Discussion

During the summer campaign, the prevailing wind was from the SW and W directions.
The highest wind speeds were measured during both campaigns from the SW and NE
directions (Figure S1a,c in the Supplementary Information, SI). However, the highest aerosol
concentrations came from the SE direction, where most of the metropolitan area is located
(Figure S1b). During the winter campaign, the most frequent winds were from the NW and
W directions (Figure S1a). The highest PM1 concentrations were recorded from the W, NW,
and N directions (Figure S1d). This may be explained by the existence of a residential area
adjacent to the measuring stations, where some of the houses are heated with coal or wood
boilers [52].

3.1. PM1 Chemical Composition

First, the results of the chemical composition, which were previously presented in
Kubelová et al. (2015) [31] are summarised shortly. During the summer season, total
PM1 concentrations ranged from 2 to 12 µg. Figure 1a shows that organic species (Org)
accounted for 46% of the mass, while sulphate ions (SO4

2−) formed 21% of the mass,
ammonium ions (NH4+), originating mainly from ammonium nitrate and ammonium
sulphate, [8] accounted for about 11 % of the total mass, and nitrate (NO3

−) represented 7%
of the mass. The amount of chloride (Cl−) fluctuated around the detection limit for most of
the campaign and represented about 0.3% of the total mass. These results are consistent
with data measured at this station during other campaigns [53,54]. The amount of BC
measured was almost 14%. Due to the prolonged outage of the OC/EC analyser during
the campaign, mass fractions were only calculated for the period when the OC/EC was
operational.

During the winter measurement campaign, total PM1 concentrations ranged from 2 to
70 µg, which in total represents a more than fivefold increase in maximum concentrations,
compared with the summer season. In Figure 1b, we can see that the relative abundance
of Org dropped below 34%, compared with summer, SO4

2− dropped to 18%, and NH4
+

remained almost unchanged, at 12%. The proportion of NO3
− increased significantly to

23%, which may be due to the higher stability of nitrate particles at low temperatures [55].
The proportion of Cl increased to 1%, which is due to three factors. One is the higher sea
salt transport, and its transformation releasing HCl in the atmosphere in winter [56], use
of gritting salt on nearby roads, and the other is coal combustion in local stoves [57]. The
proportion of BC has increased to 14.6%, which is consistent with other measurements at the
site [29,58] and with measurements at other stations of the same type [22,59]. Periods with
higher aerosol concentrations are associated with a smaller boundary layer thickness [31]
in which the aerosol cannot be diluted.

Figure 1a,b also show a more pronounced diurnal variation in concentrations during
the summer season, with a significant decrease in afternoon concentrations, compared
with night-time levels. This is mainly caused by intense thermal convective mixing and
the supply of cleaner air from the upper atmosphere and the thermal decomposition of
ammonium nitrate due to high temperatures during day time.

3.2. OA Source Apportionment
3.2.1. Summer

During the summer season, the model identified four factors, which are shown in
Figure 2a. An attempt to find a solution with five factors was interpreted as a split of a
factor previously identified. At the same time, the five-factor solution practically did not
contribute at all to explaining the variance of the data, and the changing of Q/Qexp value
was also negligible. Two factors consisting mainly of fresh aerosol (POA) were identified
as hydrocarbon-like organic aerosol (HOA) and biomass-burning organic aerosol (BBOA).
The remaining two factors consisting of secondary aerosol were identified as oxygenated
organic aerosol 1 (OOA1) and oxygenated organic aerosol 2 (OOA2).
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campaign and (b) winter campaign.

The HOA factor which is associated with fresh traffic emissions is characterised by
typical mass to charge ratios of m/z 41, 42, and 43. Furthermore, masses m/z 53, 55, 57, and
71 are present, while m/z 60 and m/z 73, which are typical markers of biomass burning, are
absent. The BBOA factor is typically composed of fresh emissions from biomass burning.
This factor is characterised by a significant contribution of m/z 60 and m/z 73, which are
formed in the presence of anhydrosugars such as levoglucosan [60,61]. Other BBOA factor
masses with higher contributions include m/z 41, 44, 55, and 57, which are composed
of unoxidised m/z fragments CxHy

+. Another POA factor that is frequently found in
urban areas is cooking organic aerosol (COA). However, this was not identified in the
results based on mass profile and there is also no evidence of COA factor daily pattern in
residues [21]. Both OOA factors have quite similar mass profiles with a dominant mass
m/z 44, however, the OOA2 factor contains a high proportion of m/z 29, which is mainly
composed of partially oxidised CHO+ ion and also has a slightly higher proportion of
m/z 55. The average diurnal cycles of the individual factors in both seasons are shown in
Figure S2a,b.
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Figure 3 confirms the validity of the model results because the time courses of the
identified POA factors correspond to the time courses of their tracers. Figure 3a shows
the daily pattern of the HOA factor and benzene, which is a good tracer of traffic in the
summer season due to higher photo-oxidation and the absence of house heating [62,63].
Figure 3b shows the daily pattern of the BBOA factor and BC as a tracer of combustion
processes [64,65].
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3.2.2. Winter

During the winter season, four factors were also identified (Figure 2b). The HOA
profile differs from the summer profile mainly by the presence of m/z 44 and at lower
concentrations also m/z 55 and m/z 57. In the BBOA profile, the m/z 28 and m/z 44 disap-
peared, compared with the summer, and instead, m/z 43 was strongly present in the factor.
As in the summer season, the calculated concentrations of POA factors were validated by
comparing the time courses of their concentrations with the tracer concentrations of these
factors. Daily patterns of HOA factor and PAHs as a tracer for combustion processes [66]
are shown in Figure 3c. Figure 3d shows the daily pattern of the BBOA factor and its tracer
levoglucosan [67]. Levoglucosan concentration data were not available during the summer
season; thus, the BBOA was compared with the BC course. In all four graphs of Figure 3,
we can see that the time courses of the identified factors in both seasons follow the courses
of their tracers. The differences in the time courses of the factors and their tracers are due
to the fact that although the tracers for each factor are significant, they are not exclusive.
This means that these chemical compounds may be formed by different processes.

While the two remaining SOA factors have very similar mass profiles, they can be
well distinguished according to the directions from which their air masses come and
the prevailing wind speeds. Figure 4a shows that while the factor labelled long-range
oxygenated organic aerosol (LROOA) has similar aerosol concentrations from all directions,
while the factor labelled local oxygenated organic aerosol (LOOA) (Figure 4b) has the
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highest contributions from the west, northwest, and north. Furthermore, we can see in
Figure 4a that low contributions of the LROOA fraction do not occur at higher wind speeds.
Thus, it can be assumed that the LROOA factor represents aerosol from more distant
locations, while the LOOA factor has more local character because Figure 4b shows that
the LOOA fraction decreases with increasing wind speed. In addition, the residential area
adjacent to the measuring station lies in the direction of the highest LOOA concentrations.
This inversely proportional relationship between concentration and wind speed was not
observed for any SOA factor during the summer season (Figure S3).
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3.3. Combined Spectra Source Apportionment

The HOA and BBOA factors, identified in both seasons during analyses of only the
organic parts of the mass spectra, were used as a priori information to determine the factor
profiles during the whole mass spectra analysis. These two factors were fixed at a-val = 0.15
for both summer and winter seasons using the a-value method. This value was found to be
optimal by analysis of the residuals, which are shown in Figure S4.
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3.3.1. Summer

During both seasons, six-factor solutions were identified. This number of factors
was selected as the optimum because it showed a better value of Q/Qexp function and
substantial changes in residue structure, compared with the five-factor solution. In contrast,
the seven-factor solution had little effect on the model residuals and there was a split in the
low-volatile oxygenated aerosol (LVOA) factor that would be difficult to interpret. During
both seasons, two factors were consistently identified as dominantly fresh sources, two
factors representing more or less aged and oxidised aerosol, and two factors consisting
mainly of inorganic aerosol.

Figure 5a, showing the factor loadings during the summer season, displays the HOA
factor, which is mainly related to fresh traffic emissions. The organic part of the spectrum is
dominated by the typical masses m/z 41, 43, 55. In the inorganic part, the most significant
is m/z 30 (NO+), the source of which may be organo-nitrates formed from NOx produced
in internal combustion engines [68]. The second important inorganic mass is m/z 39, which
for C-ToF AMS is associated only with potassium ion K+. One explanation could be that it
is not actually potassium emissions but, for example, the C3H3

+ ion, which C-ToF AMS is
unable to distinguish and which fits in its nature with the typical fresh hydrocarbon-like
profile of CnH2n−1. [69]. However, it can also be potassium, which is used as an additive in
gasoline [52,70]. Another identified POA is the BBOA factor, for which the organic part of
the spectrum (OS) is typically represented by masses m/z 60 and m/z 73. The inorganic
part of the spectrum is dominated by m/z 39, probably composed mainly of K+ ion, which
is associated with biomass burning. In addition, sulphate and chloride are present in this
part of the spectrum and are also associated with emissions from combustion processes.
The other two factors are composed mainly of inorganic ions. The factor named ammonium
nitrate (AMON) has the most pronounced peaks at m/z 28 and m/z 44 in the OS. Both
NO+ (m/z 30) and NO2

+ (m/z 46) nitrate-related masses are strongly represented in the
IS, as well as both NH2

+ (m/z 16) and NH3
+ (m/z 17) ammonium ion-related masses.

The ammonium sulphate (AMOS) factor is composed primarily of the sulphate ions SO+

(m/z 48) and SO2
+ (m/z 64) and again both ammonium ions. The fifth identified factor

was LVOA because the OS profile of the factor with peaks at m/z 28 and m/z 44 agrees
with the OOA profiles of the factors published in the literature [37,46,71]. In the IS, the
contributions of the individual masses are considerably lower, compared with the OS. The
sixth and last factor identified is the ammonia-rich oxygenated aerosol (AROA) factor,
which in OS has the highest contributions from oxidised masses m/z 28 and m/z 44 and in
IS has the highest contributions in ammonium and nitrate m/z 30. No convincing physical
or chemical explanation for this factor has yet been found, and therefore, it can be assumed
that this factor is actually just a randomly mixed SOA with part of ammonium nitrate
masses, due to the increased difficulty of the calculation by adding the inorganic ions.
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(a) summer campaign and (b) winter campaign.

3.3.2. Winter

Figure 5b shows the factor profiles during the winter season. When compared with
the profiles from the summer season, it can be seen that both winter POA factors have
undergone a number of changes. There is a significant addition of mass m/z 44 in the
OS of the HOA factor, which, although typical for secondary oxidised aerosol, this mass
is also produced during coal combustion as an organic acid fragment, e.g., [72]. An
alternative explanation may be that the measuring station is located on the outskirts of the
Prague metropolitan area, and therefore, most of the traffic emissions arrive at the station
with a delay and are already partially chemically transformed, depending on the current
atmospheric conditions such as solar radiation intensity, temperature, and boundary layer
height. Furthermore, mass m/z 57 and m/z 60, which also occur in coal combustion, were
found at lower concentrations [72]. In addition to potassium, which was also present in
the summer season, the chloride ions Cl+ (m/z 35) and HCl+ (m/z 36), the sulphate ions
SO+ (m/z 48) and SO2

+ (m/z 64), as well as both ammonium ions, and NO2
+ instead of

NO+ appeared in the IS. These differences in the two parts of the spectra are likely due to
the inclusion of fresh emissions from local heating sources in the surrounding residential
area, particularly coal-fired boilers, in the HOA factor. These coal emissions could not be
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identified as a separate source by the model despite considerable effort. For the BBOA
factor, the m/z 43 appeared in OS, and m/z 44 disappeared. Then, in IS, the chloride fraction
increased significantly, compared with summer. Again, all these changes can be explained
by fresh biomass emissions from local heating sources, where many circumstances such
as boiler quality, fuel moisture, or air supply to the boiler play a significant role [73],
and therefore, emissions from households can vary considerably in time and space. The
mass profiles of the two predominantly inorganic factors ammonium nitrate (AMON) and
ammonium sulphate (AMOS) hardly differ between seasons. Another factor, which has
been named long-range oxygenated aerosol (LROA), does not differ much from summer
factor AROA in OS, whereas the contribution of NH+ and NO+ increases in IS, compared
with summer. The reasons for naming the factor will be explained below. For the last factor
named local oxygenated aerosol (LOA), the main change from the summer LVOA factor is
the presence of more oxidised nitrate ion NO2

+.
Next, the total aerosol concentrations and timelines of each factor were analysed

(Figure 6a). In the summer season, the sum of the primary factors was 17% of the total
mass. Of this, HOA accounted for 8% and BBOA for 9%. AROA and LVOA accounted
for 13% and 17%, respectively, which together account for almost one-third of the total
mass. The remaining half of the mass was accounted for by the factors AMON (13%)
and AMOS (37%). The proportion of POA did not change much in the winter season
(Figure 6b). The concentrations of HOA and BBOA decreased by one percent, to 7% and
8%, respectively. A relatively low share of primary factors might be surprising in winter,
although it must be understood that this share is related to relatively fresh sources, while
older oxidised originally primary aerosol is continuously transformed into oxidised aerosol
factors. The fraction of LROA increased slightly to 15%, and LOA decreased to 11%. Due
to the cold temperatures in winter, volatile ammonium nitrate evaporated less during the
day (Figure 7b), and therefore, the proportion of AMON increased to 38%. In contrast,
the proportion of AMOS decreased to 20% because SO2 oxidation is slower due to lower
photochemical activity in winter.

When investigating the differences in the diurnal cycles of the individual factors
between seasons (Figure 7a,b), we can see that the typical morning and evening peaks are
not present in the HOA diurnal cycle in the summer season. The likely reasons are changes
in the thickness of the atmospheric boundary layer. At night, when the strength of the
boundary layer is typically lower, less air volume remains to dilute emissions, and HOA
concentrations increase despite weaker traffic. During the winter season, this effect is not
so apparent because the difference in boundary layer thickness is not as large [74]. This
effect is also observed at a lower scale in summer for the BBOA factor. The shape of the
BBOA diurnal cycle curve in the winter season seems to be mainly due to biomass burning
in residential boilers.

This assumption is also supported by Figure S5a for HOA and Figure S5b for BBOA.
Both graphs show a similar situation, that is, high concentrations of particulate matter
at low wind speeds are coming from local residential areas. AROA concentrations in
the summer season reach a maximum at around 4 a.m. and a minimum around 2 p.m.
(Figure 7a). The shape of the curve is likely to be influenced by the vertical motions of
the atmospheric boundary layer. The presence of nitrate and ammonium ions, which can
form volatile ammonium nitrate, may also have some influence. LVOA then has its highest
concentrations in the afternoon during rush hours. Looking at the rose plot of the LVOA
factor (Figure S6a), it can be seen that the highest concentrations come from the SE, E,
and NE directions, that is, from the more densely populated directions from which the
aerosol arrives at the measuring station already oxidised. Figure S5c shows that particles
from the LROA factor were advected from all directions at similar concentrations, but
only at higher wind speeds were higher particle concentrations measured. Thus, it can
be assumed that the LROA factor in winter represents regional or long-range transport
of pollution [31]. This also explains why the LROA curve in Figure 7b does not follow
a similar pattern as in the summer season. As mentioned above, the diurnal pattern of
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the AMON and AMOS factors is opposite due to the volatility of ammonium nitrate and
at the same time photochemical formation of sulphate ions or due to vertical mixing of
sulphate from the upper boundary layer and the subsequent reaction of ammonia with
them. During the winter campaign, the trend is similar, only not as pronounced due to
lower air temperatures.
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The results of the analysis of the organic parts of the spectra are now compared with
the results for the whole spectra within the individual measurement campaigns. Table 1
shows the coefficients of determination (R2) and slopes of a linear fit for pairs of related
factors in both seasons.

Table 1. The table shows the coefficient of determination and the slope of the linear fit for pairs of
factors obtained by analysing the organic and combined spectra in the winter and summer seasons.

Winter Summer

factor
All/OA R2 Slope factor

All/OA R2 Slope

HOA/HOA 0.89 0.52 HOA/HOA 1.00 0.77

BBOA/BBOA 1.00 0.85 BBOA/BBOA 0.98 0.90

LOA/LOOA 0.96 0.95 AROA/OOA1 0.98 0.54

LROA/LROOA 0.99 0.45 LVOA/OOA2 0.99 0.88
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Regarding the method of fixing the HOA and BBOA factors in the analysis of the
combined spectra, high R2 values are expected at least for these factors. However, the
remaining unfixed factors of the combined spectrum analysis also achieve R2 > 95% during
both seasons. The slope of a linear fit of the HOA/HOA and LROA/LROOA factors during
the winter campaign shows that the factor loadings of the organic part of the combined
profiles of HOA and LROA, respectively, are approximately half those of the same factors
of the organic spectra. For the BBOA/BBOA and LOA/LOOA factors, this reduction
is only around 15% and 5%, respectively. In the results from the summer campaign,
this trend is also evident to a lesser extent. This phenomenon is probably because the
results of the analysis of the combined spectra contain two additional factors AMOS
and AMON. Although their profiles are predominantly inorganic, the AMOS factor, in
particular, contains a significant amount of organic matter that may be associated with coal
combustion [75,76], consistent with the decline in the HOA factor during the winter season.

If we compare the diurnal cycles of the results of the organic spectra analyses with
the combined spectra in the summer season (Table 2) (Figure S7), we see that the R2 ranges
from 0.73 for the AROA/OOA1 factors to 0.98 for the HOA/HOA factors, indicating a high
agreement between the results of the two analyses. The situation changes in the winter
season (Figure S7). While the BBOA and LROA/LROOA factors show a high agreement of
daily trends (BBOA/BBOA: R2 = 0.98, LROA/LROOA: R2 = 0.71), for the daily patterns
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of the HOA factors the R2 = 0.16 and for LOA/LOOA the R2 = 0.1. The variation in the
diurnal cycles of the HOA factor in Figure S7 shows how the addition of the inorganic part
of the spectrum can cause failure in the identification of factors. The top right graph of
Figure S7 shows the daily trend of HOA_all, which is very noisy. Considering Table 1, it
can be assumed that these different behaviours are mainly due to inorganic ions. Aerosol
particles in the atmosphere are constantly undergoing various chemical reactions, and it
may, therefore, be difficult for the model to accurately assign the reacted ions to the original
aerosol source. Moreover, the situation in winter is complicated by the combustion of
different types of solid fuels under different combustion conditions.

Table 2. The table shows the coefficient of determination for pairs of averaged diurnal cycles obtained
by analysis of the organic and combined spectra in the winter and summer seasons.

Winter Summer

factor All/OA R2 factor All/OA R2

HOA/HOA 0.16 HOA/HOA 0.98

BBOA/BBOA 0.98 BBOA/BBOA 0.76

LOA/LOOA 0.10 AROA/OOA1 0.73

LROA/LROOA 0.71 LVOA/OOA2 0.80

Since 2012, when the first part of the measurement campaign began, the vehicle fleet
has been gradually renewed. In addition, in 2015, a state programme of financial support
for the replacement of old domestic solid fuel boilers was started, but it was primarily
targeted at other regions than the capital city of Prague. Nevertheless, CHMI annual reports
show that air quality is improving only very slightly between 2011 and 2021, and the impact
of the trends described above on air quality is lost in the climatic specifics of individual
years, which affect, for example, the length of the heating season. It can, therefore, be
assumed that the results of this measurement campaign will be still valid in 2021.

Finally, the methodology used in this study, which is described in Section 2.3, is
compared with the approaches used in the papers by Sun [77] and Äijälä [78]. Sun, unlike
our approach, does not utilise a mass profile fixing method to optimise the solution but uses
a method called FPEAK to control the rotational ambiguity of the resulting factors. This
approach may be appropriate when the data have low noise, and there are no problems
with the convergence of the solutions. The approach of Äijälä is more similar to ours, but
it includes one extra step. In the first and second steps, consistent with our model, he
identifies potential solutions using PMF, which is then refined using the ME-2 algorithm.
In the third step, a CMB approach is used in which all the found mass profiles are fixed,
and their time series are calculated. The reason for using this more complex model is that
Äijälä analyses a long time series involving data over four years. This model better reflects
the seasonality of some sources.

4. Summary and Conclusions

This paper analysed data measured by C-ToF AMS during the summer and winter
six-week campaigns in the suburbs of Prague. At first, only the organic parts of the mass
spectra were analysed using the PMF method. In the next step, these results were used as
additional inputs to refine the ME-2 analysis of the whole mass spectra including inorganic
ions. The results were then discussed in terms of the differences between seasons as well as
through the differences between the analyses of the organic and combined spectra within
the same season.

When analysing the mass spectra of organic ions only, four factors were identified in
both seasons, two of which were primary, and two were secondary. In the summer season,
these were the HOA factor (15.1%) originating mainly from traffic, the BBOA factor (15.9%),
and two factors representing oxidised organic aerosols OOA1 (31.3%) and OOA2 (37.7%).
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Fresh HOA and BBOA factors were also identified in winter. The difference, however,
is that in winter, coal combustion contributes to the HOA factor (16.3%), in addition to
transport, and wood combustion in residential boilers contributes to the BBOA factor (21%).
Furthermore, the LROOA factor (40.4%) was identified in winter, which represents the
long-range and regional transport of oxidised aerosol. The last winter factor representing
oxidised aerosol generated in the vicinity of the measuring station is LOOA (22.4%). These
two factors were distinguished based on their dependence on wind speed.

Analyses of whole mass spectra combining organic and inorganic ions resulted in
six-factor solutions in both seasons. In addition to the four factors whose organic parts of
the profiles closely match the results of the organic spectra analysis, two factors involving
mainly inorganic ions were added in both summer and winter. One is the AMON factor
representing nitrate and ammonium ions, and the other is the AMOS factor containing
sulphate and ammonium ions. These two inorganic factors varied only slightly between
seasons. The HOA and BBOA factors, again identified in both seasons, showed some
differences between seasons due to the combustion of solid fuels during the winter season.
The other two factors in summer are AROA and LVOA, which are ammonium ion enriched
oxidised aerosol and low volatile oxidised aerosol, respectively. In winter, the LROA factor,
representing regional and long-range transport, and the LOA factor including oxidised
aerosol from local sources complete the six factors. Although the organic spectrum factors
have very similar profiles to the combined spectrum factors, their diurnal cycles differ
considerably in some cases, especially in the winter season. Specifically, the daily runs of
the HOA factors and the local oxidised aerosol factors show very low agreement, probably
due to higher noise caused by inorganic ions that affect the complexity of the calculation.

The aim of the study was to extend the description of aerosol sources to include an
inorganic part in order to obtain more comprehensive information on the size and chemical
composition of AA sources. However, when comparing organic and combined analyses, the
combined approach provided similar results, without adding any substantial improvement
to the solution in the organic part and, on the other hand, resulting in a worse identification
of HOA in winter and AROA in summer, which is not fully explainable. To conclude, the
knowledge of the source contribution in the inorganic part of the spectrum is compensated
by a worse identification of the organic part of the spectrum. Further research is needed to
develop a reliable and robust methodology for source apportionment of both the organic
and inorganic parts of the AMS mass spectra.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos13010020/s1, Figure S1: Wind roses: (a) wind velocity (top left) and (b) directionality
of PM1 aerosol (top right) in summer season; (c) wind velocity (bottom left) and (d) directionality
of PM1 aerosol (bottom right) in winter season, Figure S2. (a,b) Averaged daily cycles of individual
factors in summer (top) and winter (bottom) obtained from the analysis of organic spectra, Figure S3.
Dependence of the proportion of (a) OOA1 fraction and (b) OOA2 fractions on wind speed. Fractions
are obtained as a proportion of a factor to the total mass of all factors, Figure S4. (a,b) Time series (top)
and diurnal cycles (bottom) of residues obtained from analysis of combined mass spectra during the
summer season. (c,d) Time series (top) and diurnal cycles (bottom) of residues obtained from analysis
of combined mass spectra during the winter season, Figure S5. (a,b) Dependence of proportion of
HOA (top) and BBOA (bottom) fractions on wind speed. Fractions are obtained as a proportion of a
factor to the total mass of all factors. The graphs also contain wind roses showing the directionality
of the factors. (c) Dependence of proportion of LROA fraction on wind speed. Fraction is obtained as
the proportion of a factor LROA to the total mass of all factors. The graph also contains wind rose
showing the directionality of the factor LROA, Figure S6. (a) Directionality of all factors obtained
from combined mass spectra analysis for summer season. (b) Directionality of all factors obtained
from combined mass spectra analysis for winter season, Figure S7. Comparison of the average diurnal
cycles of the factors obtained by analysing the organic part of the spectra and the combined spectra.
The blue colour indicates the results for the combined spectra, and the red colour indicates the organic
spectra. The r2 value indicates the linear fit expressed by the coefficient of determination.
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Abbreviations

AA Atmospheric Aerosol
AIM Automated Immission Monitoring
AMON Ammonium Nitrate
AMOS Ammonium Sulphate
AMS Aerosol Mass Spectrometer
AROA Ammonia Rich Oxygenated Aerosol
ASL Above Sea Level
BBOA Biomass Burning Organic Aerosol
BC Black Carbon
CE Collection Efficiency
CHMI Czech Hydrometeorological Institute
CMB Chemical Mass Balance
COA Cooking Organic Aerosol
HOA Hydrocarbon-like Organic Aerosol
IA Inorganic Aerosol
LOA Local Oxygenated Aerosol
LOOA Local Oxygenated Organic Aerosol
LROA Long Range Oxygenated Aerosol
LROOA Long Range Oxygenated Organic Aerosol
LVOA Low Volatile Oxygenated Aerosol
ME-2 Multilinear Engine
NR Non-refractory
OA Organic Aerosol
OOA1 Oxygenated Organic Aerosol 1
OOA2 Oxygenated Organic Aerosol 2
PAHs Polycyclic Aromatic Hydrocarbons
PCA Principal Component Analysis
PMF Positive Matrix Factorization
PMX Particulate Matter with diameter smaller than X
POA Primary Organic Aerosol
R2 Coefficient of determination
SOA Secondary Organic Aerosol
UMR Unit Mass Resolution
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time-resolved submicron aerosol composition measured at a suburban site in Prague. Atmos. Environ. 2015, 118, 45–57. [CrossRef]
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