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Abstract

Light detection and ranging (LIDAR) atmospheric sensing is a major tool for
remote monitoring of aerosol pollution and its propagation in the atmosphere.
Combining LIDAR sensing with ground-based aerosol monitoring can form the
basis of integrated air-quality characterization. When present, biological atmo-
spheric contamination is transported by aerosol particles of different size known
as bioaerosol, whose monitoring is now among the basic areas of atmospheric
research, especially in densely-populated large urban regions, where many bio-
aerosol-emitting sources exist. Thus, promptly identifying the bioaerosol sources,
including their geographical coordinates, intensities, space-time distributions, etc.,
becomes a major task of a city monitoring system. This chapter argues in favor of
integrating a LIDAR mapping schematic with in situ sampling and characteriza-
tion of the bioaerosol in the urban area. The measurements, data processing, and
decision-making aimed at preventing further atmospheric contamination should be
performed in a near-real-time mode, which imposes certain demands on the typical
LIDAR schematics, including long-range sensing as a critical parameter, especially
over large areas (10 — 100 km2). In this chapter, we describe experiments using a
LIDAR schematic allowing near-real-time long-distance measurements of urban
bioaerosol combined with its ground-based sampling and physicochemical and
biological studies.

Keywords: LIDAR monitoring , particulate matter, atmospheric pollution,
contaminations
1. Introduction

Atmospheric aerosol pollution or more appropriately particulate matter (PM)

is key subject for the human health and ecosystem stability. At present, more
than 2000 papers are published per year addressing research topics related to
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atmospheric aerosols [1]. However, surprisingly little is known regarding the gen-
esis, composition, or dynamics of the atmosphere’s microbial inhabitants, particle’s
chemical composition, particle’s surface pollution, and their relation with the PM
[2, 3]. In what concerns human health, the most harmful ones are the particles with
sizes below 10 pm, standardized in terms of permissible concentration as PM, s and
PMjo. The fast pace of the information technology development in the first decade
of twenty-first century created extraordinary possibilities for organizing systems
for real-time monitoring of the atmosphere over urban areas. The implementation
of such techniques requires the development of modern fast sensor systems, whose
principle of operation, size, and convenient management ensures a problem-free
functioning of the information systems without affecting the life in the particular
urban area. The well-known techniques of PM monitoring include as a rule a small
number of stations and the use of specialized algorithms for rapid assessment of
the aerosol pollution’ spatial structure above the city. These approaches suffer
from a number of drawbacks, such as limited spatial resolution as compared with
the urban structure, the low temporal resolution from the viewpoint of the quick
polluting processes, and following the PM proliferation, the use of non-calibrated
devices, and the subjectivity in selecting the sampling sites. A major drawback

of the techniques in question is the relatively slow determination of the pollution
sources. Of particular interest in assessing the air quality in urban areas is the
biological contamination transported by PM in the form of bioaerosols. According
to [4], almost 25% of the total airborne PM above land surfaces contains biological
materials in the form of pollens, fungal spores, bacteria, viruses, and fragments
from plants, animals, or living organisms with a size ranging from 0.02 up to

100 pm [5-8].

The present chapter discusses the capabilities of remote techniques of analyzing
the pollution fields in conjunction with in situ sampling of bioaerosols and investi-
gation of PM pollution as one of the promising approaches to raising the efficiency
of systems of air monitoring over urban areas [9-11]. The light detection and
ranging (LIDAR) techniques are considered as being among the ones best suited to
real-time scanning and/or long-term monitoring of the pollution above large areas.
Their advantages arise from several factors: (1) light wavelengths commensurate
with or close to the PM size, (2) good resolution in terms of distance (5-30 m) and
elevation angle (~1°), and (3) range of operation (20-30 km) [12]. In a scanning
mode of operation, the LIDAR techniques allow one to construct LIDAR maps of
the aerosol pollution distribution over large cities, which can be easily juxtaposed
with the ground atmospheric monitoring networks. Special attention was paid
here to the development of a specific LIDAR measurement schematic to be suitably
combined with in situ bioaerosol sampling investigating its crystallo-chemical
and surface structure, including the presence of bacteria and adsorbed nano- and
micron-sized organic and inorganic contamination. The successful applicability
of such combined methodology is demonstrated below by the results of a study of
the PM size distribution and genesis in two typical urban zones within a large city
(Sofia, capital of Bulgaria, population of approx. 1.3 million), in places where the
LIDAR monitoring had established previously a mass concentration in peak hours
of vehicle traffic.

1.1 LIDAR technologies applied in aerosol sensing

In the literature [13] one can find descriptions of various LIDAR techniques
based on the interaction of laser radiation with bioaerosols, such as Mie, Rayleigh,
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and Raman [9, 10] scattering and laser-induced fluorescence of bioaerosols [14].
Depolarization LIDAR techniques are also employed, whereby measuring the laser
light depolarization, and based on models of non-spherical aerosols, the latter’s ori-
gin can be distinguished, e.g., dust, smoke, pollen, including bioagents as anthrax,
ricin, etc.

The Mie scattering-based LIDAR techniques of bioaerosol remote sound-
ing allow one to use simple and inexpensive LIDAR equipment efficient in
long-distance vertical and horizontal scanning. Moreover, these LIDARs easily
provide long-distance operation exceeding 30-50 km [9, 10] and 25 km by our
LIDAR system [11]. A drawback of this approach arises when one needs a more
detailed aerosol fields’ characterization in terms of size distribution, non-
sphericity or spectral properties of the particles. To satisfy such requirements,
various more complex techniques had been developed. For example, UV laser-
induced fluorescence allows one to assess the particles’ elemental composition
based on their electron and rotational-vibrational spectra [15]. The Raman
IR spectroscopy technique provides information on the rotational-vibrational
spectra of the molecular compounds constituting the particles. The differential
absorption LIDAR (DIAL) techniques are also used to determine the presence
of gaseous species in the atmosphere based on the absorption of specific laser
light wavelengths [16].

The high degree of informativeness of these complex techniques from
the viewpoint of a detailed bioaerosol description cannot, unfortunately, be
combined with other requirements of importance for their efficient inclusion
in networks for air-quality monitoring of the low atmosphere in urban areas.
Here we will point out just the more important constraints: (i) high technical
complexity, size, and cost of the LIDAR systems; (ii) short operative distances
(2-5 km), seriously limiting the possibility of implementing bioaerosol moni-
toring system in large cities; and (iii) using the laser radiation focusing on the
aerosol particles, etc.

The purpose of our investigations described below was to explore experi-
mentally the possibility to make use of Mie scattering in a relatively simple
LIDAR configuration emitting horizontally the near-ground atmosphere,
thereby sounding from a single point the territory of a large city with high
angular and distance resolutions. We present successively the LIDAR and
sampling equipment in their concurrent functioning, as well as the results of
the structural and biological studies, thus proving the capabilities of the LIDAR
biomonitoring technique functioning within an urban air-quality monitoring
and information system.

1.2 Methodology of combined LIDAR bioaerosol measurements

The methodology for performing the combined LIDAR bio-measurements,
capable to be applied in near real-time regimes, is illustrated in Figure 1. In general
its operation is based on the use of two independent subsystems: (i) LIDAR long-
distance sensing subsystem, containing scanning LIDAR for fast 3D mapping aero-
sol fields (distance, time, mass concentration), and (ii) aerosol sampling equipment
of the aerosol particles, transporting bio-contaminations disposed near the LIDAR
illuminated resolution volume. The sampled bioaerosol particles are then processed
by different methods and algorithms for determination of the mass concentration
and LIDAR calibration, bio-contaminant characterization by different techniques,
etc. The fast processing of calibrated LIDAR data provides opportunities for
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Figure 1.
Schematic diagram of a LIDAR bioaerosol measurement system.

well-timed decision-making for prevention of further spreading of bio-pollutants
over the entire city area.

The LIDAR equipment is disposed in a single point (1). The laser beam is directed
along specific paths (2) partly overlapping major city thoroughfares (3) with heavy
traffic. These directions are selected on the basis of preliminary estimates (by, e.g.,
city monitoring network) of the presence of localized sources (4) emitting bio-
contaminants that are subsequently transported in the near-ground atmosphere by
PM. The PM sampling equipment (5) is placed close to the heavy-traffic spots, as
explained below. In this schematic the scanning LIDAR capabilities could provide an
effective coverage of too large areas of radius up to 25 km (1000 km” and more).

1.2.1 LIDAR sensing subsystem

LIDAR sensing subsystem for mapping the aerosol field above the sampling
device (5) (Figure1). An important point here is the contribution of the automobile
traffic creating sufficiently strong backscattered LIDAR signals due to the PM,
emitted by internal combustion engines. As these are formed at high tempera-
tures, the possibility of its initially containing microorganisms is negligible. The
hot PMs are then lifted up quickly in the air and enter the field of proliferation of
bio-contaminants originating from the sources (4) (Figure 1). Thus, PM serves as
a transport medium for the bioaerosols spreading over the city. In hours of heavy
traffic, the backscattered LIDAR signal from bioaerosol-bearing PM is strong
enough to allow remote sounding to distances of up to 10 km and more. After a
fast computer processing, the LIDAR maps constructed can directly be used by the
air-quality monitoring systems.

1.2.2 Sampling subsystem

It is described in detail below when we analyze the bio-contaminants found
in the LIDAR sounding zones. The sampling is independent of the LIDAR sub-
system, but it is important to synchronize the sampling time and duration with
the LIDAR sounding in the vicinity of the sampling site. The LIDAR map can be
used (with the aid of specialized algorithms) to establish the probable locations

4



Long-Distance LIDAR Mapping Schematic for Fast Monitoring of Bioaerosol Pollution over Large...
DOI: http://dx.doi.org/10.5772/intechopen.87031

of sources of PM and bio- and other pollutants. The sampling data allow us to
calibrate the LIDAR signal in terms of mass concentration (see below), thus short-
ening the time of reaction to the appearance of PM and other pollutants based on
LIDAR observations only. We should note here that the delay due to processing
the results as compared with the time necessary to process the LIDAR data (nearly
real time) will not cause problems in the functioning of the entire system together
with the city monitoring system. The sampling data will be saved and documented
and could thus be used at a later stage.

2. Techniques and equipment
2.1 LIDAR subsystem

The LIDAR subsystem used in the experiments described here is of the scanning
type with capability of scanning the entire hemisphere with an angular resolution
of ~1° and is part of the EARLINET and ACTRIS LIDAR Station of Institute of
Electronics—Bulgarian Academy of Sciences (IE-BAS) (see Figure 2a). It has been,
and is, used in a large number of experiments of observation, monitoring, and
mapping of the transport (including the transborder) of aerosol loadings over the
city of Sofia [15]. The emitter is a CuBr vapor laser, with an output power of 2-4 W,
pulse repetition rate of 5-10 kHz, and pulse duration of ~10 ns, the probing wave-
length emitted being 510.6 nm. The receiving part operates in a photon-counting
mode allowing sounding at distances up to Ry.x ~ 25-30 km [11]. The diameter of
the Cassegrain-type receiving telescope is 19 cm. The LIDAR profiles are recorded
and processed by a computer by the known algorithms [17, 18] and are then pre-
sented as multidimensional (depending on the sounding geometry) LIDAR maps.
The laser beam divergence after collimation is within 1-2 mrad and can be varied if
necessary. The receiving angle of the optical system can also be varied by varying
the diameter of the diaphragm in front of the photon counter. Further, the spatial
resolution is chosen within the 15-30 m range (usually 30 m); thus, the scattering
volume is about twice as large as the volume pumped during the time of measure-
ment by the aerosol sampler located nearby.

Figure 2b presents a vertical cross section of the atmosphere with origin at
the LIDAR station and directed to downtown Sofia along the city’s main thor-
oughfare, Tsarigradsko Chaussee Blvd. One clearly sees the vertical structure of
the atmospheric aerosol density (in terms of backscatter coefficient), comprising
a well-expressed ground layer with a height of 500-600 m, together with other

a)

Figure 2.

(a) Cu vapor LIDAR for atmospheric scanning; (b) LIDAR map of a vertical cross section of the atmosphere
with origin at the IE-BAS LIDAR Station; (c) LIDAR map of the near-ground atmosphere of a city zone with
high and low degree of PM pollution color-coded by brown and blue, respectively.
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aerosol formations of limited size. The aerosol loading of the near-ground layer
over the urbanized part of Sofia City Municipality is due to various sources (both
local and transborder), with the main one being heavy automobile traffic, which is
the subject of the present discussion. Figure 2c is a LIDAR map of part of the urban
area, where one can see again well-defined zones of high (brown) and low (blue)
MP pollution.

2.2 Calibration of LIDAR extinction and backscattering coefficients

Analyzing the PM aerosol loadings formed in the vicinity of heavy-traffic
urban areas and experimentally measured by the LIDAR technique schematically
presented in Figure 2, we were able to draw the important conclusion that the
mass concentration of the aerosol loading of hot PM emitted by internal combus-
tion engines is a key parameter when one applies a LIDAR-based methodology
to air-quality monitoring in a large city. We thus calibrated the two major LIDAR
parameters, namely, the extinction coefficient a(7) and the backscatter coefficient
p(r), in terms of the aerosol mass concentration following the well-known method
[17, 19] and making use of the mass concentration M, data obtained by the sampling
device. For the LIDAR ratio LiR = a(r)/(r), we adopted the typical value of LiR =
50 [16, 19]. The parameters () and a(r) were calculated using the LIDAR equation
under the assumption of a horizontally homogeneous atmosphere:

Pr) = Poc—zfcﬂ(;’) exp [—2/3005(7)617] 1)

r

where P(r) is the power of the detected laser radiation backscattered from the
atmosphere from a distance r = < after a period of time t following the moment of
laser pulse emission and 7 is the pulse duration. Under the homogeneity assump-
tion, the extinction coefficient o(r) is calculated as.

ar) = _1dSm) where S(r) = In [VZP(V)] (2)

2 dr’

Figure 3a and b presents the calibration dependencies of the mass concentration
in [mg/m3] of, respectively, a(r) and p(r). In both cases, the linear fit (Y = A + B.x)
shows acceptable values of the standard deviation (less than 4%) and the correla-
tion coefficient (over 0.92). The plots in Figure 3 can be used directly for calibrat-
ing the LIDAR maps, shown above, in mass concentration.

2.3 LIDAR images of PM fields along the sounding directions

The city of Sofia is located in a valley surrounded by several mountains, which
determine the meteorological conditions characterized by reduced possibility of
self-cleaning of the atmosphere. Near-ground temperature inversions occur very
often in the winter-spring transition period, on windless days, and in a stable
atmosphere, with negative ecological effects due to the retention layer formed
leading to increased concentration of pollutants in the boundary ground layer. The
weather particularities motivated our choice of period of experimental observa-
tions, namely, February-March 2018 and 2019.

The object of our studies was the air pollution on windless days at two typi-
cal urban area points. (i) Intensive traffic (IT)—Tsarigradsko Chaussee Blvd. is
the busiest thoroughfare in Sofia city with grade-separated dual carriageway in
almost its entire length of 11.4 km, running from the northwest to the southeast.
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Figure 3.

Calibration plots for divect calculation of the aevosol mass concentration by both the extinction (a) and
backscattering (b) coefficients.

The average intensity of the traffic according to Sofia Municipality is about 6000
vehicles per hour (Sofia Municipality Report 01.10.2017). The second sampling point
was located at (ii) green area (GA) which was chosen at about 6.5 km (600 m ASL)
from the LIDAR station on the roof of the Faculty of Biology of St. KI. Ohridski
University of Sofia; the building is located at a relatively busy thoroughfare, which
forms a borderline between a green residential area and the largest city park.

Our LIDAR observation schedule complied with the generally accepted manner of
measuring the aerosol mass concentration by air-quality monitoring systems. The sam-
pling device pumps atmospheric air through the filter (typically a volume of 60-100 m’)
for an interval of about a few hours. Thus, the laser beam was stationary and directed
to pass above the aspirator at a height of /ipy < 6R, 5R~30 m being the LIDAR’s radial
resolution (point 1, Figure 1). The height of placing the aspirator was also chosen to
comply with this condition, /g, < 6R. We thus could assume that we could neglect the
vertical inhomogeneities of the atmospheric density. The LIDAR signals represent the
number of backscattered photons Ly, (kSR,T,,), Where k = 1..K 1z, Kimax = Rmax/6R, and
T,, = 5 min are the time interval of photon accumulation. The total time of measure-
ment lasted from 1 to several hours, depending on the particular weather situation. The
computer system processes the input data by solving the LIDAR Eq. (1), with its output
being profiles of the backscatter coefficient f(kSR) or the extinction coefficient
e(kSR), as calibrated in terms of aerosol mass concentration (see Figure 3). The set of
LIDAR profiles obtained for the entire period of measurement is used to construct 3D
LIDAR maps, with the x axis presenting the accumulation time with a step of t,, = 5 min
and the y axis the distance from the LIDAR with a step 6R. The 2 axis corresponds to the
color-coded coefficients of backscatter or extinction. Thus, the position of the LIDAR
station on the map has coordinates (0,0) at the start of measurements.

The series of figures below presents a set of such 3D LIDAR maps illustrating the
aerosol loading space-time distribution within the region of LIDAR sounding and the
aerosol sampler disposition. Figure 4a and b is a 3D LIDAR map of the backscatter
coefficient distribution p(k.6R,jT,,), k = 1..K max, andj = 1..J may; the vertical axis
presents the distance to the LIDAR station with a step of 6R = 30 m and K;;,,x6R >
10 km, and the horizontal axis is the time (UTC) elapsed since the LIDAR sounding
start (step of 7, = 5 min). Figure 4a and b is 3D LIDAR maps of the backscatter coef-
ficient distribution p(k.6R,jT,), k = 1..K max, andj = 1..J may; the vertical axis presents
the distance to the LIDAR station with a step of 6R = 30 m and K,,,4.6R > 10 km, and
the horizontal axis is the time (UTC) elapsed since the LIDAR sounding starts (step
of 1,, = 5min). The duration of sounding 7, = J;maxTm exceeded 3 h.
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Figure 4.

(a and b) Hourly aevosol pollution loading (as 3D LIDAR maps) over the urban area with intensive traffic.
LIDAR image (c) is overlapped in vertical position on the Google Maps (d) of the Sofia central part. Position of
the LIDAR station is well seen. Such presentation is useful for simultaneous space-time tracing of the strong PM
formation over the monitored area. (e¢) and (f) 3D LIDAR mayps, demonstrating cases of complicated space-time
dynamics of aerosol fields, transporting bioaerosol, emitted mainly by diffevent local regions of the large city.

The backscatter coefficient p(k.6R,j,,) is color-coded in terms of mass concentra-
tion, with the dark brown areas corresponding to the zones of the highest PM concen-
tration and the light blue ones, to the lowest PM concentration. As seen, this approach
allowed to follow the temporal behavior of the PM aerosol loading along the LIDAR
sounding path to a distance of more than 10 km. For example, Figure 4a demonstrates
that in the early afternoon hours, where the automobile traffic is relatively light,
the aerosol loading is low, especially in the zones away from the downtown area. As
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the working day is nearing its end, the traffic intensity rises, and, correspondingly, the
LIDAR response shows increasing mass concentration along the boulevard. The dis-
tances near the LIDAR station are characterized by very high mass concentration, since
the LIDAR station (IE-BAS) is located close to the busy road junction—Tsarigradsko
Chaussee Blvd. crossing with another four-lane boulevard. The image in Figure 4b
illustrates the passing of a larger aerosol formation of length to the order of 8 km along
the boulevard. In such cases we typically founded heavy bioaerosol loadings, emitted
by the near disposed populated regions of limited areas of order of 1-2 km”.

The images in Figure 4c illustrate a relatively small aerosol formation (as in
Figure 4b), passing near the LIDAR station. The same image can be overlapped
(in vertical disposition) on the Google Maps of the Sofia central part (Figure 4c)
for better identification of the disposition of the emitted aerosol formation.

We should emphasize here the important point that the LIDAR maps can be
used to follow the bioaerosol transport and to estimate the probable location of their
sources. One could also draw the conclusion that, when the methodology discussed is
employed, the sampling device location is not so critical in what concerns observing
microorganisms in the air and establishing the contamination sources. The incorpora-
tion of the proposed LIDAR-based methodology into the city monitoring system could
provide many additional advantages, such as forecasting the effects of selected bioaero-
sol loadings on the entire large city area, e.g., using modeling algorithms. The success-
ful scanning by the LIDAR system in different directions (see Figure 1) could provide
additional information for improving the local authorities’ decision-making process.

2.4 Sampling and analytical methods

In the experiments presented, we directed the LIDAR beam to intense traffic
area and green area to probe the near-surface atmosphere in a constant horizontal
direction. The measurement time covered practically the entire period of the late
afternoon traffic maximums, while maximums of the PM pollutions were clearly
observed in the backscattered LIDAR signals, as received and processed by our
system. The samples were taken in situ using a Hygitest 106 (Maimex), a high-
efficiency portable device for sampling and concentration determination of PM in
atmospheric aerosol. The apparatus allows simultaneously to take samples at four
canals with a possibility to regulate the volume of air passing through the filters.
The flow-rate of the aspirated air was measured by the sampling unit. The sampled
volume was chosen to be smaller than the LIDAR resolution volume (typically
~250-300 m’).

The dust was collected on a filter (borosilicon oxide) with #3 pm and #8 pm
(FILTER-LAB, Material MCE, Lot.180509006 and 07). Also analytical filters
#0.2 pm type FPP-15-2568-411-05795731-2008 were used, consisting of a layer of
ultrathin threads (diameter of 1.5 pm) deposited on a piece of fabric and designed
to collect aerosol particles of size exceeding 0.2 pm. Additionally, the material
collected in situ on the filters after 3 h of aspiration during the LIDAR monitoring
was studied by a number of methods: metal analysis (MA) has been carried out by
devices and equipment—ICP-OES, PlasmaQuant PQ 9000 Elite (Analytik Jena),
sample visualization, and PM morphological by scanning electron microscopy
(SEM) and energy-dispersive and X-ray fluorescence systems (EDAX). Chemical
composition, phase analysis, and particle size distribution were made using powder
X-ray diffraction (XRD), photoelectron spectroscopy (XPS), and infrared (IR)
spectroscopy. Phase identification was performed with the X-Pert program using
ICDD-PDF2. Important tools for structural measurement was Mossbauer analysis
which was made using apparatus Wissenschaftliche Elektronik GmbH, working
with a constant acceleration mode: 57Co/Cr source, a-Fe standard. The sampling

9
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for investigation of microbiota in bioaerosols formed was achieved using a Hygitest
106 and axa replica technique on nutrient agar as well as Koch sedimentation
method. Different elective media as nutrient agar; nutrient media for oligotrophs,
actinomycetes, and fungi; blood agar; phenylethyl alcohol agar; MacConkey agar;
and bacteria mobility-test medium [17] were used. Culturable bacteria isolated as
pure cultures were identified by the methods of classical taxonomy [18] and the
methods of the molecular taxonomy based on the PCR of 16S rDNA with universal
eubacterial primers [20]. Molecular identification of the fungal strains was per-
formed by PCR of the rDNA internal transcribed spacers (ITS) and primers ITS1
and ITS4 [21]. Positive PCR products were purified and sequenced (Macrogen Inc.
Amsterdam, The Netherlands).

3. Particulate matter characterization

The natural aerosols are mixture of PM with highly varied crystallo-chemical
structure bioaerosols, which are mixture from fungal spores, pollen, plant, etc. The
particle research evaluation is a need for integrating the development of continu-
ous monitoring technologies for determining both particle mass and chemical,
physical, and biological methods for their identification. Such studies are of
importance in determining the health and welfare effects of urban pollution and
city transportation planning. As illustrated by Figure 4, we proved the possibility of
a fast detailed remote analysis and monitoring of the air pollution over large urban
regions, providing fast estimates of the air pollution transport over the city, as well
as determination of pollution source location. Once a place of high PM concentra-
tion was localized by the LIDAR, samples were taken as described above. Initially,
the particles were immobilized on single or multiple filters. This was followed by
covering with a conductive carbon film deposited by sputtering of spectroscopically
pure carbon in high vacuum. The experimental procedure allows for observing the
particles’ morphology and determining their mean size (Figure 5a and b) by means
of SEM, EDAX, and MA.

The SEM images of the material collected on the filters after 3 h of aspiration
during the LIDAR monitoring showed a large amount of particles larger than
2.5 pm and some amount of small particles (under 2.5 pm); most of the particles
are included in quasi-aggregated structures, where nanosized particles could also
be seen. Figure 5a illustrates the wide variety of quasi-spherical particles with an

(b)

Figure 5.
SEM images of the particles under different magnification; the fibers veveal the filter structure of (a) PM with
sige > 3 pm and (b) PM with size between 0.2 and 3 ym.

10
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average size of about 2.5 pm. Figure 5b shows a typical shape of PM particles with
sizes between 2.5 and 10 pm, which are agglomerates of hybrid origin.

3.1 Particulate matter distribution and metal’s concentration analysis

Diameters of the PM varied from 20 nm to a more than 10 pm for pollen or plant
debris [22-24]. After selecting typical particle images based on 10 points on the
filter’s surface, the percentage distribution of the particles with different sizes was
obtained. The particles’ size distribution study was conducted following the tech-
nique of random lines crossing particles of various diameters on optical microscopy
and SEM images of immobilized PM particles under different magnification.

The SEM images of the material collected on the filters after 3 h of aspiration
during the LIDAR monitoring showed a large amount of particles. The airborne PM
can be divided into three classes (Figure 6), fine PM particles 2.5 pm in diameter or
smaller, coarse PM particles 2.5-10 pm in diameter, and PM > 10 pm, which differ
not only in size but also in source, chemical composition, physical properties, and
formation process. Major sources of PM, 5 could be produced by motor vehicles,
residential fireplace fossil fuel combustion by industry and wood stoves, vegetation
burning, and smelting or other processes [25]. Our investigation for the period of
2 years showed that in the intensive traffic area, the majority of the particles are
smaller than 10 pm as produced by automobile exhaust emissions, while in the
green area, bigger particles appeared most probably from the wooded zone.

The studies conducted during the winter-spring transition period of 2018 and
2019 highlighted the alarming trend of increased content of the Cu, Fe, and Zn
metals over the permissible concentration values [25]. Figure 7 presents summa-
rized data for two of the locations (blue is limited value, red dot is intensive traffic,
and green dot is green area) that were objects of our studies considered here.

The above results were confirmed by EDAX measurements of PM collected by
the functional filters. Figures 8 and 9 demonstrate the presence of Cu and Fe. Less
frequently, the presence of Pb was also noticed, again exceeding the permissible
concentration values (Figure 8).

3.2 Crystallo-chemical structure of PM

Great attention in the physicochemical characterization of investigated PM
samples was paid to compounds related to the observed overconcentrations of cer-
tain elements (Figure 5). The chemical elements are varying from main component
level to trace elements. Figure 10 shows the representative powder X-ray diffraction

50% -

40% -

30% . -

20% B PM<2.5 um

10% - M PM2.5+10 um
0% - — ___ . = PM210 pum

Intensive Green Area Intensive Green Area
Traffic 2018 2018 Traffic 2019 2019

Figure 6.
Particle size distribution in two points in the urban avea of Sofia City (for period of investigation February—
April 2018 and 2019).
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Metals with concentrations exceeding the permissible limiting values (LV); the blue bars indicate the LV
(annual average of mg/m’), and the ved and green bars indicate the avevage concentrations in an intensive
traffic (IT) and a green avea (GA), respectively, as estimated by our LIDAR measurements.

Figure 8.
EDS spectrum of element analysis and the insert presents SEM image of the element’s distribution on the fixed
particle adsorbed on the filters from IT zone (23.03.2019).

patterns of studied PM samples originated from different areas (IT and GA).

The existence of low intensity and broad X-ray diffraction peaks laid on nonselective
background in all registered patterns was observed. The main crystallite phases
detected in X-ray diffractograms are silicates and aluminosilicates and carbonates.
Lesser amounts of different sulfates were found also. Registered X-ray amorphous
halos and nonselective background together with small intensity and high width
of diffraction peaks of all registered crystallite phases indicate nearly amorphous
structure, small particle size, and low crystallinity degree of PM material from
both studied locations. The observations are in good consideration with obtained
elemental composition and SEM analysis of studied materials. Regarding both
analyses it could be concluded that PM greatly vary in size from nanometers to
several tenths of micrometers. However, most of the particles on SEM images are
aggregates of smaller particles (Figure 8).

Based on the obtained big iron content in studied PM, >’Fe Mossbauer
spectroscopy was applied to investigate samples. It allows to go deeper into the
PM characteristics and to make more clear conclusions about the presented
iron-bearing chemical compounds, their quantity, and dispersion. Represented
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Figure 9.
EDS spectrum of element analysis and the insert presents SEM image of the element’s distribution on the fixed
pavrticle adsorbed on the filters from IT zone (23.03.2019).
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Figure 10.
Representative X-ray diffraction patterns of studied powder PM originated from IT (A) and GA (B).

Méssbauer spectra of samples can be seen on Figure 11. Sextet and doublet com-
ponents were obtained after spectrum evaluation. They have the characteristic
parameters of phases presented on the respective figures (Figure 11A and B).

The main differences between studied PM from IT and GA could be regarded to
quantity of presented phases and their particle size. After spectrum evaluation

the sextet components with hyperfine parameters characteristic for spinel phase
were resolved, highly non-stoichiometric magnetite Fe;_,O, phase (or maghemite
phase y-Fe,0;) in all studied samples. Their quantity is much bigger in high-traffic
area than in residence green area (29% vs. 12%). On the other hand, the calculated
values of hyperfine effective fields of all registered magnetic phases (both spinel
and hematite phase) are lower than the typical ones for the respective bulk phases.
So it can be concluded that the particle size of these oxide phases is lower than

20 nm [26, 27]. Hematite phase dispersion is almost the same in IT and GA samples,
but maghemite/magnetite phase particle size is smaller in IT area. It can be well
seen on Figure 11 that the doublet components are the main part of all PM spectra.
According to the calculated hyperfine parameters of these doublets and comparison
with previous investigations, it can be concluded that the majority of Fe-bearing
compounds in IT PM are superparamagnetic (SPM) phases with nanometric size
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Representative Mossbauer spectra of studied powder PM oviginated from IT (A) and GA (B)

(oxides or hydroxides). Fe’* in paramagnetic phases as glass phases, sulfates, clay
minerals, etc. is also presented in both locations (also in this component) [28]. Fe?*
was found in paramagnetic component indicative for the presence of aluminosili-
cate glass, ankerite, iron-containing carbonates or clay minerals, etc. [29]. The last
component is the largest component in GA Mdéessbauer spectrum (see Figure 11B).

Comparative analysis of registered FTIR spectra of PM reveals appearance and
increasing of bands typical for the organic compounds and inorganic salts (mainly
sulfates and phosphates) typically presented on the surface of studied particles
[30]. Obtained results indicate that silicates contributed to the highest percentage of
total analyzed IR spectra signal for particles at both locations. Organic compounds
are hydrocarbons and substituted hydrocarbons, adsorbed CO, etc. They could
be regarded to partially oxidized products of fuel combustion. Registered X-ray
photoelectron spectra of samples gave additional information for presented surface
elements and their concentrations and chemical state. C, O, Si, Al, Ca, N, Na, and S
have been detected on the PM surface. The determined binding energies are typical
for Si-0O, Al-Si-O, Ca-CO;, C-H-N, C-H-NOx, C-H-N-CI, Na-C-H-N-Cl, Cu-Cl-C-N-
H-O, and Cu-O bonding, respectively [31]. Trace levels of Fe, Cu, Zn, and Cl were
also found, and this could be related to automobile exhaust emissions and to brakes
and tire wear. So, the analysis shows that the surface of investigated PM sample
consists mainly of silicate and aluminosilicate compounds, as well as of different
organic and inorganic carbon phases/carbonaceous species. XPS showed the pres-
ence of carbon black, which was attributed to the oxidative wear and subsequent
deposition from related volatiles, as well as of graphitic particles emitted as a result
of abrasive wear. The last one was registered in XRD patterns also. According to
the literature data, most of the surface carbon comes from burning of fossil fuels,
which is not surprising as all the samples were collected in winter period [32].

The analysis of obtained results using different characterization methods—
XRD, Mossbauer, IR, and XPS—allows us to make conclusions about chemical
composition of studied airborne PM, as well as about the quantity, crystallinity
degree, and dispersion of compounds. The main phases registered in samples from
both IT and GA are silicate, aluminosilicate, clay minerals, and sulfate compounds,
as well as organic and inorganic (carbonate and coal) carbon phases. Elemental
analysis showed that the Fe is the dominated metallic content in high-traffic area.
The obtained bigger than usual content of iron in PM could be regarded to the
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airborne particles produced by transport and mainly by car engine performance
[33]. This also explained the observation of higher iron content in IT samples
compared to those from GA. On the other hand, Fe, Cu, Zn, Pb, and S in relatively
high concentrations in all measured airborne PM (see Figure 7) could be regarded
to abrasion of car brake lining material. Although the Pb is having been replaced
in modern brake linings, the presence of cars older than 15-20 years is probably
the explanation of registered Pb content in studied PM. This is an important issue
for further regulations. Smaller quantity of other metals as Ba, Mg, Ni, and K

has been found, which also could be considered as a result of car lining wear. Fe
domination among trace elements was attributed to the easiest fragmentation of
Cu, Zn, and Sn due to their lower mechanical properties, as well as their lower
melting points, compared to steel and cast iron. Therefore, car braking could be
considered to be one of the major sources of nonexhaust traffic-related emissions
in all urban locations. The main source of silicate and aluminosilicate compounds
could be considered to be mostly natural (silicate, aluminosilicate, clay minerals).
The anthropogenic factors in PM formation are connected with street and house
reparation activities. The noticeable concentrations of organic substances and
elemental carbon have been recognized as a result of incomplete fuel combustion,
lubricant volatilization during the combustion procedure, and residuals from the
exhaust gases originating from power plants, small houses and different engines,
road surface wear, etc. [34-37].

3.3 Bioaerosols

Bioaerosols may contain pollen, bacteria, actinomycetes, fungal spores, and
sneezing and cough drops, as well as endotoxins, mycotoxins, and allergens. A
number of studies have shown that bacteria in the air most commonly coexist
with particulate matter and are thus transported over long distances [38, 39]. The
average residence time of bioaerosols in the atmosphere may be from day to several
weeks, depending on their size and aerodynamic properties [40]. Larger bioaerosol
particles are retained in the upper airways of the human (oral and nasal cavi-
ties), while smaller ones can reach the lower pathways in the lungs [41, 42]. They
can have a different negative effect on humans (infectious diseases, toxic effects,
allergies, and even cancers). Most commonly, the symptoms and diseases result-
ing from the inhalation of bioaerosols are related to the respiratory system. Causes
of some human infections, such as measles or tuberculosis, can spread through
bioaerosols containing infectious microorganisms [43, 44]. Fungal spores, as part
of bioaerosol particles, are most often associated with asthmatic symptoms and are
arisk factor for various respiratory problems. Pulmonary plague caused by Yersinia
pestis can spread after inhalation of bioaerosol particles containing the pathogen.
Qualitative and quantitative composition of microorganisms varies greatly [2]. In
the air over Erdemli, Turkey, during the passage of Saharan dust in March 2002,
bacteria belonging to seven genera were isolated, and the majority of the species
were referred to the genus Streptomyces [45]. In Bamako, Mali, representatives of
20 genera were identified during the passage of a large amount of desert dust,
with Bacillus species representing 38% of all isolates, followed by genera Kocuria
(12.8%), Saccharococcus (74%), and Micrococcus (6.4%). From the 95 species of
bacteria identified in this study, about 10% are potential pathogens in animals, 5%
are phytopathogens, and 25% are opportunistic human pathogens [46].

Eukaryotic microorganisms from genera Cladosporium, Alternaria, and
Epicoccum are the dominant species found in open air in different parts of the
world, while species of the genera Penicillium and Aspergillus are more often
isolated from enclosed spaces [47]. Saharan sandstorms are responsible for the
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transmission of pathogens associated with widespread coral infections (predomi-
nantly Aspergillus genus) in the Caribbean region [48-50].

The concentration of bioaerosol particles varies greatly depending on the
weather, location, and annual seasons. The wind, rain, solar radiation, and ozone
are factors that influence the concentration of microorganisms in the air and
may even have a bactericidal effect. The survival of bacteria in the air decreases
with increasing temperatures as it begins to decrease when temperatures exceed
24°C [44-52]. High relative humidity (RH) can significantly reduce the bacteri-
cidal effect of ultraviolet light and hence increase the survival of bacteria [53].
Quantitative composition also influences some pollutants in the air, for example,
formaldehyde, acrolein, ozone, and sulfur dioxide, which have a negative effect
on the viability of the bacteria [54]. Due to the strong influence of these factors,
the quantitative composition of the air microbiota is unstable and depends on
local sources of pollution. Statistics based on the results of the US Environmental
Protection Agency study show that bacterial concentration in open spaces is higher
than in indoor pools [55]. The average concentration of all bacteria isolated from
outdoor air is 10> CFU/m’. Ninety-five percent of the culturable bacteria are meso-
philic. In a study conducted in the United States, it has been found that the con-
centration of fungi is usually higher in open spaces than in the indoor. The highest
concentration of fungi is measured in autumn and summer and the lowest in winter
and spring. In open spaces, the concentration of fungi varies strongly from 1 to
8200 CFU/m’ of air, with an average count of about 540 CFU/m? [56].

Fungi and their spores are more resistant to stress in the air environment than
viruses and vegetative cells of the bacteria [44, 52]. Higher temperatures, wet
substrates, and humidity provide favorable conditions for fungal development [57].
The quantitative analysis of the microbiome of air bioaerosols in the points tested
reviled the presence of aerobic heterotrophic and oligotrophic microorganisms and
fungi (Tables1 and 2).

The analysis of the results obtained show that the quantities of the heterotrophic
and oligotrophic microorganisms in the air of the first location mentioned are sig-
nificantly higher. It is also obvious that the levels of these microorganisms in both
points had a tendency to decrease during warm summer period, which correlated
with lower urban traffic at this period. It must be noted that the quantity of fungi in
the second location is significantly higher than the detected levels in the first one,
but there is a tendency to increase during spring-summer period. The results are
similar to those found by other authors [45, 46, 58-60]. Fifty-six pure cultures iso-
lated from both points tested subjected to taxonomic investigation. More than 45%
of the isolates are Gram-positive and belong to genus Bacillus (B. cereus, B. pumilus,
B. subtilis, B. megaterium, B. thuringiensis, and B. mycoides are the dominant species).
Information about the prevalence of such bacteria in similar sampling locations is
available in the literature [39, 58, 60, 61].

Microorganisms Quantity of the detected microorganisms
CFU/m’

Sampling Sampling Sampling Sampling

January May August November
Heterotrophic MO 64,256 + 2.1 36,343 £ 2.4 32,147 £ 3.1 50,382 +£1.5
Oligotrophic MO 56,950 2.5 29,412 + 1.8 27,876 + 1.1 52,356 + 2.3
Fungi 3747 £ 1.1 5223 +21 5322+ 1.7 3245+1.2

Table 1.

Quantitative analysis of culturable microorganisms in the air of the intense traffic.

16



Long-Distance LIDAR Mapping Schematic for Fast Monitoring of Bioaerosol Pollution over Large...
DOI: http://dx.doi.org/10.5772/intechopen.87031

Microorganisms Quantity of detected microorganisms
CFU/m’

Sampling Sampling Sampling Sampling

January May August November
Heterotrophic MO 9741 + 1.1 6182 +2.1 5932 + 1.8 83,462 +1.3
Oligotrophic MO 9086 +1.9 4777 +11 5323 +2.2 10,321 +2.1
Fungi 2248 + 1.7 8992 +1.3 6332+ 0.9 4672+11

Table 2.

Quantitative analysis of culturable microorganisms in the air of the point green avea.

The molecular analysis and sequencing confirmed these results. Erwinia herbi-
cola was the dominant species from family Enterobacteriaceae. Bacillus megaterium
and Bacillus pumilus as well as Rathayibacter caricis, Arthrobacter sp. FX]8.160,
Acidovorax sp. NA2, Plantibacter flavus, and Kocuria rosea were most frequently
isolated. It can be summarized that from the group of Gram-positive bacteria in
both locations, 48% of the isolates were related to Bacillus genus; 21% of all isolates
were related to the Enterobacteriaceae family; 10% were related to the Arthrobacter
genus; 4% were related to the genus Exiguobacteria; and 2% of the isolated micro-
organisms were related to the genera Staphylococcus, Acidovorax, Plantibacter,
Gordonia, Streptomyces, Kocuria, and Rathayibacter. It is noteworthy that contingent
pathogens (Bacillus cereus, Bacillus pumilus, Erwinia herbicola, Enterobacter aero-
genes) are found among the isolates and such pathogens are also found in other
studies of airborne microbial load [45]. Representatives of the genus Gordonia are
conditionally pathogenic and isolated from sick patients. Representatives of the
genus Kocuria are part of the resident microflora of the skin and mouth in humans
but are also widespread in all elements of the environment. Representatives of the
genus Rathayibacter cause serious damage to the nervous system.

Fungal isolates from both points investigated belong mainly to genera Aspergillus
(Aspergillus fumigatus, Aspergillus versicolor), Penicillium (P. sanguifluum, P. chrysoge-
num, P. brevicompactum), Cladosporium (C. sphaerospermum), Botrytis (B. cinerea),
and Symmetrospora. Some of these fungi isolated are typical human pathogens
[47-49]. All these findings confirmed the idea that the investigations on particular
matters (PM) must combine obligatory with analyzing of the microbiota in air
aerosols.

4, Conclusions

The LIDAR monitoring methodology discussed opens up possibilities for
rapid space-time identification and characterization of physicochemical and
bio-pollution processes over the entire territory of large cities without affecting the
normal living patterns of the city residents. Remote sensing allows one to locate
the occurrence of pollution, which can be easily combined with in situ sampling.
The experimental results described above clearly showed that at points of extreme
pollution, the small-size particles (less than 2.5 pm) predominated in areas of heavy
traffic, while nanosized PM were also found. Further, in intensive traffic areas, we
observed metal particles, whose concentrations exceeded the maximal admissible
levels. LIDAR sounding of “greener” areas revealed the predominant presence
of particles with sizes >10 pm; the analyses conducted indicated their prevailing
biological origin. The LIDAR maps created can be further used for tracing the full
air-mass transport, carrying contamination from a number of pollution sources
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(chemical, biological, dust, etc.) distributed over the scanned region. Finally, we
should emphasize the simplicity of the LIDAR and the aerosol sampling equipment
used and, thus, the possibilities for its wide use in any populated region, where
keeping the air quality within tolerable levels is problematic. We should once again
note that methodology developed affects negligibly the residents’ lifestyle in urban
regions. Therefore, it is our belief that it offers promising paths for wide application
in air-quality monitoring in highly polluted large urban areas.
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