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Abstract: Bioaerosols play a significant role in climate change and variation of ecological
environment. To investigate characterization of atmospheric bioaerosols, we conducted lidar
measurement for observing bioaerosols close to dust sources over northwest China in April,
2014. The developed lidar system can not only allowed us to measure the 32-channel fluorescent
spectrum between 343 nm to 526 nm with a spectral resolution of 5.8 nm but also simultaneously
detect polarisation measurements at 355 nm and 532 nm, as well as Raman scattering signals at
387 nm and 407 nm. According to the findings, the lidar system was able to pick up the robust
fluorescence signal emitted by dust aerosols. Especially the polluted dust, the fluorescence
efficiency could reach 0.17. In addition, the efficiency of single-band fluorescence typically
rises as the wavelength goes up and the ratio of fluorescence efficiency of polluted dust, dust,
air pollutant and background aerosols is about 4:3:8:2. Moreover, our results demonstrate that
simultaneous measurements of depolarization at 532 nm and fluorescence could better distinguish
fluorescent aerosols than those at 355 nm. This study enhances the ability of laser remote sensing
for real-time detecting bioaerosol in the atmosphere.
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1. Introduction

Aerosols that contain microorganisms or are derived from biological substances and have a
diameter of fewer than 100 microns are referred to as biological aerosols. Examples of biological
aerosols include PM, 5, PM g, and other atmospheric particles that are suspended in a large
number of bacteria, viruses, fungi, sensitized pollen, and parasitic ovum [1]. Bioaerosols have
the potential to affect the microphysical characteristics of clouds as well as precipitation. It
is also capable of taking part in chemical and physical processes in the atmosphere, as well
as having an impact on atmospheric composition and radiative forcing [2]. Després et al. [3]
found that bioaerosols can more efficiently and easily act as cloud condensation (CCN) or ice
nuclei (IN) than most other types of aerosol particles. Ginoux et al. [4] estimated that about
2000 tons of dust are injected into the atmosphere every year. Every year, massive sandstorms
release bioaerosols into the air, drastically decreasing air quality and leading to serious pollutant
events that have devastating effects on human health, especially in the form of respiratory and
cardiovascular diseases [5].

Extensive research confirms that indeed dust can act as a transport medium for bioaerosols
over long distances [6,7]. According to data collected in Japan, bacterial levels in the air tend to
rise dramatically during dust events [8]. Conditions for the emission and dispersion of bioaerosol
are provided by dust, which acts as a transport carrier [9]. In their study, Prospero et al. [10]
found that long-distance transport of living microorganisms may have significant contributions
from arid regions. Studies by Maki et al. [11] found that bacilli are commonly found on Asian
dust that has been transported outside of the region.
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Currently, development of ultraviolet light-induced fluorescence (UV-LIF) instruments, such
as the wideband integrated bioaerosol sensor (WIBS), the ultraviolet aerodynamic particle
sizer spectrometer (UV-APS) have allowed real-time collection of aerosol information [12,13].
The principle of detection relies on the ability of bioaerosols to efficiently produce wideband
fluorescence emissions when exposed to UV radiation [14]. The resulting fluorescence spec-
troscopy can be used to extensively classify organic compounds, whereas the fluorescence of
non-organic compounds in atmospheric aerosols is typically weak [15]. Previous work has
showed that differences in the autofluorescence intensity of different bioaerosols can distinguish
and count bioaerosols in real time [16,17]. A strong fluorescent signal in the water-vapor Raman
channel from forest-fire smoke has been reported by Immler et al. [18]. The two-wavelength
excitation method has been shown to be useful for distinguishing between bacterial spores,
vegetative bacterial cells, and proteins [19]. Additionally, measurements by a developed mobile
laser-induced fluorescence spectrum lidar show that for the 355 nm stimulating wavelength, the
fluorescence spectra of various pollen grains have maxima in the 400-600 nm range and an
intensity peak at around 460 nm [20]. There have been scant spectroscopic lidar system-based
studies of bioaerosols in dust in northwest China, and there is still a dearth of observation data
from great heights. In April of 2014, researchers in northwest China used a new spectroscopic
lidar system to observe dust-bioaerosols in the atmosphere and the vertical structure of fluorescent
aerosols within the boundary layer. The system is designed for simultaneous detection of elastic
and Raman backscattering, allowing the so-called 23 + 2o + 28 data configuration, including two
particle backscattering coefficients (B3ss, Bs32), two extinction coefficients (EXT3ss5, EXTs3)
and two volume depolarization ratios (VDR3s5, VDR53,). The paper is structured as follows:
Section 2 provides a brief description of the lidar system and the data processing method, while
Section 3-4 provides the results and discussion. Finally, Section 5 summarizes the conclusions.

2. Lidar system and methods

The field experiment was conducted on farmland in Linze site, Gansu Province in northwest
China (39.05°N, 100.12°E); this area is situated in the middle of the Hexi Corridor (1579 m
above sea level). The Hexi Corridor is a long, thin area formed by mountains on both its northern
and southern sides, giving it a roughly northwest-southeast orientation. Southwest of the Badain
Jaran desert, with the Taklimakan desert to the west, is where you’ll find this particular spot.
The ground-based lidar system of Lanzhou University was used for this campaign from 10 to 28
April 2014, which can collect the backscattering signals of 532 nm, 355 nm and 32 fluorescence
channels simultaneously. The lidar system employs an Nd: YAG laser. Lasers are collimated and
amplified by beam expanders. The backscattering signals are picked up by a telescope with a
400 mm aperture. Polarizing beamsplitters separate the 532 nm and 355 nm signals into their
parallel and vertical components, which are then picked up by photomultiplier tubes (PMT).
Using an excitation wavelength of 355 nm, a 32-channel spectrometer with spectral resolutions
of 5.8 nm can detect the fluorescent spectrum from atmospheric aerosols. The spectrometer
works by first transforming the signal into parallel light, then splitting it with a diffraction
grating, then converting it into an electrical signal with a PMT array consisting of 32 individual
photomultipliers, and finally saving the data to a computer by counting individual photons. The
grating equation is:

d(sina + sin 8) = mA (1

where, d is the grating constant; o and {3 are incidence angles and diffraction angles, respectively.
m is the diffraction order; A is the diffraction wavelength.

The spectrum received by the spectrometer is continuous between 358 and 526 nanometers.
The effective fluorescence spectrum was determined to be the range from 420 nm to 520 nm
after taking into account the impact of atmospheric main gases like O,, N, and H,O Raman
and the dependability of spectral edge. The spatial and temporal resolution of the meter signal



Research Article Vol. 31, No. 13/19 Jun 2023/ Optics Express 22159 |

Optics EXPRESS : N

are 2 min and 3.75 m, and the fluorescence signal are 3 min and 15 m, respectively. The
developed Mie-Raman fluorescence spectrum UV polarization lidar that was used in this paper is
illustrated with a schematic diagram in Fig. 1. The unprocessed signals were first pre-processed
by subtracting the background, correcting the range, correcting the overlap, and calibrating the
polarization [21-23]. Calibration of the spectrometer data is required due to the fact that the
sensitivity of the response of each channel detection unit to the signal varies. The fluorescence
measurements were performed at night only because of solar background radiation. It is required
to calibrate the spectrometer data because each channel detection unit responds to signals with a
varied degree of sensitivity [24]. The general formula is as follows [25]:

Ps(r) = CP—;)O(r)ﬁ(r) exp (—2 /V a/(r')dr') + Py 2)
r 0

where Py and P(r) are respectively transmitted power and received echo signal intensity; r is
the distance between lidar and particulate matter; C is the lidar system constant; O(r) is the
geometrical overlap factor; 3 and a are the backscattering coefficient and extinction coefficient
(EXT), respectively. Py, is the background signal, including the signal from the external
environment and the noise inside the system.

Nd:YAG Laser Beam Expander |

532
Beam Expander

32-anode PMT

i U fite
U 343-526 nm

Spectrograph
Fig. 1. Schematic diagram of the spectroscopic lidar system developed in this study.

The principle of Raman scattering between laser and matter is at the heart of Raman lidar
technology [26]. If 355 nm is used as the excitation wavelength, N, and H,O in the atmosphere
can generate Raman frequency shift due to energy exchange, which is 387 nm and 407 nm
respectively. Raman signals of N, can be expressed as:

Py, (r) = CPoO(r)Bn, exp {— /0 r [ao (') + CYNZ(V')]dr'} 3

Since there was no Raman signal at 607 nm, we determined the extinction coefficient and
backscattering coeflicient at 532 nm by use of the Fernald method [27,28].

The fluorescence backscattering coeflicient also can calculated from the ratio of fluorescence
and N, Raman backscattering, as described in Veselovskii et al. [29]. The fluorescence signal in
the different wavelength can be expressed as,

PF(/L I") = CPOO(r)ﬁF exp {—‘/0 [Q/O(/l’ r’) + aF(/l, rl)]dr/} (4)
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The total depolarization ratio of air molecules and particles is known as the volume de-
polarization ratio (VDR), and its value can be utilized to differentiate between spherical and
non-spherical particles, especially in dust detection [30-33]. The VDR can be calculated by
multiplying the calibration factor with the ratio of vertical channel to parallel channel and the
ratio of VDR53,/VDR3s5 is defined as a parameter to distinguish dust and pollutant [34]:

VDR = — )

The color ratio (CR) is related to the size of aerosols, in which large color ratios corresponds
to coarse particle [35]:

P
CR = =22 (6)

Piss
We calculated the fluorescence efficiency (1) according to the method of Sugimoto et al. [36].
whose experiment proved that the fluorescence efficiency could effectively reflect the fluorescence
of aerosols.
SSA  Br
1-SSA g

Here, Pr is the backward fluorescence coeflicient, f3 is the backscattering coefficient and 1 is
the fluorescence efficiency. The factor f represents the difference between the Mie scattering
phase function and that for fluorescence. SSA is the aerosol single-scattering albedo. Since there
is no measured data, in this study, it is assumed that the SSA of dust and background aerosol is
0.9, that of polluted dust is 0.95, and that of air pollutant is 0.99 [36,37].

Figure 2 displays the results of the observations of PM; 5 and the absorption coefficient in rural
Linze. PM; s was collected by TEOM RP1400 and the absorption coefficient was calculated
from the black carbon concentration obtained by the AE31. During non-pollution times, both
PM, 5 and absorption coefficient were low, but during polluted times, they rose dramatically.
Recent decades have seen research into using lidar data for the purpose of identifying aerosol
types [38—40]. Miiller et al. [41] have reported that the wavelength dependence of the lidar ratio
can be used to distinguish urban aerosols from smoke aerosols. Depolarization color ratio was
found to be useful in characterizing smoke from biomass burning and urban pollution by Foy et
al. [42]. The work of Burton et al. [43] builds upon that of previous researchers by using the
HSRL’s measurements of aerosol intensive parameters to develop a comprehensive and unified
set of rules for characterizing the external mixing of several key aerosol intensive parameters.
These include the lidar ratio, the backscatter color ratio, and the depolarization ratio. According
to studies conducted by Filonchyk et al. [44], the peak seasons for pollution in northwest China
are the winter and spring months. This is because dust activity increases in the spring, while
household heating systems release more pollutants in the winter. Because of this variability in
composition, the optical and radiative properties of atmospheric aerosols are altered by their
presence. Based on lidar data and in-situ observations, four types of aerosols were chosen for
further study. Shadows in blue represent background aerosol, yellow dust, green polluted dust,
and gray air pollutants.

n=f (7

2.1.  Characteristics of background aerosol over the observation site

Aerosol over the observation site is affected not just by dust, but also by human activities,
particularly those related to local agricultural and animal husbandry [45], as shown by long-term
observations conducted at the University of Lanzhou. Background aerosol characteristics,
including EXT, VDR, CR and VDRj53,/VDRa3s5s at two wavelengths, were observed on 20-21
April 2014, and are displayed vertically in Fig. 3 (b,c,e,f). The EXT at both wavelengths were
close, varying in the 0.1-0.3km™! range, which indicates that the aerosol concentration was
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Fig. 2. Variations in PM, 5 and absorption coefficient near the ground surface during
April 2014 at Linze. The shadows in blue represent background aerosol, yellow dust, green
polluted dust, and gray air pollutants.

low. In-situ measurements corroborate these low results for PM; 5 and absorption coefficient
(Fig. 2). However, the CR was large with a maximum value of 1.5, which may be due to the
small backward signal of the background aerosols. Two of the wavelengths had the volume
depolarization ratios < 0.2, while the VDRs3,/VDR355 ranged from 1.2 to 1.6 and VDRs3, was
larger than VDR3s5 from 200-700 m. Also, by integrating the spectra between 420 and 520 nm,
we were able to characterize the wide fluorescence intensity (photon number). In Fig. 4(a), we
can see that there is a small amount of anthropogenic pollutants around 300- 600 m, resulting in
a certain fluorescence reaction, with a strength of less than 0.4.
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Fig. 3. Vertical profiles of extinction coefficients at 532 nm and 355 nm (a-b); color ratio
(c); VDR at 532 nm and 355 nm (d-e) and VDR53,/VDR355 (f) from atmospheric aerosols
observed by the lidar system for four aerosols.

2.2. Identification of the air pollutant particles

Figure 3 (b,c,e,f) depicts the vertical profiles of the particle characteristics during the air pollution
aerosols incident on the evening of April 14, 2014. At night, researchers detected the typical air
pollutant characteristic—a low depolarization, high extinction coefficient—in the 200-500 m
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Fig. 4. Vertical structure of the total fluorescence signal between 420 and 510 nm for four
aerosols: Background aerosols (a), Air pollutant (b), Dust (c) and Polluted dust (d).

height range. The particle depolarization ratio (PDR) of air pollutants at 355 nm was reported
to be 0.09 + 0.04 in South Africa by Giannakaki et al. [46], and 0.05 in Warsaw, Poland, by
Janicka et al. [47]. The extinction coeflicient at 532 nm was smaller than that at 355 nm and
decreased very rapidly with height, from 0.4km™" to 0.1 km~!. The CR was less than 0.8. The
depolarization ratios of the two wavelengths are close, at about 0.16. Defined as the ratio of
depolarization at 532 nm and 355 nm, Qi et al. [48] discovered that the VDR53,/VDR355 can be
utilized to assess dust and air pollution. VDRs3,/VDR3s5 of dust is greater than 1 while that of
air pollutant is less than 1. In agreement with our findings, the VDR53,/VDR3s5 for air pollutant
is 0.98. Meanwhile, high fluorescence levels are another trait that will be used to differentiate
air pollutants. Huffman et al. [49] also pointed out that pollutants have a high fluorescence
ability, which provides theoretical support. Figure 4(b) illustrates the temporal development
of the normalized fluorescence intensity for the air pollutant aerosols episode. Both of these
variables changed during the course of the experiment. The overall fluorescence of polluted air
was quite high, with readings as high as 0.5 for the course of the measurements.

2.3. Identification of the dust particles

A typical dust event measured is shown in vertical profiles of the particle parameters of EXTs3,,
EXTss5, CR, VDRs33, VDR355 and VDR53,/VDR355 on 27-28 April in Fig. 3 (a,c,d,f). In the
dust layer, the average EXTs3; is larger than the EXTsss, but the average EXTs3, decreased
significantly with the increase in height from 0.7 km™' to 0.4km™'. Lower aerosols have an
average CR of around 1.2, falling to the upper aerosols’ CR of about 0.9. However, there was
hardly any variation in the VDRs3; and VDR3s5 profiles between 200 and 600 meters, with
values hovering around 0.34 and 0.19, respectively. And the high VDRs3,/VDR3s5, greater than
1.8, indicated that aerosol layer was particularly non-spherical. Figure 4(c) further shows that the
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fluorescence signal was weak (0.26) between 1:00 and 3:00. As a result, the measured aerosol
layer may as well be a pure dust layer.

2.4. Identification of the polluted dust particles

Aerosols are typically not of a single pure form, but rather a mixture of many types, which
alters their optical and radiative properties. During transit, dust frequently combines with
anthropogenic aerosols, producing polluted dust, which exacerbates environmental and climatic
issues [50-52]. Figure 4(d) depicts a typical polluted dust layer below 1 km, complete with high
fluorescence signals, confirming that dust can transport fluorescent aerosols. Figure 3 (a,c,d,f)
depicts the equivalent vertical profiles of the particle properties of polluted dust. Huang et al.
[53] report that the VDR can distinguish between clean dust and polluted dust. The average
value of VDR for clean dust was higher than that for polluted dust, indicating that polluted dust
was more spherical. The peak value of VDR for pure dust and polluted dust was 0.21 and 0.31,
respectively. Freudenthaler et al. [21]. and Grof et al. [54]. both indicated that the particle
depolarization ratio of pure dust aerosol was approximately 0.3 during Saharan Mineral Dust
Experiment. These conclusions testify to our observations in Linze. It can be seen from Fig. 3
that VDR53, of polluted dust is around 0.25, while VDRs3; of air pollutant aerosol is 0.17 and
VDRs3; of dust aerosol is 0.34. By contrast, the VDR3s5 is less different. Like the results of
VDRs3;, VDR353,/VDR355 have the largest value of dust, the second most polluted dust and the
smallest air pollutant. So we believe that both VDRs3; and VDR53,/VDR355 can be used as
important characteristics to distinguish polluted dust and other aerosol types. When compared to
the VDR profile, the EXT profile showed nearly constant change between 200 and 600 meters in
both bands of polluted dust particles, with values hovering around 0.44. Consistent with Zhang et
al. [55], we found that the CR for contaminated dust was close to 0.87, whereas for air pollutant
aerosol it was larger than 0.76 and for dust aerosol it was less than 1.01. The CR of pure dust was
often higher than that of polluted dust. Over a CR of 0.8, it was essentially pure dust. In the
source regions, the CR values of dust particles were between 0.7 and 1.0 [56,57].

3. Discussion

When an ultraviolet laser interacts with an aerosol, a fluorescence spectrum is produced; the
strength and peak wavelength of this spectrum depend on the substance being fluorescing [58,59].
Sugimoto et al. [60] showed that Asian dust and some of air-pollution aerosols transported from
the urban and industrial areas are fluorescent. Aerosols can be characterized with the help of
fluorescence measurements when they are taken in conjunction with other techniques, such as
multi-wavelength Raman lidar or HSRL measurements of aerosol microphysical characteristics.
Figure 5(a) displays the spectral data collected by the spectroscopic lidar system at the Linze site
(39.05°N, 100.12°E, 1579 m) in April 2014. The data spans the wavelength range of 343 nm to
526 nm (channels 1 through 32). The signal intensity of the spectral channel at each height is
normalized by the intensity of the nitrogen Raman scattering channel. The data demonstrates
that gases in the atmosphere have robust Raman signals, particularly oxygen (376 nm), nitrogen
(387 nm), and water vapor (407 nm). The spectra were broad, with no discernible features. Dust
and polluted dust aerosols have slightly different spectral shapes, though. A peak at 461 nm
was most prominent in the spectra of polluted dust, with a relatively narrow shoulder at 437 nm.
Dust has a trough at 443 nm. Fluorescence intensity was greater in the air pollutant than in the
background aerosols, and among the four spectra, polluted dust fluorescence was the strongest
and dust fluorescence the weakest. The fluorescence intensity should depend on the aerosol
density and the fluorescence efficiency. Aerosol fluorescence efficiency profiles are shown in
Fig. 5(b) and the rough estimates of the standard deviations are shown as error bars. Even at
night, the substantial inaccuracy from background radiation in the fluorescence measurement
was a result of the wide spectral bandwidth. This was notably true between 700 and 1000
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meters. Aerosols from air pollutants and polluted dust were found to be highly fluorescent [61,62].
The fluorescence efficiency of pure dust was less than 0.1. To a large extent, we attribute the
fluorescence of polluted dust to bioaerosols bound to the dust’s surface [63—-65]. In order to
further understand the contribution of fluorescence efficiency of different bands, the average
fluorescence efficiency of 10 channels at 425-480 nm and the standard deviation are given, as
shown in Fig. 6. We discovered that the efficiency of single-band fluorescence typically rises
as the wavelength goes up. In addition, the relative size of fluorescence efficiency of the four
aerosol particles are about polluted dust (4): air pollutant (8): background aerosols (2): dust (3).
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Fig. 5. (a) Normalised fluorescence spectra between 340-520 nm and vertical profiles of
(b) fluorescence efficiency from atmospheric aerosols observed by the lidar system for four
aerosols.

The campaign’s aerosol parameters are summarized in Table 1. All nighttime observations
have a 2-hour mean. We analyzed the correlation between the 1, VDR, VDRs3,/VDR3s5 and CR
at wavelengths of 532 nm and 355 nm for common aerosols in Linze, such as air pollutants (A),
dust (D), polluted dust (P), and background aerosols (B) to learn more about the discrepancies
between the two wavelengths in aerosol observation data. Data sets of the four types were
selected from lidar measurements in April. Figure 7(a)-(b) displays the connections between
fluorescence efficiency and VDR for these four kinds at 532 nm and 355 nm. To classify aerosols,
VDRs3, was the most important metric since it showed the biggest variation between aerosol
kinds. In contrast, a clear overlap existed between the numerical distributions of the VDR3ss.
The relationships between the fluorescence efficiency, CR and VDRs3,/VDR355 for these four
types are shown in Fig. 7(c)-(d). The distributions of VDRs3,/VDR355 and CR for dust aerosols
was wider than that for polluted dust. The correlation analysis revealed that the VDRs3,/VDR3s5
was located within the ranges of 1.6-1.9 and 1.3-1.5 for pure dust aerosol and polluted dust
aerosol and the fluorescence efficiency was located within the ranges of 0.04-0.12 and 0.08-0.16,
respectively. However, the overlapping value for CR between 0.9 and 1.1 indicate that it is difficult
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to distinguish four aerosols via the CR approach alone. Misclassification can be reduced with the
use of additional parameters. The obtained results show that dust, polluted dust, and air pollutant
may be distinguished using a combination of depolarization and fluorescence measurements.
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Fig. 7. Relationship between the fluorescence efficiency 1 and (a) VDR532, (b) VDR355, (c)
VDR53,/VDR355, (d) CR for air pollutants (A), dust (D), polluted dust (P) and background
aerosol (B) over northwest China during April of 2014. The grid resolution is 500 x 500.
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Table 1. Summary of key optical properties of fluorescent aerosols observed by the
developed lidar under different weather conditions over northwest China during April of 2014

Parameters VDRs3; | VDRiss | VDRs30/ EXTs32 EXTs3, CR Total "
VDR3s5 (km~1) (km~1) Fluor.

Background 0.15 0.10 1.52 0.25 0.23 1.44 | 0.32 0.10

aerosols

Air pollutant | 0.17 0.98 0.98 0.36 0.40 0.76 | 0.44 0.28

Dust 0.34 0.19 1.81 0.51 0.41 1.01 | 0.26 0.08

Polluted dust | 0.25 0.18 1.43 0.45 0.44 0.87 | 0.66 0.17

4. Conclusion

We built a spectroscopic lidar system in this study to look into characterizing atmospheric
bioaerosols close to dust sources in April 2014 in Linze. The constructed lidar system can not
only allow us to measure the 32-channel fluorescent spectrum between 343 nm to 526 nm with
an excitation wavelength of 355 nm but also simultaneously detect polarisation measurements
at 355nm and 532nm, as well as Raman scattering signals at 387 nm and 407 nm. Using
lidar data, we identified four regional aerosol particles and compared their physical and optical
characteristics. It provides a new method for real-time study of range resolution fluorescence
aerosol by lidar. According to the findings, the lidar system was able to pick up the robust
fluorescence signal emitted by dust aerosols. It shows that the dust in Linze contains bioaerosols.
The fluorescence efficiency may approach 0.17 for polluted dust in particular. Among the four
fluorescence spectra, the fluorescence of polluted dust was the strongest and that of dust was
the weakest. In the fluorescence bands, the fluorescence efficiency tends to increase with the
increase of wavelength. To be used for quantitative fluorescent aerosol characterisation, however,
more research is required. We plan to upgrade the technology in the future so that it has more
detection bands and better separation accuracy. Using the lidar system will benefit studies in the
fields of meteorology, biology, ecology, and medicine.
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