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Abstract: Urban science plays a pivotal role in understanding the complex interactions between
fireworks, air quality, and urban environments. Dense firework smoke worsens air quality and poses
a health hazard to the public. In this study, we show a situation where extremely foggy meteorological
conditions coincided with intense anthropogenic emissions, including fireworks, in an urban area. For
the first time, the chemical composition and sources of non-refractory submicron aerosol (NR-PM1) in
outdoor and indoor air were characterized in Vilnius (Lithuania) using an aerosol chemical speciation
monitor (ACSM) and Positive Matrix Factorization for the period before the fireworks, on New Year’s
Eve, and after the fireworks in 2020/2021; thus, typical changes were assessed. Due to stagnant
weather conditions and increased traffic, the highest concentrations of black carbon (BC) (13.8 µg/m3)
were observed before the fireworks display. The contribution of organic (Org) fraction to the total
NR-PM1 mass concentration, in the comparison of the values of a typical night and New Year’s Eve
(from 9 p.m. to 6 a.m.), increased from 43% to 70% and from 47% to 60% in outdoor and indoor air,
respectively. Biomass-burning organic aerosol (BBOA, 48% (44%)) and hydrocarbon-like organic
aerosol (HOA, 35% (21%)) dominated the organic fraction indoors and outdoors, respectively. HOA
was likely linked to increased traffic during the event, while BBOA may have been related to domestic
heating and fireworks.

Keywords: air pollution; urban background site; organic aerosol; fireworks; PMF; source apportionment;
indoor

1. Introduction

Despite their cultural significance, fireworks pose environmental challenges in densely
populated urban environments. Studies of the effects of fireworks on air quality have
intensified in recent decades as awareness of the impact of air pollution on human health
has grown [1–3]. Unlike other anthropogenic sources of air pollution, fireworks are mostly
used on spatial public or private occasions to emphasize the festivity of a moment and
are an event appreciated by a large part of the population. Fireworks can last from a few
minutes to half an hour or longer and contribute significantly to air pollution. Health
complications attributed to fireworks emissions include headaches and respiratory and/or
cardiovascular problems [4–7]. Therefore, the content and use of fireworks are becoming
the subject of regulation by legislation [8,9]. Since fireworks pollution is a combination of
primary (smoke) and secondary particles resulting from additional chemical reactions, the
effects on indoor air quality are due to a combination of both [10]. Indoor air pollution is
the main problem for people living in urban areas because they spend almost 90% of their
daily time indoors [11]. Furthermore, the World Health Organization revealed that indoor
air pollution took the lives of 3.8 million people exposed to air pollution [12]. Therefore,
although many studies have focused on outdoor air quality, to date, there has been little
research that examines long-term trends in indoor and outdoor air quality simultaneously.
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An overview of the largest fireworks events in the world is provided in a paper by
Hoyos, 2020 [7]. Air pollutants from fireworks generally consist of particulate matter (PM),
black carbon (BC), SO2, CO, and NOx [1]. Metal salts used as colorants in fireworks are
released into the atmosphere in large quantities and are included in PM2.5 [9,13]. Each
firework display is a unique event in terms of the color composition, and therefore, the
ratios of the metals used for coloring are also unique [13]. During a fireworks display,
concentrations of air pollutants can be several times higher compared to background
levels [14–17], especially when the fireworks activities occur over a large area and over a
long period of time, as observed in previous studies [18,19]. An hour after the fireworks, an
increase in the hourly average concentrations of PM2.5 and PM10 was observed, although
no parallel increase in BC was detected [7]. However, some authors concede that fireworks
can also lead to increased BC concentrations [20–22] and PM mass concentrations which are
dominated by submicron particles [23,24]. An increase in fine particle mass concentration
during a fireworks display was observed for up to half an hour after the peak of the
fireworks show [25], and the number concentration of aerosol particles in accumulation
mode was observed for up to three hours, along with increases in PM2.5 and PM10 mass
concentrations [26].

The duration of increased air pollution from fireworks can range from a few hours to
several days or weeks, depending on meteorological conditions and the dynamic parame-
ters of the PM in the atmosphere [27,28]. According to Hoyos et al. (2020) [7], the change in
PM concentration from a sharp increase to a standstill depends on meteorological conditions
such as wind speed, wind direction, and atmospheric stability, as well as on the location of
the monitoring station, which depends on local and regional geographical features.

Positive Matrix Factorization (PMF) has been used extensively to perform source
apportionment from filter-based and online measurements [29,30]. Real-time aerosol
particle measurements can provide chemical compositions, mixing states, and apportion
sources, and they are beneficial for the short-term analysis of air pollution episodes [31–33].
The application of PMF and multiple linear regression showed that the contribution of
fireworks to the total PM10 mass was about 50% (33.6 µg/m3), organic and elemental
carbon were 12% and 4%, respectively, and metals accounted for less than 2% [34,35].

In this study, we aimed to investigate the contribution of fireworks to submicron
aerosol particles. The aim of the present study was to characterize the chemical composition
of PM1 associated with New Year’s Eve fireworks in a European city (Vilnius, the capital of
Lithuania, with ~600,000 inhabitants). In order to evaluate indoor and outdoor air quality
variations caused by fireworks, the data from New Year’s Eve were compared with the
control period (typical winter days).

2. Materials and Methods
2.1. Sampling Site and Measurement Periods

The chemical composition and sources of PM1 were analyzed indoors and outdoors in
the low-energy (Class B) building of the SRI Center for Physical Sciences and Technology
(FTMC) [36] at 54.72◦ N, 25.32◦ E in Vilnius (in the urban background site), Lithuania, from
18 December 2020 to 15 January 2021 (Figure 1). The office is located on the second floor
of the building, and indoor aerosol samples were collected approximately 1 m above the
floor of the room. The intake air was cleaned with a three-stage filtration system (G4-F7-F9).
According to the standard DIN EN ISO 16890 [37], the filtration efficiency of G4 corresponds
to 70% for coarse particles. The second filter (F7) achieved an effective removal efficiency
of 65–95% for PM2.5 and 50–56% for PM1.
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Non-refractory species (NH4+, NO3−, SO42−, Cl−, and organic matter (Org)) are flash-vapor-
ized and ionized by electron impact at 70 eV. Molecular fragments were subsequently 
detected by a quadrupole mass spectrometer. The time resolution of a 30 min interval was 
used. The collection efficiency of 1 was applied to avoid the overestimation of the PM1 
concentration compared to PM2.5 data. The 30 min ACSM detection limits were 0.2, 0.08, 
and 0.05 μg/m3 for organic matter, nitrate, and sulfate, respectively. The ACSM sampling 
line was equipped with a critical aperture of 100 μm diameter and an aerodynamic lens 
system in the ACSM inlet designed for PM1 sampling. The flow rate through the critical 
aperture varied between 80 and 150 cm3 min−1. There was no additional cut-off impactor 
in the ACSM sampling line. 

An aethalometer (A Magee Scientific, Model AE31 Spectrum, manufactured by Op-
totek, Slovenia) was used for the simultaneous indoor and outdoor measurement of black 
carbon mass concentration. The optical transmission of carbonaceous aerosol particles 
was measured at 7 wavelengths (370, 470, 520, 590, 660, 880, and 950 nm). The measure-
ments at 880 nm were used to calculate the equivalent BC concentration using the wave-
length-specific attenuation cross-section (16.6 m2 g−1) specified by the manufacturer. The 
correction was applied to reduce some systematic errors, including filter loading and mul-
tiple scattering effects of the aethalometer data. The measured data were recorded at 5 min 
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tional impactor that removed particles with an aerodynamic diameter greater than 2.5 μm. 

Figure 1. Location of sampling sites (orange circle—FTMC, orange diamonds—national air quality
monitoring stations). Source: www.maps.lt, accessed on 1 July 2021.

2.2. Instrumentation, Data Sources, and Models

An aerosol chemical speciation monitor (ACSM, Aerodyne Research, Inc., Billerica,
MA, USA) was used to measure the chemical composition of non-refractory submicron
aerosol (NR-PM1). Inside the instrument, aerosol particles are focused by aerodynamic
lenses and travel under a high vacuum onto a heated porous tungsten surface of 600 ◦C.
Non-refractory species (NH4

+, NO3
−, SO4

2−, Cl−, and organic matter (Org)) are flash-
vaporized and ionized by electron impact at 70 eV. Molecular fragments were subsequently
detected by a quadrupole mass spectrometer. The time resolution of a 30 min interval was
used. The collection efficiency of 1 was applied to avoid the overestimation of the PM1
concentration compared to PM2.5 data. The 30 min ACSM detection limits were 0.2, 0.08,
and 0.05 µg/m3 for organic matter, nitrate, and sulfate, respectively. The ACSM sampling
line was equipped with a critical aperture of 100 µm diameter and an aerodynamic lens
system in the ACSM inlet designed for PM1 sampling. The flow rate through the critical
aperture varied between 80 and 150 cm3 min−1. There was no additional cut-off impactor
in the ACSM sampling line.

An aethalometer (A Magee Scientific, Model AE31 Spectrum, manufactured by Op-
totek, Slovenia) was used for the simultaneous indoor and outdoor measurement of black
carbon mass concentration. The optical transmission of carbonaceous aerosol particles
was measured at 7 wavelengths (370, 470, 520, 590, 660, 880, and 950 nm). The mea-
surements at 880 nm were used to calculate the equivalent BC concentration using the
wavelength-specific attenuation cross-section (16.6 m2 g−1) specified by the manufacturer.
The correction was applied to reduce some systematic errors, including filter loading and
multiple scattering effects of the aethalometer data. The measured data were recorded at
5 min intervals, and the flow rate was 4.9 L min−1. The aethalometer was equipped with
an additional impactor that removed particles with an aerodynamic diameter greater than
2.5 µm.

www.maps.lt
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BC source apportionment was determined using the aethalometer model proposed by
Sandradewi et al., 2008 [38]. Briefly, this method uses the absorption Angstrom exponent
(AAE) with wavelengths of 470 and 880 nm. Based on a previous study of BC in Vilnius
by Minderytė et al., 2022 [39], AAE = 0.9 indicates local fossil fuel combustion emissions,
while AAE = 2.2 corresponds to BC originating from local wood burning.

The outdoor aerosol inlet of the online aerosol measurement equipment (an aethalome-
ter and aerosol chemical speciation monitor) was approximately 5 m above the ground,
while the indoor aerosol samples were taken approximately 1 m above the floor of the room.
An automatic valve control was used to switch sampling between indoor and outdoor
inlets with a time resolution of 30 min. The PM1 assessment by the ACSM is defined as
PM1 = Org + [NH4

+] + [NO3
−] + [SO4

2−] + [Cl−] + BC [40]. The BC value was taken from
measurements of the AE31 aethalometer.

This study is part of a larger study which took measurements during the heating
season from 15 October 2020 to 8 February 2021, presented in Garbarienė et al., 2022 [41].
The detailed description of the experimental setup can be found there (2.1. Measurement
location and study design [41]). Meteorological data were obtained from the National
Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) data
archives, Lithuanian Hydrometeorological Service data archives (via API access), and
Germany’s National Meteorological Service, the Deutscher Wetterdienst (DWD). The data
are provided in the UTC+0 time zone.

PM2.5 and PM10 mass concentrations, NO2, CO, and meteorological parameters were
collected at the Environmental Protection Agency (EPA) monitoring stations: Old Town,
Žirmūnai, Lazdynai, and Savanorių ave. Hourly average values were calculated from the
first to the last minute (e.g., 00:01:00–01:00:00) of the hour.

We used the thermodynamic equilibrium model ISORROPIA-II [39] to evaluate the
sodium mass concentration. This method calculates equilibrium partitioning based on the
total concentration of the different species. ISORROPIA-II sets up a system of equilibrium
equations and solves them to reach the equilibrium state using the chemical potential
method [42].

The backward trajectories of the air parcels were calculated with the National Oceanic
and Atmospheric Administration (NOAA) Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model [43,44] using the Global Data Assimilation System (GDAS)
with 1◦ resolution. Single-day backward trajectories for 24 h ending at 00:00 UTC+2 on
1 January 2021 were calculated for the endpoint at the FTMC measurement site at altitudes
of 50, 500, and 1000 m above sea level.

3. Results and Discussion

As firework aerosols tend to accumulate in large amounts in a very short period of
time, they cause a hazard to environmental and human health. In contrast to previous
studies focusing mainly on the concentration and composition of PM2.5 and PM10 altered
by fireworks, this study aimed to investigate the changes in organic aerosol and black
carbon in PM1 outdoors and indoors before and after New Year’s Eve fireworks under
stagnant foggy conditions. The determination of the composition of the organic aerosol
fraction and BC in the fine mode of particulate matter is necessary to provide information
on their ability to penetrate indoors and their higher potential to settle in the deepest parts
of the human respiratory system.

3.1. Meteorological Conditions

In the period of 18th and 25th December 2020, the weather was influenced by a high-
pressure system over northern Europe and cyclones from the west. Weather conditions
were mild, with the average air temperature reaching 1.26 ◦C, wind speed reaching up to
3.61 m/s, relatively high pressure (2018.16 hPa), and ~95% relative humidity. The amount
of precipitation was 11.9 mm for this period.
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From the second day of Christmas to the first day of New Year, the influence of low-
pressure systems from the west (Figure 2a) and southeast and short periods of high-pressure
fields over northern Europe resulted in cloudy, foggy weather and light snow and sleet
in Vilnius. On average, the air temperature reached just 0.76 ◦C, and windiness reached
4 m/s. However, the atmospheric pressure and relative humidity were lower compared to
the previously studied period, reaching, on average, 1008.8 hPa and ~91%, respectively.
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Furthermore, between 2nd and 8th January 2021, the higher-pressure system (Figure 2b)
was replaced by a low-pressure system from the south, and later, another cyclone moved
from the south. Such dynamics of pressure systems over northern Europe increased
the amount of precipitation (16.5 mm) and mean relative humidity (~97%) in Lithuania
compared to the aforementioned period. Meanwhile, the average air temperature was
just below 0 (−0.36 ◦C), and windiness declined to 2.12 m/s—1.9 times weaker than the
previous episode. However, the atmospheric pressure during the whole period was quite
high and reached 1017 hPa.

In this period, the weather conditions in Vilnius were determined by anticyclones
(Figure 2c) and a cyclone from the northwest which passed through Lithuania in the middle
of this period. The higher atmospheric pressure during this episode resulted in a lower
average air temperature (−4.92 ◦C), which dropped sharply towards the end of the episode,
reaching a minimum of −18.5 ◦C. All other meteorological parameters, except wind speed
(the mean value was 2.88 m/s), reached lower average values in comparison with the
earlier studied period. The average atmospheric pressure declined by 4 hPa to 1013.3 hPa,
and the air relative humidity decreased by 7% up to 90.15%. Meanwhile, the amount of
precipitation was 2.6 times lower than in the previous period, reaching 6.3 mm.

The average air temperature during the entire measurement campaign was −0.8 ◦C
(ranging from −18.5 ◦C to 6.7 ◦C), while the relative humidity reached an average of 93%
(max: 100%; min: 67%) and the total precipitation was 44.4 mm (SD: 0.2 mm). The average
wind speed was 3.2 m/s and varied between 0.4 m/s and 8.8 m/s, while the atmospheric
pressure reached 1014.5 hPa on average and varied between 994.3 hPa and 1030 hPa.

The average night-time meteorological parameters (9 p.m.–6 a.m. UTC+0) were close
to those obtained for the entire study period. The average nocturnal air temperature during
the entire measurement campaign was −0.9 ◦C (ranging from −18.5 ◦C to 5.3 ◦C), while the
relative humidity was 94% (max: 100%, min: 76%) and the total precipitation was 14.2 mm
(SD: 0.1 mm). The average wind speed was 3.1 m/s and varied between 0.8 m/s and
8.2 m/s, and the atmospheric pressure reached 1014.5 hPa and varied between 996.3 hPa
and 1030.0 hPa.

Meteorological conditions were an important factor strongly influencing the concen-
tration of PM on New Year’s Eve and during fireworks displays. In Vilnius, the maximum
temperature on December 31 reached +3.2 ◦C, and the average wind speed during the
day was about 1.54 m/s (Figure 3a). The relative humidity was high, at 98% on average,
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and the atmospheric pressure was low, at 1009.7 hPa. From 8:00 a.m. on 31 December to
6:00 a.m. on 1 January, foggy and cloudy conditions prevailed in Vilnius County without
significant precipitation.
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On 31st of December and 1st of January, the weather was driven by a relatively
higher-pressure area with a low pressure gradient (Figures 3b and 4a,b).
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These conditions led to the prevailing foggy and misty weather in Vilnius. The average
air temperature during the night of 31 December–1 January was −0.8 ◦C (ranging from
−1.7 ◦C to 0 ◦C), i.e., it was close to the average night air temperature during the whole
measurement campaign. Meanwhile, the average relative humidity was 99.7%, 5% higher
than during the whole measurement period (Figure 3a). The atmospheric pressure reached
1010.5 hPa (with variations between 1009.2 and 1011.8 hPa). Even though foggy conditions
prevailed in Vilnius district during the night of 31st December–1st January, since a southern
cyclone with a warm front ahead approached Lithuania from the southeast early on New
Year’s morning (Figure 4b), snow and rain precipitated a little at that time and in the
afternoon on January 1. The total precipitation on New Year’s night was only 1.1 mm, while
on the nights during the whole measurement period, the total precipitation was almost
13 times higher, reaching 14.2 mm. On New Year’s Eve, the wind was changeable, while
on New Year’s Day, northwest and northeast winds prevailed at the measurement site
(Figure 5a).
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Figure 5. Windrose for 1 January (a) and 2 January 2021 (b).

The average wind speed was 1.3 m/s (ranging from 0.9 to 1.9 m/s), 2.3 times lower
than the average wind speed during the entire campaign. On 2nd of January, the weather
conditions were relatively similar to the two previous days. Even though low-pressure
systems prevailed in northern Europe, the weather in Lithuania was still influenced by
relatively higher atmospheric pressure (~1018 hPa in average) with a low pressure gradient
(Figure 4c). The weather conditions were mostly foggy, except for short snow showers in
the morning, and the relative humidity (average 97.4%) remained similar to the previous
days; however, on 2nd of January, the air temperature was a bit lower (average ~−1.37 ◦C)
and west–southwest winds prevailed during the day, which changed to a southeast wind
in the late evening (Figure 5b). Windiness strengthened up to 2.1 m/s on average.

In order to verify whether thermal inversion had formed on New Year’s night, a
vertical air temperature profile was used (Figure 6).
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The orange segments of the theta line denote the critical inversions. These segments
met the criteria, defined by Heffter (1983) [45], of a critical inversion which capped vertical
mixing in the planetary boundary layer. Meanwhile, the blue line in the figure is the
potential temperature along the moist adiabat. According to Figure 6a, the height of the
inversion layer spanned between 900 and 800 hPa on New Year’s Eve. On the night of
January 1, several layers of thermal inversion formed, with heights between more than
900 hPa and 600 hPa (Figure 6b). Since we aimed to see the inversion in the mixing
layer, we did not discuss the thermal inversion above the 500 hPa level. The theta lines
appeared to slope evenly, which coincided with a state of atmospheric stability on New
Year’s Eve. Such stable atmospheric conditions and thermal inversion worsened air quality
in the urban background site in Vilnius, as was also observed in another study by Ji et al.,
2012 [46]. The stable stratification of the atmosphere usually forms during inversion,
and, consequently, the development of the planetary boundary layer (PBL) is disrupted:
atmospheric convection and turbulence are attenuated, allowing particles and pollutants to
accumulate beneath the inversion layer [47].

During this period, the planetary boundary layer height (BLH) varied from 99–180 m
on the morning of 31 December to 327–343 m on January 1. According to the Pasqual
stability classes, the atmosphere varied between neutral (Class D), slightly stable (Class E),
and moderately stable (Class F) conditions. Considering the stability of the atmosphere,
relatively low air temperature, low wind speed, and foggy status, the meteorological
conditions were favorable for the accumulation of particulate matter in the atmosphere
on the eve and night of New Year. Short trajectories indicate slow-moving air masses that
could accumulate pollutants along their route (Figure 7).
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1 January 2021; (b) forward trajectories starting every 2 h from 20:00 on 31 December 2020.

As shown in Figure 7, the air mass backward trajectory that flew the lowest (red color)
only went through the territory of Lithuania. Meanwhile, the other two trajectories also
moved over the western area of Belarus (Figure 7a). During the cold season, home heating
with biomass (firewood, biofuel), intensive traffic in larger cities, and New Year’s fireworks,
under favorable meteorological conditions for the accumulation of air pollutants, made it
possible for these short and slowly moving air masses to accumulate atmospheric aerosol
particles on their way to the receptor point in Vilnius. Meanwhile, the air mass trajectories
moving slowly from Vilnius to the southwest (Figure 7b) could have potentially carried
away some of the air pollutants, taking into account the mass concentrations of aerosol
particles that started to fall after New Year’s Eve (Figure 8).
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Figure 8. Time series of organics (Org), sulfate (SO4
2−), ammonium (NH4

+), nitrate (NO3
−), and

chlorine (Cl−) measured by an ACSM with a 30 min resolution and BC measured by an aethalometer
outdoors before/after and during the New Year at the FTMC measurement in Vilnius during this
study and mean concentrations of PM2.5, PM10, NO2, and CO observed across the EPA sites (Old
Town, Žirmūnai, Lazdynai, and Savanorių ave.) covering the Vilnius area. The inset pie chart shows
the relative contribution over the whole period.

However, similar meteorological conditions prevailed on other observed days (e.g.,
5 and 6 January), and apart from New Year’s Eve, no other significant increase in aerosol
mass concentration was observed. Thus, meteorology played an important role in the
accumulation of pollutants, but additional sources of pollution were present on New
Year’s Eve.

Fog is known for its scavenging effect in the atmospheric boundary layer consider-
ing air pollution. Such an effect has been observed in various scientific studies [48–50].
Meanwhile, in our case study, an increase in the air pollution level before and during
New Year’s night was observed while foggy conditions remained. However, the stable
atmospheric conditions and low wind speed might have had a significant impact on the
elevated concentrations of PM1 components. The mechanism of the impact of a lower
BLH on concentrations of atmospheric aerosol particles has been explained in other stud-
ies [49,51], which mainly state that a lower BLH slows down the diffusion of pollutants
that, consequently, leads to the development of air pollution.

3.2. Variation of Air Quality and PM Composition

The time series of outdoor PM1 species and their relative contribution to PM1 compo-
nents were analyzed along with some other air quality parameters during the study period
from 18 December 2020 to 15 January 2021. The highest levels of mass concentrations
of air pollutants were observed on New Year’s Eve from 31 December 2020 to 1 January
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2021 (between 9:00 p.m. and 6:00 a.m.) compared to the analyzed period (Figures 8 and 9,
Table 1). Pirker et al., 2022 [52] also observed a similar tendency. Therefore, the last day of
2020 and the first day of 2021 were plotted at higher resolutions to track the variation in the
concentration levels of PM1 components during New Year’s Eve (Figure 8).
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Table 1. Descriptive statistics of concentration values (µg/m3) for the control period (18 December
2021–15 January 2022) and New Year’s Eve.

Control Period without New Year’s Eve (9 p.m.–6 a.m.) New Year’s Eve (9 p.m.–6 a.m.) Factor,
NYmax/P75

FTMC site Median P75 P99 Max 11:30 p.m. 12:30 a.m. Max

Org 4.1 6.3 12 12 71 60 71 11.27
SO4

2− 3.2 4.0 7.8 8.5 9.5 20 20 5.0
NO3

− 1.7 2.6 7.5 8.2 5.0 5.0 5.0 1.92
NH4

+ 0.96 1.5 3.2 3.4 1.9 1.4 1.9 1.27
Cl− 0.05 0.10 0.44 0.46 1.3 3.2 3.2 32.0
BC 0.52 0.80 1.44 2.74 13.8 8.9 13.8 17.25

PM1 13.0 21.5 28.7 50.4 103 98.5 103 4.79

EPA sites

PM2.5 (Žirmūnai) 11.0 15.0 25.0 30.8 47.6 74 * 112 7.47
PM10 (Žirmūnai) 11.8 15.9 26.0 33.8 49.5 74 * 125 7.86
PM10 (Old Town) 15.9 20.7 38.9 41.6 98.5 133 * 191 9.23

PM10 (Savanorių ave.) 12.0 17.3 30.0 30.8 77.9 71 * 110 6.36
PM10 (Lazdynai) 16.9 21.3 31.8 33.4 65.4 54 * 167 7.84

* Maximum values at EPA sites were observed at 2:30 a.m.

The outdoor concentrations of PM1 components increased several times on New Year’s
Eve (with a maximum at 12 a.m.) and reached the extreme values of the study period
(Figure 8). However, only the Cl− and SO4

2− concentrations reached their maximum
values immediately after midnight and could be attributed to the fireworks. The largest
increase, by a factor of 21 compared to the 75th percentile (Q3) of the control period, was
observed for Cl− (Table 1). A smaller but still extreme increase, with factors in the order of
8 to 10, was observed for BC and organics, while sulfate only increased by a factor of 3.5.
The concentrations of nitrate and ammonia increased but remained below Q3 of the control
period. The pie chart shows that the concentrations of PM1 compounds occurred in the



Urban Sci. 2024, 8, 54 11 of 18

following order during the typical period: Org > SO4
2− > NO3

− > BC > NH4
+ > Cl−. The

first three components accounted for about 80% of the mass.
The mean values of CO and NO2 in the Old Town area for the period of one-month

measurements, covering the periods before and after New Year’s Eve, were as follows
(Figure 8): CO (0.35 ± 0.09) mg/m3 and NO2 (12.2 ± 7.8) µg/m3. The highest values
were measured on New Year’s Eve with 1.66 mg/m3 for CO and 56.6 µg/m3 for NO2.
The increase in the concentration of CO coincided with the evening rush hour, as the
concentration increased from 16:00 and lasted longer than the rush hour, reaching the
highest values at 22:00 and 23:00 at Savanorių and Žirmūnų stations, which were 1.32 and
1.18 mg/m3, respectively (1.7 mg/m3 in the Old town). NO2 concentrations depend on
traffic activity, and on December 31, the NO2 levels increased during the day from the
morning rush hour, peaked at 73 µg/m3 at 16:00–17:00, and decreased at 18:00–20:00 and
during the night. On the previous day, 30 December, the NO2 concentrations were also
elevated throughout the day, peaking at 35 µg/m3 but declining rapidly after 18:00, as they
did on 23 December, when the NO2 concentrations reached 56.6 µg/m3. The maximum
of daily NO2 fluctuations is usually below 35 µg/m3 at the station in the Old Town of
Vilnius. The meteogram (Figure 4) showed that meteorological conditions were exceptional
in terms of wind speed (or humidity and atmospheric stability). Low wind speeds were
also observed a week later, on 8 and 10 January, but there was no such increase in CO,
PM10, and PM2.5 (Figure 8). Given the average low air temperature and wind speed and
high relative humidity, the meteorological conditions were favorable for the accumulation
of air pollutants in the atmosphere. However, due to precipitation in the form of snow, the
accumulation process might have been disturbed.

The fluctuations in the PM10 concentration at the EPA sites and the mean concentration
on New Year’s Eve are shown in Figure 9. The maximum PM mass concentrations on New
Year’s Eve exceeded Q3 of the control period by 5 to 7 times, with the largest increase in
the Old Town of Vilnius, where fireworks were most intense. The limits for PM2.5 mass
concentrations set by the WHO are as follows: 5 µg/m3 annual mean and 15 µg/m3 24 h
mean [53]. The mean values of PM10 mass concentrations at the monitoring stations in
Vilnius during the control period were close to or above the annual limit set by the WHO
(15 µg/m3). The largest difference was observed at the Old Town station in the center of
Vilnius (Figure 9), where the PM10 concentration was about four times higher than the 24 h
limit value (45 µg/m3) stated in the WHO Global Air Quality Guidelines. In general, the
mean PM10 concentration at all stations was close to or above the annual limit value set
by the WHO. The PM2.5 concentration was only monitored at the Žirmūnai station, which
is located on a busy road. Here, the mean PM2.5 mass concentration during the control
period was three times higher than the annual limit set by the WHO, and the increase
on New Year’s Eve was 2.5 times the 24 h limit. However, this increase was observed
before the fireworks, as the maximum PM1 concentration was already reached at 23:00.
Such tendencies were also studied by Pirker et al., 2022 [52].The fireworks had no effect
on PM1 mass concentrations at the FTMC station (PM2.5 and PM10 data are not available
here). However, increases in PM2.5 and PM10 mass concentrations were observed at the
EPA stations (Figure 8), and this tendency was also observed by Khedr et al., 2022 [54]. The
hourly PM2.5 concentrations increased twofold (maximum at 2:00), and PM10 concentrations
increased by 1.4 to 2.6 times at the EPA stations compared to the hourly maximum after the
fireworks (at 2:00) and the last hour before 1 January.

3.3. Changes in PM1 Chemical Composition

For further analysis, only the night-time hours (from 9 p.m. to 6 a.m.) were analyzed.
This time was chosen to exclude the evening and morning rush hours. For a typical night,
the measurement data of a complete measurement campaign with the exception of New
Year’s Eve were averaged, and the same hours were selected for comparison with New
Year’s Eve.
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During New Year’s Eve, a significant alteration in PM1 chemical composition and
organic aerosol (OA) factors were observed (Figure 10, pie diagram in Figure 8). The typical
chemical composition of outdoor PM1 during the control period over night-time hours was
dominated by OA (42%), followed by sulfate (23%), nitrate (16.5%), BC (9%), ammonium
(8.5%) and trace element (1%) contributions. Meanwhile, the indoor air chemical compo-
sition during a typical night was close to the one in outdoor air (OA—47%, SO4

2−—21%,
NO3

−—10%, BC—3%, trace elements—1%). During the event (from 9 p.m. to 6 a.m.),
the contribution of OA to the total PM1 increased from 43% to 70% and from 47% to 60%
in outdoor and indoor air, respectively. In addition, a significant increase in BC mass
contribution during New Year’s Eve was observed in both outdoor (to 9%) and indoor (to
11%) air. These results are in agreement with other studies [55,56].
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Fireworks emissions caused a fourfold increase in Cl− concentration, with the max-
imum observed at 2:30 a.m. (up to 0.6 µg/m3 in outdoor air and 0.05 µg/m3 in indoor
air, compared to a typical night: 0.1 µg/m3 and 0.02 µg/m3, respectively). In addition,
SO4

2− increased from 3.6 µg/m3 and 0.2 µg/m3 during a typical night to 4.7 µg/m3 and
0.3 µg/m3 during New Year’s Eve (at 2:30 a.m.) in outdoor and indoor air, respectively
(Figure 10). The NO3

− concentrations (4.0 µg/m3 and 0.1 µg/m3 in outdoor and indoor air,
respectively) were 1.8 and 1.9 times higher compared to those during a typical night.

The concentrations of sulfate and chloride increased the most compared to the typical
period as PM1 compounds (Table 1). In contrast to BC and organics, the increase in these
components was small before midnight and increased significantly by 2 and 2.5 times,
respectively, after midnight. Therefore, this increase could be attributed to the fireworks.

This study showed a relatively good correlation up to 0.8 between the indoor and
outdoor mass concentrations of PM1 chemical components for the whole measurement
campaign (Supplementary Materials Table S2), indicating a significant contribution of
outdoor air pollution to indoor air due to the lower filtration factor of PM1. Research
on the relationship between indoor and outdoor air quality indicates a demand for more
efficient and improved ventilation and filtration systems that could detain air pollutants
and help reduce the quantity of PM inside buildings during increased pollution events.
Furthermore, Mendoza et al. [10] proved that outdoor air pollution is an important factor
influencing indoor air quality—the infiltrated air pollutant highly depends on the particular
pollution source.

3.4. BC Source Apportionment in Indoor/Outdoor Air

Figure 11 shows the variations in hourly averaged mass concentrations of BC from fos-
sil fuel combustion (BCff) and biomass burning (BCbb), as well as the contribution of source-
specific BC components both outdoors and indoors. On New Year’s Eve (between 6 p.m.
and 6 a.m.), outdoor concentrations of BCff and BCbb ranged from 1.38 to 11.04 µg/m3

(average 4.93 ± 3.72 µg/m3) and 0.42 to 2.80 µg/m3 (average 1.55 ± 0.9 µg/m3), respec-
tively. The contribution of BCbb to the total BC was 24%. The indoor concentration of
BCff and BCbb varied in a range of 0.04–0.35 µg/m3 (average 0.18 ± 0.12 µg/m3) and
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0.01–0.32 µg/m3 (average 0.13 ± 0.12 µg/m3), respectively. During the event, the propor-
tion of BCbb in indoor/outdoor air was about 13%.
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These results were compared with BC values on a typical night. BCbb mass concentra-
tions were 11.2 and 26.5 times higher in outdoor and indoor air, respectively, during the
event. Meanwhile, the BCff concentration was found to be 10.1 (in outdoor air) and 11.1 (in
indoor air) times higher during the event compared to a typical night.

Measured outdoor BC concentrations and source distributions were similar or lower in
Vilnius than in other European sites. BCbb/BC was similar in both indoor and outdoor air,
suggesting that the distribution of BC sources was not altered by transport from outdoors
to indoors.

3.5. OA Source Apportionment in Indoor/Outdoor Air

For further analysis, a PMF solution for assigning OA to different sources was inves-
tigated (Figure 12). Compared to the typical values, on New Year’s Eve, the mass con-
centration of biomass-burning organic aerosol (BBOA) increased 9.8 times to 32.8 µg/m3

in outdoor air and 5.2 times to 1.2 µg/m3 in indoor air. Similar levels were observed for
hydrocarbon-like organic aerosol (HOA), which was 9.2 times (up to 14.3 µg/m3) and
6.6 times (up to 1.0 µg/m3) higher than the average night-time levels in outdoor and
indoor air, respectively.
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Figure 12. Time series of OA sources in outdoor (left) and indoor (right) air during New Year’s Eve
(MOOA stands for ‘More Oxidized Oxygenated Organic Aerosol’ and LOOA for ‘Less Oxygenated
Organic Aerosol’).

While HOA was likely linked to increased traffic during the event, BBOA could
be associated with residential heating and additional burning processes associated with
fireworks. In order to confirm this hypothesis, triangle plots were created (Figure 13).
The triangle plot demonstrates space of m/z 44 and 43 normalized to OA (f 44 and f 43,
respectively). m/z 44 and 43 are prominent OA peaks representing different oxygen-
containing groups that provide some insights into atmospheric OA evolution. As shown in
Figure 13, the highest BBOA mass concentrations in outdoor air occurred together with
the lowest f 44 and f 43 values. This result suggests that elevated BBOA levels were not due
to heating-related OA, but rather, were freshly emitted during the event. Interestingly,
a similar pattern was observed indoors, confirming the importance of primary outdoor
OA to indoor air quality. Minor differences in the distribution of data points within the
triangular plot in indoor air could be associated with increased uncertainty due to the low
mass concentration values.
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Figure 13. Triangular plots for outdoor air (a) and indoor air (b) for OA during the event. Gray lines
are added to define the triangular f44 and f43 space. Color indicates the BBOA mass concentration.
Due to the low concentrations in the indoor air (close to signal to noise ratio), several data points
were removed from the indoor air plot.

After applying the ISSOROPIA model to the aerosol chemical composition data, the
mass concentration of Na+ was evaluated for both indoor and outdoor air. Figure 14 shows
that the Na+ mass concentration increased significantly during the event in both outdoor
and indoor air, reaching 11.8 µg/m3 and 0.2 µg/m3, respectively. These values were
4.8 times (in outdoor air) and 2.5 times (in indoor air) higher than typical night-time levels.
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Figure 14. Time series of Na+ levels in outdoor (A) and indoor (B) air on New Year’s Eve (purple)
and typical night (orange). The columns show the Na+ input to PM1. This alteration in Na+ levels
was somewhat expected due to the important role of sodium salts in fireworks-related chemistry [53].
Yet, the enrichment of Na+ levels in indoor air confirms a strong influence of fireworks’ chemistry on
indoor air quality.

4. Conclusions

The high levels of air pollution observed on the night of 31 December 2020 to 1 January
2021 were caused by weather conditions and fireworks in the Vilnius urban background
site. The meteorological conditions on New Year’s Eve were favorable for the accumulation
of particulate matter in the atmosphere, given the stability of the atmosphere (the low depth
of the planetary boundary layer), the relatively low air temperature, and the low wind
speed. In this study, we have highlighted a situation where extremely foggy meteorological
conditions coincided with intense anthropogenic emissions, including fireworks.

Aerosol source apportionment was performed using PMF to analyze the contribu-
tions of fireworks to PM1 in outdoor and indoor air. The wind speed reached its lowest
values before midnight. Due to household heating and intense traffic emissions, the mass
concentrations of both BCbb and BCff were more than 10 times higher during the evening
compared to a typical night. During New Year’s Eve, organic compounds dominated (70%)
the outdoor and indoor (60%) air. However, biomass-burning organic aerosols during the
event increased 9.8 times in outdoor air, reaching 32.8 µg/m3 and 5.2 times in indoor air
up to 1.2 µg/m3 compared to the typical night-time. Comparable levels were recorded
for hydrocarbon-like organic aerosol which was 9.2 times and 6.6 times higher than the
average night-time levels in outdoor and indoor air, respectively. Moreover, the result of
the triangle plot suggests that increased levels of biomass-burning organic aerosols were
freshly emitted during New Year’s night. Also, a similar tendency was observed indoors.

The contribution of fireworks to the observed increase in hourly PM2.5 concentrations
after midnight on New Year’s Eve was about 50% (of the maximum value at 2:30 a.m.), and
to PM10 concentrations, from 30% to 60% at EPA stations in Vilnius (of the maximum value
at 2:30 a.m.). The increase in PM1 compounds such as sulfate and chloride concentrations,
reflected in the change in the percentage distribution of contributions after midnight, could
also have been due to the fireworks. Na+ mass concentrations increased significantly after
the New Year’s Eve fireworks in both outdoor and indoor air, with values 4.8 times (in
outdoor air) and 2.5 times (in indoor air) higher than typical winter night-time values.

We would like to point out the limitations of our study. First of all, only one air quality
monitoring site was used for this work. However, in order to have a broader and deeper
understanding of the air quality situation in the urban background site during the New
Year event, we used the air quality monitoring stations belonging to the Environmental
Protection Agency (AAA), which measure PM2.5, PM10, NO2, and CO mass concentrations
and meteorological parameters. Secondly, the higher time resolutions of the devices used in
this study prevented the real-time monitoring of the dynamics of the concentration level of
particulate matter, their components, and gases in the city. Nevertheless, each method has
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its own restrictions and capacities; therefore, it is most valuable to use different methods
and devices complementarily.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/urbansci8020054/s1: Figure S1: PMF solution profiles
and time series; Table S1: θ values for different indoor and outdoor factors; Table S2: Correlations be-
tween the same aerosol chemical component or factor in outdoor versus indoor air. References [57–61]
are cited in the file of Supplementary Materials.
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