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Abstract 
Bioaerosol is composed of biological origin particles dispersed in the air. They differ from 
airborne particles of non-biological origin in their ability to fluoresce. This biochemical 
property has been included into current detectors that operate in an autonomous mode and use 
laser-induced fluorescence to accurately identify biological particles. The challenging issue was 
observed on days with high air humidity and notably during fog. Monitoring data showed that 
during the fog, there are large numbers of fluorescent particles, potentially of biological origin, 
which occurrence is not explained. This study aimed to find out whether the raised number of 
fluorescent particles during fog impacts airborne pollen identification and describe the possible 
causes of the higher number of fluorescent particles during fog. Data from 2019 atmospheric 
observations were acquired with a fully automated Rapid-E detector in Lithuania for the study. 
The characteristics of each particle consisted of morphology data gathered using light scattering 
and data on biochemical properties collected using laser-induced fluorescence and fluorescence 
lifetime. The study concentrated on occasions in which extremely high numbers of fluorescent 
particles were detected in during fog. Our findings show that a large part of the fluorescent 
aerosol during fog is not pollen. The fluorescent traces of airborne particles refers that the 
fog creates specific conditions, and airborne particles identification may be compromised if 
scenarios are not integrated into bioaerosol particle recognition algorithms.
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INTRODUCTION

Aerosol plays an essential global role in the 
atmosphere; therefore, the behaviour of the 
environmental aerosol in the air is evaluated, 

and the parameters defining its physical and 
chemical state are studied (Valentini et al., 
2020). The analysis of aerosol is performed 
for various purposes, for example, covering 
air quality aspects (EEA 2020, USEPA 2020) 



2

Ingrida Šaulienė, Lukas Vaitkevičius, Gintautas Daunys, Gediminas Valiulis, Laura Šukienė

or investigating its indirect radiative effects 
on the climate system (Kazil et al. 2010). 
The interaction between water and aerosol 
in the atmosphere is complex and not fully 
explained. Scientific studies have proved the 
effect of aerosol on cloud genesis and existence 
(Shan et al. 2021), and the relation between 
the atmospheric aerosol formation and the 
involvement of aerosol particles themselves in 
cloud droplet activation has been established 
(Kerminen et al. 2005, Andreae & Rosenfeld 
2008). The effect of aerosol particles on fog 
microphysics (Mazoyer et al. 2019) and the 
link between aerosol and droplet concentrations 
(Maalick et al. 2016) have been analysed. 
Primarily atmospheric aerosol is a complex 
mixture of suspended particles characterised by a 
considerable variation in chemical composition, 
size, and shape (Valentini et al. 2020). In studies, 
atmospheric aerosols analysing as primary 
organic aerosols (POAs) and secondary organic 
aerosols (SOAs). POA is an aerosol whose 
emission source can be both of anthropogenic 
origin, from industrial and combustion 
processes (Yan et al. 2019), and of natural origin 
(Schumacher et al. 2013). As pointed out by  
E. R. Lewisand S. E. Schwartz (2004), the largest 
source of naturally occurring POA is the ocean, 
but emissions from plants or soil are defined 
as a no less important resource (Fu et al. 2015; 
Williams & Després 2017). Particles emitted 
into the atmosphere by the biosphere are called 
primary biological aerosol particles (PBAP) 
(Frohlich-Nowoisky et al. 2016). In principle, 
SOA differs from the POA by its origin because 
SOA is formed in the atmosphere from reactive 
organic gases (Lim et al. 2005). Both POA and 
SOA could be analysed as a fluorescent aerosol 
group, provided that in both cases, we assess 
the fluorescent particles in the aerosol. The 
fluorescence characteristic of POA is caused 
by its constituent particles of biological origin, 
such as bacteria, pollen, spores or plant debris. 
Therefore, it is natural that POA is studied 
using fluorescence-based devices. On the other 
hand, Fu et al. (2015) argue that biogenic SOA 
derived from the photooxidation of isoprene 
and monoterpenes can also emit an intense 
fluorescence. In some cases, when identifying 

particles, the ability of SOA to fluoresce can be 
confusing, as fluorescent SOA may potentially 
be mistaken for biological particles by detection 
methods relying on fluorescence (Lee et al. 
2013). In the physical and/or chemical sense, 
these are additional opportunities to investigate 
the secondary aerosol in more detail. However, 
the threat that the particles of biological origin 
may be confused with SOA is relevant. Recently, 
bioaerosol was increasingly observed in real-
time using UV light-induced fluorescence-
based devices (Crouzy et al. 2016; Chappuis 
et al., 2020). For analysing collected data and 
achieving the quality and accuracy of results, a 
new approach to the ability of aerosol to fluoresce 
is required. Currently, aerobiologists (studying 
airborne particles of biological origin) employ 
automatic particle detectors to perform research 
on bioaerosol and analyse the possibilities of this 
type of device to detect biological origin airborne 
particles in real-time. The technology that has 
become know-how in the aerobiology science 
allows researchers working in this field to obtain 
additional characteristics about fluorescence 
properties of airborne pollen or spores. In our 
previous bioaerosol studies (Daunys et al. 2021, 
Šaulienė et al. 2019a, Šaulienė et al. 2019b), we 
were aimed to identify airborne pollen from the 
overall composition of fluorescent particles.

Another aspect that is important for evaluating 
the accuracy of automatic particle detectors or 
their measurement capabilities is the state of 
the atmosphere at the time of measurement. 
Such atmospheric phenomena as fog can affect 
the measurement results. Fog is a complex 
phenomenon and plays an important role 
in atmospheric chemistry (Croft 2003). For 
example, compared with rain, fog contains 
higher levels of pollutants (Biswas et al., 
2008). Studies have shown that fog can be a 
more important factor in the deposition of air 
pollutants than precipitation (Błaś et al. 2022). 
During fog, atmospheric properties change and 
processes taking place in the air can cause an 
increase in the number of fluorescent particles. 
Research has proved that fog water contains 
fluorophores. For example, J. E. Birdwell and 
K. T. Valsaraj (2010) investigated fog water 
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and found that humic-like and biologically 
derived substances could represent fluorescent 
signatures representative of dissolved organic 
matter in fog water.  On the other hand, fog 
increases the viability of biological processes of 
the so-called microbiological aerosol (Dueker et 
al. 2012). Researchers point out that fog droplets 
are a medium for bacteria, yeast and mould 
to form SOA (Fuzzi et al. 1997). It has been 
proved that fog droplets can be saturated with 
hydrophobic organic pollutants (Goss 1994), 
and SOA is more polar and hygroscopic than 
POA (Lim et al. 2005). It should be noted that 
mist episodes are not connected with aerosol 
activation (Zíková et al. 2020).

Aerosol has a relatively short residence time in 
the troposphere; therefore, it remains important 
to evaluate the regional signature of aerosol 
(Stocker et al. 2013) and to determine the role 
of fluorescent particles in the composition 
of atmospheric aerosol concerning the 
geographical area. The incidence of fog cases 
is also related to the geographical peculiarities 
of the area, and the results of studies performed 
in different countries show both a decrease 
(Avotniece et al. 2015) and an increase in fog 
cases (Hůnová et al. 2018). These arguments 
supplement and reinforce the need for a better 
understanding of the interaction between fog 
and fluorescent particles suspended in the 
atmosphere.

Real-time pollen observations revealed a 
significant increase in fluorescent particles 
recorded by a laser-induced fluorescence device 
during fog hours. The observational data leads to 
the presumption that additional information on 
the aerosol composition is recorded during the 
fog. The experimental results presented in this 
study aim to:

•	 find out whether the increased number of 
fluorescent particles during fog affects the 
identification of airborne pollen. 

•	 describe the possible causes of the increase 
in fluorescent particles during fog.

Widening understanding provides valuable 
information on atmospheric aerosol and extends 

fog and bioaerosol studies using the data of 
laser-induced fluorescence. The new knowledge 
on fog fluorescence is an additional message for 
creating and developing algorithms recognising 
airborne pollen in real-time.

MATERIAL AND METHODS

Study area 

Lithuania is located in the temperate climate 
zone and belongs to the southwestern subregion 
of the Atlantic continental forest area (LHMT 
2020). The maximum annual air temperature in 
the eastern regions of the country usually occurs 
in late June and July (Galvonaitė et al. 2013). 
According to multi-annual monitoring data, 
the average air temperature in the warm period 
(April-October) was 12.7°C; and in the cold 
period (November-March) -1.2°C. Fog is a quite 
common phenomenon in Lithuania, as there are, 
on average, 23-95 days of fog per year, when 
the average duration of one fog is 4-6 hours 
(Galvonaitė et al. 2013).

The current study was performed on the data 
collected in Šiauliai. Šiauliai is the fourth largest 
city in Lithuania with about 100000 (OSP 2019) 
inhabitants. The observation site is in the central 
part of the city, about 200 m from the railway 
and within a radius of 500 m is surrounded 
by residential areas, supermarkets, and small 
squares. The nearest and largest park (~120 ha) 
with the vegetation typical of the geographical 
range is almost 2 km away. The state’s air 
quality monitoring is carried out in Šiauliai 
permanently. The monitoring station is about 
1.3 km from the observation site. According to 
air quality monitoring data, the concentration of 
PM10 does not exceed the limit value in the city. 
In 2019 there were 10 days when PM10 was 
above the norm and reached 51-93 µg/m3 per 
day (EPA 2020). 

Fog and mist data from meteorological station

This study is performed using fog data recorded 
in 2019 at the Šiauliai Meteorological Station 
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of the Lithuanian Hydrometeorological Service. 
Information about fog is provided in two types 
of data. The first is in the form of phenomena 
recorded by an observer at the meteorological 
station, who assigns the code corresponding 
to the worldwide standards of WMO (WMO 
2019) to the phenomenon. In this study, fog and 
mist events were analysed. For the analysis, we 
selected cases when mist (phenomenon code 
10) due to change in meteorological elements 
or when mist (phenomenon code 4) that could 
have been formed due to the presence of 
smoke or dust in the air was identified. Fog is 
indicated by codes 41, 43, 45, 46 and 47, which 
depends on the course of fog development or 
prevalence of fog. Code 41 indicates fog in 
patches; 43 – the fog that became thinner during 
the preceding hour; 45 – the fog, but there is 
no appreciable change during the preceding 
hour; 46 – the fog that began or became thicker 
during the preceding hour (sky discernible);  
47 – the fog that began or became thicker during 
the preceding hour (sky not discernible); 0 – 
means that no meteorological phenomena were 
detected. 

The second data type is based on the 
meteorological visibility (expressed in meters) 
measured by the automatic weather station. 
The cases when the automatic weather station 
measured 20000 m of meteorological visibility 
are recognised as good visibility. 

Bioaerosol measurement by automatic 
particle device 

We collected data about ambient airborne 
particles between February 1 and October 
31, 2019.  For the study, an automatic 
Rapid-E particle device was installed at 20 m  
(55°55’35.9”N 23°18’31.2”E). The device 
aspirates ambient air with all its aerosol 
particles, and sample airflow is 2,8 litres per 
minute, with particles registered in the size range 
of 5-100 μm. The particle information includes 
data on morphological analysis based on the 
scattered light and chemical analysis based on 
laser-induced fluorescence and fluorescence 
lifetime. The last parameter was not used in this 

study according to the procedures described in 
Šaulienė et al. (2019b). 

The Rapid-E indicates fluorescent particles in 
the total particle flow. Pollen was distinguished 
in the entire flow of air particles using our 
previously developed algorithm (Šaulienė et al. 
2019b, Daunys et al. 2021). This study used the 
number of total particles (non-fluorescent and 
fluorescent) recorded by the device per minute 
and per hour and the hourly data of fluorescent 
particles, including total identified pollen. 
The associations between fog and fluorescent 
particles or pollen data were investigated by 
using the amounts of recorded particles per 
minute. The cases with exclusively large number 
of fluorescent particles when load reached 
≥25000 fluorescent particles per hour, referred 
to as extreme cases.
 
Statistical evaluation of results

Data were statistically processed using R (R 
Core Team, 2018) and R Studio (R Studio 
Team, 2016). “GridExtra” (Auguie et al. 2017), 
“ggplot2” (Wickham 2016), and “gplots” 
(Warnes et al. 2016) packages were additionally 
used for the visualisation of the analysed results. 
The boxplot capabilities were employed to 
represent the continuous variables of total and 
fluorescent aerosol, expressed in the number 
of particles. The method allows evaluating the 
median of the number of particles recorded 
in 2019 and all outlying counts of particles 
individually. The upper and lower hinges 
corresponded to the first and third quartiles. 
Concentrated values of the collected data 
concerning the time scale were evaluated using a 
density plot. Kernel smoothing allowed us to get 
smoother distributions of variables, smoothing 
out the noise (data furthest from the mean) from 
the dataset.  R-values and reliability values are 
given in the scatter diagrams between the total 
number of particles and fluorescent particles 
and the amount of pollen, noise data and total 
fluorescent aerosol. Typical days were selected 
to represent the signature of fluorescent particles, 
and graphs show the derived/calculated mean of 
fluorescence and scattering.

Ingrida Šaulienė, Lukas Vaitkevičius, Gintautas Daunys, Gediminas Valiulis, Laura Šukienė
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RESULTS 

Quantitative analysis of bioaerosol

The aerosol recorded by the automatic particle 
device consisted of fluorescent and non-
fluorescent particles (Fig. 1A). The fluorescent 
particles form about 21 % of the total particle 
volume, and the number of fluorescent particles 
is near directly proportional (R = 0.7, p < 
0.001) to the scale of detected particles. The 
aerosol particles data density curve (extreme 
cases eliminated) highlights the routine load 
of the particles. Ordinarily, in the current study 
location, the number of fluorescent particles per 
hour was up to 10000. The median of fluorescent 
particles counts reached 1664, while of non-
fluorescent particles, 6631. 

Analysing the annual distribution of the ambient 
fluorescent aerosol (Fig. 1B), at the beginning of 
the year, the number of particles is higher and 
decreases during summer (June-August). The 
second peak is observed in autumn. Extreme 
values of fluorescent particles were recorded 
in March, August and October of 2019. The 9 
extreme cases with more than 25000 fluorescent 
particles per hour were observed. In a total load 
of fluorescent particles, extremely high values 
are rare. Examination of air quality data (EPA 
2020) on days when high levels of fluorescent 
particles were detected did not reveal any air 
pollution abnormalities. 

We identified 84089 airborne pollen in a load of 
fluorescent particles detected by the automated 
particle device (Supplement Fig. 1). The highest 
numbers of pollen are calculated in spring and 
early summer. Assessing the daily distribution 
of fluorescent particles, the dynamics of pollen 
amount did not coincide with the general daily 
rhythm of fluorescent particles (Supplement Fig. 
2). The maximum pollen values are identified 
between 9 am and 1 pm, UTC (Supplement Fig. 
2A). The lowest content of pollen is recorded 
during the night and morning hours. The results 
are arranged differently according to the total 
number of fluorescent particles: the highest 
number occurs at 5-6 am (Supplement Fig. 2B). 

Fluorescent particles and pollen identification 
during the fog events

Meteorological visibility is commonly used for 
synoptic purposes; our study associates visibility 
with the number of fluorescent particles and 
airborne pollen detected by an automatic 
particle detector. When analyzing the results of 
the number of fluorescent particles and pollen, 
we assessed whether meteorological visibility 
might have a direct effect on the number of 
detected particles.

No direct associations were found between 
meteorological visibility and particles indicated 
by the automatic device (Fig. 2). Analyzing 
the cases when the total number of indicated 

Figure 1. Results of ambient aerosol observations performed in 2019 with the automatic particle 
detector: A – the density curves of the number of recorded particles; B – scattering of fluorescent 
particles per hour in months.

Assessment of fog influence on augmentation of fluorescent particles in real-time bioaerosol measurement
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particles reached more than 25,000 particles 
per hour, it is observed (Fig. 2A) that a high 
number of particles was recorded with good 
visibility (meteorological visibility - 20,000 
m). A comparison of fluorescent particles and 
meteorological visibility (Fig. 2B) showed that 
an exclusively large number of fluorescent 
particles were not detected with good 
meteorological visibility. Conversely, when 
the visibility registered at the meteorological 
station was low and prevailed in the range of 
200-692 meters, an exceptionally high number 
of airborne fluorescent particles was detected. 
In these conditions, the average number of 
fluorescent particles per hour was 26161; 
meanwhile, with the increase of meteorological 
visibility from 1000 m to 5000 m, the average 
number of fluorescent particles was only 6284.  

Based on the information collected by the 
automatic particle detector, the pollen recognition 
algorithm allows the identification of pollen (Fig. 
2C) in the fluorescent aerosol. During the hours 
when an extremely high number of fluorescent 
particles is registered, pollen is not detected 
among these particles or a small amount of 
pollen is identified (Fig. 3B, 3C). In these cases, 
we detected 89 pollen. We analyzed whether 
there is a relationship between meteorological 
visibility and the amount of pollen identified 
in the flow of fluorescent particles. The data 
recorded by the automatic detector in real-time 
demonstrate that the amount of pollen in the air 
is the highest when meteorological visibility 
is 20000 m. When assessing the links between 

pollen content and meteorological visibility, it is 
observed that the better the visibility, the higher 
amount of airborne pollen (R=0.16, p<0.05). 
After evaluating the relationships between 
meteorological visibility and the number of 
fluorescent particles and concluding that the 
extreme cases were associated with a significant 
decrease in visibility (Fig. 2B), the extreme 
cases were compared with the phenomenon 
of fog recorded at the meteorological station  
(Fig. 3). Exceptionally high levels of fluorescent 
particles (> 25,000 per hour) were detected  
9 times during the study period. There was one 
case each on February 11 and February 15 at  
2 p.m., when the number of fluorescent particles 
reached 39873 and 28386 particles per hour, 
respectively. On March 28 and October 5 (Fig. 
3), were found two cases both at 5 and 6 a.m. 
in the morning. On March 28, the number of 
particles was 91269 and 81029, and on October 
5 - 56380 and 67076, respectively. On August 
10, three such cases were identified: 3 a.m. - 
74422, 4 a.m. - 63179 and 5 a.m. - 32194. Total 
for 2019 during the study period was five days, 
with an extremely high number of fluorescent 
particles. On February 11 at 2 p.m. and February 
15 at 9 p.m., the fog was not recorded at the 
meteorological station, but the meteorological 
visibility during extreme events was 348 m and 
877 m, respectively. Rain showers (slight) and 
drizzles (not freezing, continuous) were recorded 
at the weather station during these hours.

Fog cases were recorded 3 of 5 days at the 
meteorological station. The 3-day fog recording 

Figure 2. Distribution of aerosol particles with regard to atmospheric transparency: A – the 
diagram of the amount of total particles recorded by the automatic particle device and scattering of 
meteorological visibility; B – the distribution of fluorescent particles with regard to meteorological 
visibility; C - the distribution of identified pollen with regard to meteorological visibility.

Ingrida Šaulienė, Lukas Vaitkevičius, Gintautas Daunys, Gediminas Valiulis, Laura Šukienė
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cases and the fluorescent particle numbers 
per minute are shown in Fig. 3, following the 
principle that the dynamics of the fluorescent 
particle should be shown one hour before and 
one hour after fog recording. This method was 
chosen because the fog data recorded at the 
meteorological station were instantaneous. 

Fig. 3 showed that when a considerable 
number of fluorescent particles were detected, 
9 cases of fog were recorded on these days. 
The number of cases of fog per day differs, 
i.e., from two to four cases were identified. 
The results revealed that the occurrence of 
extreme events might be associated with the 
phenomenon of fog. Meteorological visibility 
data support this assumption. In the hours when 
the extreme cases were detected, the visibility 
was 200-692 m. On the other hand, during 
the study period (February-October) in 2019,  
16 cases of fog were recorded over eight days.  
Consequently, there were cases when the fog 
was recorded at the meteorological station, 
but the number of fluorescent particles did 
not exceed the average values determined in 
the particular year. The dynamics of cases are 
displayed in Supplement Fig. 3. In those cases 
when the fog was not detected either visually 
or at the automatic meteorological station, the 
particle detector recorded an average of about 
40 fluorescent particles per minute. The graphs 
show no uniform trend regarding the effect of 
fog on the number of particles. According to the 
automatic detector measurement readings under 
the conditions of fog in patches, the number of 

particles in the atmosphere is close to the values 
recorded in good meteorological visibility.

A more detailed analysis linking the number of 
fluorescent particles and the amount of airborne 
pollen with the atmospheric phenomena 
revealed the influence of mist on particle 
number and showed associations with similar 
atmospheric phenomena such as mist. Change 
in the amount of pollen and fluorescent particles 
depending on meteorological phenomena 
related to fog and mist is displayed in Fig. 
4. Those days when no phenomena related 
to precipitation or fog are recorded (code 0)  
are more favourable for pollen dispersal 
(Fig. 4 A). It should be noted that small 
amounts of pollen are detected in fluorescent 
aerosol during fog (on average 8 pollen per 
hour), but during those hours, the fluorescent 
particles in the air are particularly abundant 
(on average 31445 particles per hour). Pollen 
is detected during both fog and mist. When 
distinguishing the maximum values for pollen 
content, it should be noted that during fog,  
57 pollen per hour were identified, while 
during mist, 81. Assessing the cases when the 
mist is identified both due to meteorological 
conditions (code 10) and increased dustiness 
(code 4), it can be envisaged that the amounts 
of fluorescent particles are lower than in fog.

The highest amounts of fluorescent particles 
were registered in the presence of different types 
of fog phenomena (Fig. 4B). More frequent 
cases (4 out of 7) where fluorescent particles 

Figure 3. Numbers of particles making up fluorescent aerosol and fog cases, when fluorescence 
particles > 25 000 per hour. The red line marks hours during which fog cases were recorded at the 
meteorological station (code: 41-47).

Assessment of fog influence on augmentation of fluorescent particles in real-time bioaerosol measurement
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Figure 4. Distribution of pollen detected in fixed aerosol (A) and of fluorescent aerosol particles (B) 
with regard to atmospheric phenomena (blue – fog-related phenomena; red – mist-related phenomena). 

Figure 5. Average fluorescence signature of detected airborne particles: A – pollen when no atmospheric 
phenomena are identified and meteorological visibility reaches 20000 m (relative humidity <40%);  
B – pollen during fog; C – particles when no atmospheric phenomena are identified and meteorological 
visibility reaches 20000 m (relative humidity <30%); D – particles during fog. The blue line indicates 
the signal of the first fluorescence lifetime moment, and all other lines are delayed by following the 
500ns step from the last fluorescence lifetime moment signal. Shadows indicate standard deviation. 
The x-axis denotes the wavelength in nm; the y-axis, the amplitude delayed (no units). 

Ingrida Šaulienė, Lukas Vaitkevičius, Gintautas Daunys, Gediminas Valiulis, Laura Šukienė
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increase significantly in the presence of fog, 
but there is no appreciable change during the 
previous hour (45). In the case of fog in patches 
(41), the amounts of fluorescent particles are 
small. Summarizing the results described above, 
and Fig. 4B, during fog, the automatic particle 
detector detects significantly higher amounts 
of particles than on days without phenomena 
or in cases of other types of meteorological 
phenomena. 

Fluorescent signature of airborne particles

The data recorded by the automatic particle 
detector were analysed employing the algorithm 
designed and developed for this device (Šaulienė 
et al., 2019b). Typical examples of images of 
particles identified by it are presented in Fig. 5.

The pollen signature (Fig. 5A and 5B) is similar 
both in hours without atmospheric phenomena 
and in the fog environment. Seeking the accuracy 
of the result, we selected data for representation, 
which are recorded during a typically expressed 
atmospheric phenomenon. The mismatches 
between amplitudes, seen in the figure, are related 
to differences in pollen determined by the plant 
species. The signature of pollen significantly 
differs from that of other fluorescent particles 
(Fig. 5C and 5D). The image of other (non-
pollen) fluorescent particles, composed based 
on average amplitude and wavelength data, is 
similar irrespective of whether fog had formed 
or not. It should be noted that the peaks of the 
signal of the first lifetime moment (Fig. 5A and 
5B) are at the same wavelength (365 nm). The 
similarity is observed at the wavelengths of 
568 and 597 nm when two repetitive peaks are 
identified. Based on the peculiarities of signal 
suppression, it can be seen that in fog cases, the 
signal of the second lifetime moment manifests 
itself atypically. We noticed such a trend when 
analysing fog cases (the figure for each case is 
presented in supplements) when the number 
of fluorescent particles exceeds 50000. This 
reveals the need to evaluate the behaviour of 
the particle fluorescence signal and to eliminate 
such cases by algorithms while forming pollen 
identification algorithms.

DISCUSSION

Airborne particle fluorescence is an important 
property of particles, enabling the characterisation 
of the composition of atmospheric aerosol and 
other peculiarities (Pöhlker et al. 2013). In 
this study, we provided an exhaustive analysis 
of the increase in fluorescent particles, which 
shows up when air composition is registered 
with a Rapid-E automatic detector (Fig. 2). The 
use of automatic detectors collecting airborne 
particles data for scientific or even monitoring 
purposes is growing (Oteros et al. 2015; Clot et 
al. 2020, Šaulienė et al. 2019b, Mainelis 2020), 
while knowledge about the composition of 
atmospheric particles is insufficient (Fröhlich-
Nowoisky et al. 2016, Šantl-Temkiv et al. 2020, 
Kabir et al. 2020).

Bioaerosol particles are considerably different in 
size, type, biological properties or geographical 
distribution, making their detection and 
identification in real-time more complex than 
gaseous or particulate matter. The role of the 
latter concerning atmospheric composition has 
been studied quite comprehensively, and the 
available knowledge and experience are used 
for air quality assessment (EEA 2020, Hyde & 
Mahalov 2020, USEPA 2020). The source of 
bioaerosol in nature can be soil, water, animals, 
and plants (Fu et al. 2015, Heath et al. 2017); 
therefore, it contains various types of organic 
biological material (Jaenicke 2005, Grewling 
et al. 2019) that forms primary biological 
aerosol particles (PBAP) (Després et al. 2012, 
Shiraiwa et al. 2017). The property of PABP – 
the intrinsic fluorescence occurring due to the 
presence of biological fluorophores (coenzymes, 
biopolymers, chlorophyll) everywhere in the 
cells is used to distinguish the biological origin 
particles from other particles. The analysis of 
data collected with an ultraviolet light-induced 
fluorescence (LIF) detector in 2019 has shown 
that, the recorded number of fluorescent particles 
is commonly less than of non-fluorescent ones 
(Fig. 1). The trend would probably not be new 
and worth discussing if not for the exceptional 
abundance of fluorescent particles identified 
during observations, which consistently 

Assessment of fog influence on augmentation of fluorescent particles in real-time bioaerosol measurement
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coincides with the cases of low meteorological 
visibility (Fig. 2). The identification of fluorescent 
particles is important both from a biological 
perspective and the perspective of human health 
protection (Biswas et al. 2008, Pöhlker et al. 
2013, Grewling et al. 2019, Donaldson, 2020). 
Depending on the peculiarities of aerosol and 
meteorological conditions, the lifetimes of 
particle residence in the atmosphere can vary 
from a few hours to several weeks (Fröhlich-
Nowoisky et al. 2016). In developing the 
implementation of the idea of characterising 
bioaerosol composition in real-time into daily 
monitoring practice, it is necessary to find out 
the reasons causing the significant increase in 
the number of fluorescent particles in the air. 
One thing that is clear from the evaluation of 
available results is that the number of fluorescent 
particles significantly increased during the hours 
when the fog was recorded (Fig. 3). Besides, the 
thicker the fog, the more fluorescent particles are 
in the air. The peculiarities of the particles formed 
during fog are usually studied in the collected 
fog water rather than using direct measurements. 
It has been found that dissolved organic matter 
in fog water consists of humic-and-protein-like 
fluorophores commonly found in macro and 
microorganisms in terrestrial samples (Birdwell 
& Valsaraj 2010). Examination of fog water by 
microbiological methods has shown that water 
is rich in bacteria and microscopic fungi, which 
act as culture media for viable particles (Fuzzi 
et al. 1997). Researchers who have studied the 
microbiological environment of water relate 
their results to the probability that the identified 
microorganisms could represent an atmospheric 
source of SOA. In atmospheric oxidation 
processes, biogenic substances such as isoprene 
or monoterpenes induce fluorescence of biogenic 
SOA (Lee et al. 2013). In addition, after heavier 
dew or fog, pollen releases large amounts 
of allergenic particles (Taylor et al. 2004, 
Rathnayake et al. 2017), which can increase  
the number of fluorescent particles in the air  
as well.

Pollen from anemophilous plants change 
the composition of bioaerosol in a particular 
territory during the vegetation period (Williams 

& Després 2017). At the same time, there is 
considerable evidence of long-distance transport 
of pollen (Siljamo et al. 2008, Sofiev et al. 2013, 
Myszkowska et al. 2021), which confirms that 
the number of airborne particles registered by 
automatic devices could increase due to long-
distance transport. Our results have demonstrated 
that pollen detected by the automatic detector 
in 2019 formed a small share of fluorescent 
particles, especially during fog. The results 
are in line with the prevailing theory that 
atmospheric humidity affects the concentration 
of pollen in the air, and the latter significantly 
decreases when relative humidity increases or 
fog is recorded (Pérez et al. 2009). The automatic 
detector used in this study detected most pollen 
in good meteorological visibility, although there 
are studies that have demonstrated that light rain 
does not reduce pollen concentrations in the air 
(Kluska et al. 2020).

The average daily distribution of fluorescent 
particles, i.e., that have been assigned not to 
pollen by the algorithm can be associated with 
different factors. The fact that the number of 
fluorescent particles is higher in the morning 
hours can be related both to the change in daily 
humidity in the air and to the emission caused by 
anthropogenic activities in the urban area. The 
assumption about the human influence on the 
growth of fluorescent particles can also be made 
because of the observed increase of particles 
in the afternoon hours. Substantiation of these 
assumptions requires comprehensive research. 
Their results would not only help to better 
understand the manifestation of the dynamics of 
fluorescent particles but would also be useful in 
modelling aerosol dispersion in urban areas.

Real-time automatic particle detectors are used 
to distinguish allergenic pollen from bioaerosol, 
which is particularly important for public health 
care and prevention. Our results show that 
identify pollen recorded during fog from the total 
fluorescent flow is possible due to the typical 
characteristic of fluorescence. The obtained 
results also confirm that during fog, particles of 
biological origin can be identified in a fluorescent 
aerosol detected by real-time automatic particle 
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detectors. Lee et al. (2013) state that fluorescent 
SOA can hinder the recognition of biological 
particles. Our results highlighted the pollen 
fluorescence signature enabling the algorithm to 
recognize pollen from other fluorescent particles 
in POA or SOA. Pöhlker et al. (2013) argued that 
the autofluorescence of pollen was intrinsically 
different from bacteria and fungal spores, based 
on the fact that it did not originate from proteins 
and other cytosolic compounds but rather from 
cell wall associated fluorophores. Sporopollenin 
present in the pollen wall sexine (Blackmore 
et al. 2007) is an extremely chemically inert 
biopolymer found in pollen and spores of 
terrestrial plants (Li et al. 2019). According 
to other authors (Donaldson 2020, Roshchina 
et al. 2002), not only sporopollenin but also 
flavonoids or pigments (carotenoids, lipofuscin) 
can fluoresce in the pollen wall. Pollen is 
characterized by three fluorescence peaks: 
475, 565, and 675 nm (Urbanczyk et al. 2015). 
These peaks are likely related to sporopollenin 
(blue fluorescence) and flavonoids or pigments 
(green/yellow fluorescence) (Donaldson 2020). 
Our results show that the maximum amplitudes 
of the first signal of the pollen fluorescence 
signature are in the spectral range from 365 nm 
to 481 nm, while the peak of the amplitude of the 
particles that are not assigned to pollen is only at 
365 nm. At the wavelengths of 568 and 597 nm, 
two repetitive peaks were detected concerning 
both pollen and fluorescent particles that have 
not been assigned to them. The information 
recorded by the automatic particle detector, 
reflecting fluorescence peculiarities, is possibly 
related to sporopollenin and flavonoids or 
pigments in pollen. It is also noteworthy that fog 
has not substantially altered pollen fluorescence 
signatures recorded by the particle detector. In 
the case of other particles that fluoresced during 
fog, which were not classified as pollen by the 
algorithm, different amplitudes of fluorescence 
were recorded compared with cases when the 
fog was not registered.

In the future, focusing on fluorescence-based 
devices, fog-induced particle content in the 
algorithms for recognition of detected particles 
must be evaluated. On the other hand, there is 

a lack of more detailed knowledge about the 
origin of fluorescent particles recorded by real-
time automatic particle detectors, highlighting 
the complex composition of bioaerosol with 
regard to the geographical area.

CONCLUSIONS

1. Fluorescence is a specific property of 
biological origin particle and knowledge of 
the mechanism of fluorescence allows it to 
be used to identify particles in the air. For the 
analysis of bioaerosol using automatic detectors, 
it is important to pay attention not only to the 
fluorescence of the particles, but also to the 
processes occurring in the atmosphere during 
which the composition of aerosol may change or 
decrease detection capabilities in devices.

2. The study results show that the number of 
fluorescent particles with a size of 5-100 μm 
registered by an automatic particle detector 
increases significantly during fog. Our research 
confirms that a large part of the fluorescent 
aerosol during fog is not pollen. 

3. The fluorescence traces of airborne particles 
during fog have revealed that special conditions 
are formed, and this considerably enhances the 
number of organic particles in the air. Further 
research is needed to better understand the 
phenomenon. They are important because 
information needs to be integrated into bioaerosol 
particle identification systems working on an 
automatic regime.
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SUPPLEMENT

Figure 1. Distribution of identified airborne pollen in fluorescent aerosol.

Figure 2. Daily distribution of particles detected by the automatic particle detector: A – the amount 
of identified pollen; B – the number of fluorescent particles (vertical lines – confidence interval).
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Figure 3. Numbers of particles making up fluorescent aerosol when fluorescence particles < 25 000 
per hour and fog cases. The red line marks hours during which fog cases were recorded at the 
meteorological station (code: 41-47).
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