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Abstract: Laser-induced fluorescence (LIF) lidar is the main method in bioaerosol remote
detection. However, its current applications are limited to specific scenarios due to weak
fluorescence signals in ambient environments. In this paper, a spectrally resolved lidar system
based on LIF spectroscopy was developed for bioaerosol detection. This lidar system was
deployed at an elevation angle of 30° in Nanping City, Fujian Province, China from April to July
2024. During observation, weak fluorescence was detected, and its spectral contamination risk
by the N, Raman signal was discussed and resolved. In this paper, we introduced a clustering
method to process and analyze the weak fluorescence spectra. This method successfully separates
fluorescence spectra into 3 clusters under weak fluorescence intensities. The possible types of
each cluster are discussed and inferred based on their spatiotemporal distribution combined with
backtrajectory results and meteorological data. This method enables aerosol classification even
under weak fluorescence intensities, providing a new approach to atmospheric aerosol analysis.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Bioaerosol is an important subset of atmospheric aerosol. It is defined as aerosols originating
from biological materials [1]. At present, research on bioaerosols usually focuses on its subset,
the primary biological aerosols (PBAs). The PBAs are defined as solid particles derived from
biological organisms and directly emitted from the surface into the atmosphere [2,3]. Bioaerosols
are ubiquitous and diverse, including bacteria, fungi, algae, viruses, pollen, and debris from
biological tissue. Their diversity of origins results in a wide range of particle sizes, from
a few nanometers to several hundred micrometers. Bioaerosols have significant impacts on
the atmospheric environment. They can act as cloud condensation nuclei and ice nuclei to
participate in atmospheric physical processes, and even affect regional climate [4]. In addition,
the transport of bioaerosols can spread disease and allergy and even threaten human health as a
biological weapon [5,6]. Therefore, the detection and monitoring of atmospheric bioaerosols are
crucial for applications like pollen allergy warning, biological weapon warning, and the study of
cloud-aerosol-precipitation interactions.

At present, some bioaerosol sampling and detection techniques based on laser-induced
fluorescence (LIF) mechanisms have been widely applied [7-10]. LIF uses lasers to excite
fluorescent components such as tryptophan and riboflavin in bioaerosol particles. Then the excited
fluorescence spectra are detected to recognize between bioaerosols and non-bioaerosols [11]. LIF
lidar techniques combine LIF with lidar technology to directly excite airborne bioaerosols using
ultraviolet (UV) laser without sampling. Thus it enables long-term and large-scale standoff online
detection of bioaerosols [12—14]. At present, multiple LIF lidar systems have been developed and
tested. However, the intensities of fluorescence are much lower than that of elastic backscatter
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and inelastic Raman signal. Even worse, the fluorescence spectra in the LIF lidar system have
a continuous shape, usually covering a wide spectra range of about 200 nm. This property
results in a relatively high background signal. Unlike Raman lidar [15-18], the background
signals in LIF lidar cannot be filtered out by applying narrow bandwidth optical filters. By
now, the performance of LIF lidar is still limited and developed lidar systems are mostly used
in experimental conditions. In these conditions, bioaerosols of known categories are manually
released and diffused in semi-enclosed chambers [19-22] or open fields [23-26]. Recently there
have been reports about detecting airborne bioaerosols using LIF lidar under natural conditions
[27-32]. However, their spectra analyses are limited to high-concentration events, such as pollen
spreading in pollen season or dust transport. More reports from ordinary scenarios, especially
in the most frequent cases of weak fluorescence signals, are still needed. These studies can
help explore the potential of LIF lidar techniques in fluorescence detection, classification, and
recognition.

In this paper, a spectral-resolving lidar system based on LIF techniques is developed and
deployed. This system emits a 355-nm 3rd harmonic laser light from a Nd: YAG laser to excite
the fluorescence from atmospheric aerosols. The backscattering fluorescence signal is received
by a 12-inch telescope, then dispersed by a spectrometer, and finally detected by a 32-channel
multi-anode PMT array. This system is deployed from April to the beginning of July 2024.
During the observation, the relative intensity of fluorescence compared with Raman signal is
discussed, and the contamination risk is addressed. Then the conventional spectra integration
is used to visualize the fluorescence variation during our observations. Finally, we performed
clustering analysis to the fluorescence spectra during the observation, and a 3-cluster solution is
adopted. Combined with HYSPLIT backtrajectory and local meteorological data, we inferred
the possible types of each cluster. The analysis results of fluorescence spectra using LIF lidar
demonstrates the its potential for detection, information extraction, classification, and recognition
in weak fluorescence scenarios.

2. Materials and methods

2.1. Site and meteorological data

The observation site was located on the top floor of the National Center of Carbon Metrology
Building in Yanping District, Nanping City, Fujian Province, China (26.59°N, 118.27°E). Nanping
City is located in the Mount Wuyi region in the north of Fujian Province, with a forest coverage
rate of 80% [33]. The observation site is located on the bank of Minjiang River, the biggest River
in Fujian Province, about 10 km away from the city center. The surrounding region is mainly
covered with natural vegetation and greenery, as well as a small number of rural residential
areas. The traffic flow during the measurement period was extremely low. According to the
hourly air quality monitoring data released by the local government [34], the Air Quality Index
(AQI) during the observation period was all lower than 50, with PM, 5 data all below 30 pug m™>.
According to Chinese standards of air quality, the air quality during the observation period is
classified as excellent. The information above indicates that the observation is unlikely to be
affected by anthropogenic aerosol which could be fluorescent interferents during observation.

2.2. Lidarsetup

The lidar system is diagrammed as Fig. 1. The system was mainly composed of an injection-seeded
3rd harmonic Nd: YAG laser (Innolas Spitlight EVOIII), a telescope (Meade LX200 ACF12), and
a 32-channel multispectral lidar detector (Licel SP32HR). The laser emitted a 355 nm laser at the
frequency of 100 Hz, with a single pulse energy greater than 200 mJ, and an emission divergence
angle of 1 mrad. The emitted laser was expanded by a 10x beam expander, reducing the laser
divergence angle to 0.1 mrad. Then the expanded laser beam was redirected into the atmosphere
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by a reflector at an elevation angle of 30°. Therefore, the laser detection heights were half of the
detection range. The telescope is a Schmidt-Cassegrain reflector with a diameter of 12 inches
(304.8 mm) and a focal length of 3048 mm. The backscatter signal was focused by the telescope
to its rear, where an optic fiber bundle end was installed and connected with the detector. An
optical filter was placed in front of the fiber bundle entrance. We used two types of filters in
different observation periods: a 355 nm notch filter (Edmund #39-387) and a 400 nm long-pass
filter (Thorlabs FELH0400). The 355 nm notch filter has an optic density over 6 at 355 nm to
prevent elastic signal leakage. The 400 nm long-pass filter provides an optical density larger
than 5 at 200400 nm. Thus, it can suppress the signal leakage from elastic scattering signals at
355 nm, as well as the first-order vib-rotational Raman signals of O, and N, at 376 and 386 nm,
respectively. In the spectral range of 400—600 nm, both filters have transmission above 94%. It
should be mentioned that there is still a risk of elastic backscatter leakage when the backscatter is
strong. At the entrance end of the fiber bundle, 47 fibers with 100 um core diameter and numeric
apertures of 0.12 are arranged in a circular shape. This arrangement forms an effective core
diameter of 1.15 mm, which leads to a receiving field of view angle of 0.38 mrad. The distance
between the emitted laser and the telescope, as well as the low divergence angle of the laser, and
the low field of view angle of the telescope, creates a blind zone of about 500 m in the range. In
addition, signals within the range of 800 m are still weak. As a result, the backscattered signal
below the height of 250 m is undetectable in our observation results.
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Fig. 1. Diagram of fluorescence lidar system in the paper. The magenta dashed lines
refer to the 355 nm laser emitted, the solid red lines the emitted light by seed laser, the
dashed red line the emitted 1064 nm light by power laser, the cyan area the collected
backscattered signal, and the dark blue lines refer to fibers connecting seed laser and
power laser or the fiber bundle that connects the telescope and detector. Black lines refer
to the cables for data communication and device control. FBG: Fiber Bragg Grating;
WB: Wideband; NB: Narrowband; WDM: Wavelength-Division Multiplexer; PTM: Piezo-
Transducer-driven Mirror; QWP: Quarter-wave Plate; HWP: Half-wave Plate; SHG: Second-
harmonic Generator; THG: Third-harmonic Generator; Pol: Thin film polarizer.

At another end of the fiber bundle, the multi-core fiber was linearly spaced and directed the
receiving light into the entrance slit of a Czerny-Turner spectrometer (Oriel MS125). In the
spectrometer, the backscattered light was dispersed by an optical grating with 1200 lines mm™!
(Newport 77411). Then the dispersed light was detected by a multi-anode PMT array with 32
detection channels (marked with channel 0-31), and recorded in photon-counting mode. During
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the observation, the center wavelength of the spectrometer was set to 475 nm, the grating provided
a spectra resolution of 6.2 nm mm~!. The 32 PMT anodes were linearly spaced at the interval
of 1 mm. Hence, the spectral resolution and spectral detection width during the observation is
6.2 nm per channel. The overall detection spectral range of the spectrometer is from 378.9 nm
(channel 31) to 571.1 nm (channel 0). The center wavelength of each channel is listed in Table 1.

Table 1. Channel numbers and their corresponding center wavelength in the PMT array

Channel Center Channel Center Channel Center Channel Center
Wavelength Wavelength Wavelength Wavelength
(nm) (nm) (nm) (nm)
0 571.1 8 521.5 16 471.9 24 4223
1 564.9 9 515.3 17 465.7 25 416.1
2 558.7 10 509.1 18 459.5 26 409.9
3 552.5 11 502.9 19 453.3 27 403.7
4 546.3 12 496.7 20 447.1 28 397.5
5 540.1 13 490.5 21 440.9 29 391.3
6 533.9 14 484.3 22 434.7 30 385.1
7 527.7 15 478.1 23 428.5 31 378.9

During the observation, the range resolution was 40 m, and the range bin number was set to
1500. Before July, the accumulated lidar signal was averaged and recorded after 18000 laser
pulses (corresponding to a time resolution of 3 min). In July, it was set to 60000 laser pulses
(corresponding to 10 min). Before the observation, the sensitivity of the multi-channel detector
was calibrated by placing a spectrally pre-calibrated LED in front of the telescope [35]. The
raw lidar data were processed by correcting PMT array nonuniformity and dead time effects,
followed by background signal subtraction. The background signal in this observation is defined
as the mean signals in the last 300 range bins plus its one-fold standard deviation. This approach
reduces the interference from background spectra. Due to the wavelength-dependent effects, the
optical attenuation in the return path varied across channels. This difference is mainly caused by
molecule and aerosol particles. Optical attenuation contributed by cloud and fog exhibited near
zero Angstrom Exponent, resulting in nearly uniform attenuation across all channels [36]. Here,
the attenuation difference induced by the molecule and aerosols are compensated. For molecule,
it is compensated according to 1976 US standard atmosphere [37]. The aerosol properties near
the observation site, including its optical depth and angstrom exponent, were derived from aerosol
model product supplied by Japan Aerospace Exploration Agency (JAXA) [38]. Additionally,
the vertical distributions of aerosols during the observation are derived from a coherent doppler
lidar system located 30 m away from our LIF lidar system [39,40]. During the observation, the
355 nm notch filter was first used in 6 observations from April 19th to May 25th. Then it was
replaced by a 400 nm long-pass filter in the other 6 observations from May 27th to July 3rd. All
of these observations were performed at night to prevent solar radiation. The start and end times,
as well as the average AQIs, temperature, and relative humidity of each observation, are recorded
in Table 2.

2.3. Contaminations of N, Raman signal leakage on weak fluorescence detection

To exclude the effect of overlapping factor and range square attenuation, and to make the
fluorescence signal intensities in different range comparable, the obtained spectra of each
observation are normalized to the channel with the strongest signal. The normalized intensity in
each channel is calculated as

1(Ai)

I(/li)normaﬁzed - m
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Table 2. Basic parameters during each observation period, including average air quality index
(AQl), temperature, and relative humidity (RH). The observations using a notch filter in the table are
marked with the prefix “S” in their observation number.

Observation Start Time End Time Average AQI Average Average RH

Num (UTC +8) (UTC +8) Temperature (°C)

S1 2024.4.19 2024.4.20 28 20.3 98%
23:19 00:05

S2 2024.4.25 2024.4.25 49 183 95.7%
03:31 04:39

S3 2024.4.27 2024.4.27 28.7 20.8 96.3%
02:55 03:22

S4 2024.5.07 2024.5.07 36.3 233 78.3%
21:29 22:20

S5 2024.5.11 2024.5.11 313 19.5 90.7%
01:41 02:37

S6 2024.5.23 2024.5.24 20.8 225 95.8%
21:27 01:10

1 2024.5.27 2024.5.28 16.4 233 97%
23:25 02:57

2 2024.6.20 2024.6.21 24.8 25.8 92.8%
23:34 02:02

3 2024.6.21 2024.6.22 21 27.2 81.8%
20:42 00:02

4 2024.6.28 2024.6.29 19.8 26.3 94.8%
21:04 03:02

5 2024.7.01 2024.7.02 16.5 26.0 87.9%
22:45 04:27

6 2024.7.02 2024.7.03 11.3 24.8 95%
23:08 01:07

where 1(A;) and I(A;),ormaiizea 1S the signal intensity before and after normalization in each
observation. max(/(1)) is the maximal signal intensity in all detection channels in each observation.
For observations using the notch filter, they are normalized to channel 30, corresponding to the
first-order vib-rotational N, Raman signal at 386 nm. For the long-pass filter, they are normalized
to channel 27 corresponding to H,O Raman Signal at 407 nm. The normalized spectra within
the height range of 400—-1000 m during each observation are accumulated and averaged. This
height range provides strong signals and representative spectra for each observation. The average
spectra are shown in Fig. 2. As illustrated, channel 30 and channel 27 exhibit the strongest
signals in notch filter observations. In contrast, for long-pass filter observations, the signals
in channel 30 are suppressed. When excluding the two channels mentioned above, channel 26
shows the strongest signals in both types of observations. This is because the wavelength of the
H,0 Raman peak lies on the edge between channel 26 and 27. Besides, a small spectra peak is in
channel 24 whichever filter is used. This peak is due to the N, Raman overtone at 424.4 nm [41].
For observations using the notch filter, Fig. 2(a) shows that during the first 6 observations, the
H,O Raman Signal in channel 27 is consistently about one order of magnitude lower than the
N, Raman signal in channel 30, regardless of temperature and humidity variations. This result
aligns with previous studies [28,42]. Besides, multiple periodic small peaks in channel 0-22
in Fig. 2(a) can be seen, including channel 21, 16, and 10 (marked with blue arrows). These
peaks are most prominent in the observations from the nights of April 19th and May 23rd, when
signals in channels 0-22 are low. These peaks are due to Lyman Ghosts in grating [43,44], and
false signals from N, Raman signal leakage. This reveals that under weak fluorescence scenarios,
even with suppressed elastic backscattered signals, the relatively weaker N, Raman signals
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Fig. 2. The average of normalized spectra at the height of 400-1000 m during each
observation using notch filter (a) or long-pass filter (b). Before averaging, the spectra are
normalized to the channel with the strongest signal, which is channel 30 in (a) and channel 27
in (b). The x-axis refers to the channel number (on the top of (a)) and its corresponding center
wavelength (bottom of (b)). The y-axis in (a) and (b) refers to the normalized intensity. The
fluorescence region (channel 0-22) in (b) is marked with yellow shading. The normalized
intensity in each channel is marked with a point. The observation time shown in this figure
is in the time zone of UTC + 8. The Lyman Ghost Lines are marked with blue arrows.

can still contaminate the fluorescence spectra. Although N, Raman signals provide additional
atmospheric aerosol information, they should be suppressed due to their contamination in weak
fluorescence detection. In subsequent observations, a long-pass filter was applied to suppress
potential contamination sources, the elastic, N, and O, Raman signal was all suppressed to
ensure clean fluorescence detection. Therefore, due to the N, Raman signal leakage, notch filter
observations were excluded from further fluorescence analysis.

From the observation results shown in Fig. 2(b), the 400 nm long-pass filter successfully
suppressed the vib-rotational Raman signal of N, at 386 nm which would have appeared in
channel 30, as well as the derived Lyman Ghosts. Therefore, channel 0-22 are defined as the
fluorescence region as they exclude the interference of Raman signals. In all of the observation
periods using the long-pass filter, the fluorescence shows a similar trend: fluorescence intensity
decreases with increasing wavelength. However, the relative fluorescence intensities vary across
observation periods: the intensity during the second observation from Jun 20th night to the
21st early morning shows the highest relative fluorescence intensity, while the first observation
from May 27th night to the 28th early morning shows the lowest. In summary, the intensity in a
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single channel in the fluorescence region is about 2 orders of magnitude lower than that of the
H,0O Raman signal. Given the similar temperature and humidity of each observation shown in
Table 2. We assumed that the N, Raman signal can be at least one order of magnitude higher
than H,O Raman signals in observations using the long-pass filter. Based on this assumption,
we estimate that the intensity of a signal fluorescence channel is roughly 3 orders of magnitude
lower than the N, Raman signal. In previous observations using similar lidar system reported
in northwest China [32], the polluted dust aerosol has the highest fluorescence intensity during
their observations. And its fluorescence intensity in each detection channel is more than 2%
of N, Raman signal. The dust aerosol has the lowest fluorescence intensity which is more
than about 1% of N, Raman signals. And the background and air pollutant aerosol during the
observation has the fluorescence intensity of between these two types of aerosols mentioned
above. During another similar observation in Japan [28], the low clouds has the maximum
fluorescence intensity in each channel, which is near 1 order of magnitude lower than N, Raman
Signal. The second and third highest fluorescence intensity are Asian dust aerosols and air
pollution aerosols, which are both more than 1% of N, Raman signal in each of fluorescence
channel. In their observations, the observed minimum relative fluorescence intensity is about 3
orders of magnitude lower than N, Raman signal, which is similar to observations introduced in
this paper. In the observations in Japan, aerosols exhibit such level of fluorescence intensity are
classified as non-fluorescent aerosols. Besides, in the two observations mentioned above, the
dust aerosols, air polluted aerosols and low clouds can be distinguished from each other by their
distinctive fluorescence spectra shapes. However, in this paper, the observed fluorescence spectra
in each observation period show similar fluorescence shapes and cannot be distinguished simply
from their fluorescence spectra shapes.

2.4. Fluorescence spectra processing

In some LIF lidar systems, the backscattered fluorescence is detected by the method of spectra
integration [22,41,45]. Although this method reduces the spectra resolution, it can give a better
visualization of spectra variation and an increased detection range. Therefore, the spectra
integration method is applied in this study. The fluorescence spectra are divided into 2 parts:
channel 0-16 is area 1 and channel 16-22 is area 2. Then the proportions of the integrated area
of each part in the total fluorescence area (channel 0-22) are calculated as:

) 12 1(4)dA
| = e T
[0 1()dA

and
[ 1(A47)dA

IR I)da

2

where I(4;) is the signal intensity in channel number i; 4; is the corresponding central wavelength;
Py and P, are the proportion of each part in total fluorescence area. The integration procedure
uses trapezoidal integration method. This division method is based on the maximum variation
range of proportion values, defined in this paper as the differences between the 90% and 10%
percentiles. In addition, fluorescence data with zero intensity in any of its channels are excluded
to eliminate low signal intensity data.

To explore the potential lost spectral information, and evaluate the system’s classification
potential for fluorescence spectra, further analysis of the observation data is needed. For this
purpose, the data clustering method is introduced in the analysis of the obtained fluorescence
signals. Due to their low signal-to-noise ratio, fluorescence signals at longer distances are
more susceptible to noise, and even their feature distribution can be obscured. So, firstly, the



Research Article Vol. 33, No. 12/16 Jun 2025/ Optics Express 24403 |
Optics EXPRESS A N \

fluorescence data for clustering are limited to the range of 800-2000 m (corresponding to the
height of 400-1000 m), and fluorescence spectra with zero intensity in any of its channels are
excluded like before. Secondly, to exclude the influence of total fluorescence intensity, area
normalization is applied to all fluorescence spectra. The normalized intensity of each channel in
the fluorescence region is calculated as:

I(Ai)normalized = /IOIIA
A (/ll)d/l

In the last step, Hierarchical Agglomerative Clustering (HAC) is performed on the normalized
fluorescence spectra. This method initially treats each spectrum as an independent cluster and
iteratively merges the pair of clusters with the highest similarity until all data are grouped into
a single cluster. During this process, a dendrogram is generated [46—48]. The HAC is an
unsupervised clustering approach with the advantage of a single clustering dendrogram and
no randomness in clustering results. In this study, inter-cluster similarity is measured using
Euclidean distance and Ward linkage, which are commonly used metrics.

The optimal number of clusters is determined using the Calinski-Harabasz index (CHI) and
Davies-Boulding index (DBI) [49,50]. The CHI evaluates the clustering results by comparing
intra-cluster variance with inter-cluster variance, while the DBI evaluates them by comparing the
intra-cluster distance with the inter-cluster distance. A good clustering result should have a high
CHI and a low DBI.

To better visualize and evaluate the clustering results, the principal component analysis (PCA)
[51] is applied to the original normalized spectra. PCA is a feature extraction and dimensionality
reduction method. In PCA, the original feature space is rotated, and a new set of variables called
principal components (PCs) is generated. These PCs are created through a linear transformation
of the original variables and are sorted in descending order based on the variance of their
corresponding scores in the PC space. By discarding the last few PCs, the original data can be
reduced in dimensionality while retaining most of their feature information.

3. Results and discussion
3.1. Variation of fluorescence spectra during each observation

Figure 3 shows lidar results during long-pass filter observations. It includes the range-corrected
H,0O Raman signal in channel 27 (Fig. 3(a)), the total fluorescence signal (sum of channel 0-22,
Fig. 3(b)), atmospheric transmission caused by aerosol and molecule in the fluorescence region
at the height of 2 km (Fig. 3(e)), as well as the proportion of each fluorescence part (Fig. 3(c,
d)). It can be seen from Fig. 3(b) that the maximum detection range for fluorescence during
observations is generally at the height of 2-3 km. Sometimes it reaches up to 3.5 km (in the
fourth and sixth observations) and sometimes it is limited by strong optical attenuation by clouds
and near surface fogs. During observations, the strong fluorescence signal is mainly distributed
below 1.5-2 km, which is a typical summertime nocturnal residual layer height. Fluorescence
signal intensity above this height will rapidly weaken to near the level of the background signal.
Figure 3(e) shows that the atmospheric transmission difference between channel O and channel
22 at the height of 2 km varies from 6% to 9%.

During the first observation from May 27th to 28th, the fluorescence intensity exhibits a
two-layer structure. After 0:00 on the 28th, a fluorescent aerosol layer appeared at a height of
1.5-2 km. Then this layer gradually descends and eventually merges with near near-surface
fluorescence layer by the end of this observation. The upper layer shows a higher proportion
in area 1. Even after the two layers merge, the spectral difference between the two layers
remains. For the fluorescence spectra under 1 km height, the first observation has an obvious
difference with the later 5 observations for its highest proportion of area 2. In the second and
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Fig. 3. Lidar data obtained during the observations. (a): The range-corrected H,O Raman
signal intensity in channel 27. (b): the sum of range-corrected signal intensity in channel
0-22 (fluorescence region). (c): proportion of the integrated area of channel 0-16 (area 1,
471.9-571.1 nm) in the total integrated area of the fluorescence region. (d): proportion of
the integrated area of channel 16-22 (area 2, 434.7-471.9 nm) in the total integrated area of
the fluorescence region. (e) the atmospheric transmission caused by aerosol and molecule in
channel 0-22 at the height of 2 km during observation.

third observations from Jun 20th to 22nd, no two-layer structures are observed in the observation
of the total fluorescence signal. However, the spectral difference among different heights still
exists. Especially in the second observation, three layers can be found in about 0-1 km, 1-2 km,
and 2-2.5 km. Among them, the middle layer has the highest proportion of about 0.57 in area 1,
while the other two layers show similar spectra fingerprints. From the observation of the spectral,
the middle layer appears at about 1700 m height and keeps downward transporting during the
observation. By the end of the second observation, the bottom of the middle layer reaches its
lowest height at about 1000 m.

Although the second observation shows the strongest fluorescence intensity, the last three
observations have the maximum detection height. The extended detection range during these
observations can be attributed to the existence of fluorescent aerosols at high altitudes. These
aerosols are characterized by enhanced fluorescence signals and the highest area 1 proportion
among all observations. During the fourth and fifth observations, the aerosol layers at high
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altitudes show similar behavior: they occur at the beginning of observations, and gradually
thin out, becoming difficult to identify by the end. During this period the upward diffusion of
low-altitude aerosols can be identified by decreased area 1 proportion at 1.5-2 km height. This is
particularly evident in the fifth observation, where the fluorescence intensity also increases. After
0:30 on July Ist during the fifth observation, lidar signals are strongly attenuated, which should be
attributed to the cloud layer. After 2:00, the attenuation disappears but the fluorescence intensity
at 1.5-2 km height along with the HO Raman signal decreases significantly compared to the
beginning of the observation. The appearance of clouds following the high fluorescence area
suggests that fluorescent bioaerosols can contribute to cloud formation as cloud condensation
nuclei. The last observation on July 2nd — 3rd shows similar behavior to the fourth and fifth
observations, including long detection ranges, a two-layer fluorescence structure and gradually
upward-moving low-altitude fluorescent aerosols. Although the spectra integration method
demonstrates its capability in fluorescence detection and classification, the loss of detailed
spectral information limits the potential of aerosol classification.

3.2. Clustering results of low altitude fluorescence spectra

To choose to optimal number of clusters, the cluster results with cluster number ranges from 2 to
10 are evaluated using CHI and DBI, and the evaluation results are presented in Fig. 4(a). For
both CHI and DBI evaluation, the 2-cluster solution is optimal, 3-cluster solution is the second
optimal solution and have close CHI and DBI value with 2-cluster solution. Given the close
DBI and CHI values and the need for more detailed clustering analysis, the 3-cluster solution
is adopted for further analysis. Figure 4(b) presents the clustering dendrogram of the 3-cluster
solution. It can be seen from the dendrogram that cluster 2 and cluster 3 have smaller linkage,
indicating higher similarity between these two clusters among the three clusters. In the 2-cluster
solution using HAC, the clustering results will be cluster 1, and a new cluster formed by merging
cluster 2 and cluster 3.

In this study, PCA results show that the first two principal components explain 42.61% and
24.44% of the variance in original data, respectively, while the third principal component
interprets 4.25% of the variance in original data. The PCA loadings of the first two PCs are shown
in Fig. 4(c). From the figure, it can be seen that at this height range, the long wavelength part of
the fluorescence (channel 0-10) plays a minor role in PCA. Besides, PC1 is primarily associated
with channel 16-22, while PC2 is linked with channel 10-15. This means that the higher score
in a certain principal component will have higher portion in its corresponding wavelength region.
It should be mentioned that these conclusions are specific to current fluorescence spectra, and
may not apply to spectra at other heights. Figure 4(d, e, f) shows the score distribution of the
three clusters in the first two PCs (PC1 and PC2) after PCA. The three clusters are well separated.
For PC1 scores, cluster 1 and 3 are distributed with centers of 0.0023 and -0.0011, respectively,
while cluster 2 is likely to have bimodal distribution with center of -0.0011 and 0.0001. For PC2
scores, three clusters are distributed with centers of -0.0003, 0.0005 and -0.0017, respectively.

Figure 5 shows the spatiotemporal distribution of clustering results. It can be seen that in the
first observation on May 27th — 28th, most of the fluorescence spectra are classified as cluster 1.
During the second observation on Jun 20th — 21st, almost all fluorescence spectra are classified
as cluster 2. Besides, clusters 2 and 3 dominate the fluorescence spectra in other observations.
The spatiotemporal distribution difference between cluster 1 and cluster 2/3 can also be seen in
our results using the spectra integration method. From the perspective of height, the majority of
cluster 3 appears at the height of 400-600 m, while the fluorescence spectra at higher altitudes
are mainly cluster 2.

To identify the origin of different clusters, the 24-hour backward trajectories are performed for
the air masses above the observation site during different observation periods. The backward
trajectories use the HYSPLIT model [52] and GDAS 1° meteorological data [53]. Trajectory
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Fig. 4. (a): Davies-Bouldin Index (blue line) and Calinski-Harabasz Index (red line) when
number of clusters ranges from 2 to 10. (b): dendrogram of clusters, blue, yellow, and
red dots refer to cluster 1, 2, and 3 respectively. The vertical axis refers to the linkage
between clusters. (c): the PCA loadings of the first two principal components in channels
and corresponding wavelengths. (d): two-dimension scatter plots of PC1 and PC2 scores for
three clusters (blue for cluster 1, red for cluster 2, and yellow for cluster 3). (e) and (f) refer

to PC1 and PC2 scores histograms for cluster 1 (blue), cluster 2 (red), and cluster 3 (yellow),

respectively. The vertical axes in the two histograms refer to the percentage of each bin in
the total data numbers of the clusters.

starting times are set to the midpoint of each observation period. The starting heights are set
to 400 m and 700 m. The trajectory results shown in Fig. 6 reveal that the air masses during
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Fig. 5. (a): clustering results for normalized fluorescence spectra and their spatiotemporal
distribution. (b) and (c) refer to the histogram of temporal (b) and spatial (c) distribution for
cluster 1 (blue), cluster 2 (red) and cluster 3 (yellow), respectively. The vertical axes in the
two histograms refer to the percentage of each bin in the total data numbers of the clusters.

most observations have similar transport paths, originating from coastal regions in Fujian and
Guangdong Province in the south and southwest of the observation sites. The exception is the
first observation on May 27th — 28th, during which the airmass above the sites originates from
the inland Mount Wuyi region in the northwest of the site. Trajectories that start at the same time
but at different heights still have similar transporting paths. The different sources of air masses
are consistent with different time distributions of cluster 1 and cluster 2/3. This suggests that the
fluorescence spectra in cluster 1 are related to aerosols from the inland region in the northwest
of the site, while cluster 2/3 are related to aerosols originating from oceanic and coastal areas
in the south and southwest of the site. Regarding the difference between cluster 2 and 3, their
vertical distributions are notable: cluster 2 consistently appears above cluster 3 when both are
present, with a boundary line between them at 400—-600 m. This height is close to the height
of the nocturnal stable boundary layer in southeastern China [54,55] and in other regions [56].
Previous lidar studies [57-59] have reported aerosol-derived nocturnal stable boundary layer
heights of 400-600 m, particularly in Xiamen City [59], which is also located in Fujian Province.
However, the two-layer structure is absent during the first two observations.

To investigate the reason for the absence of the two-layer structure, the local meteorological
data from ERAS hourly data on single levels [60] are analyzed and plotted in Fig. 7. The
figure shows that the surface sensible heat flux during all observations propagates downwards.
Since sensible heat flux propagates from high temperature to low temperature, this indicates the
presence of temperature inversion layers above the surface during all observations. Its presence
is a typical characteristic of the nocturnal stable boundary layer [61]. During the first two
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Fig. 6. 24-h backward trajectory using HYSPLIT model and GDAS1 datasets. The trajectory
starts at the observation site and is marked as a magenta point. Different line colors refer to
different trajectory starting times. The trajectory time during each observation is set to the
middle time of each observation. Trajectory which starts at 700 m and 400 m are marked with
solid and dashed lines, respectively. Terminal points are marked every 6 hours The base map
is made with Natural Earth, free vector, and raster map data at http://naturaleatthdata.com.

observations without two-layer structures, the upward net thermal radiation fluxes are the lowest
(Fig. 7(a)), and the volumetric water contents in the near-surface soil layer highest (Fig. 7(d)).
As Fig. 7(c) illustrate, a large amount of precipitation was generated during the daytime before
the observation. The precipitation clouds reduced the solar radiation received by the surface
during the day. Combined with high surface water content from the precipitation, this leads to
decreased surface thermal radiation at night. In the second observation, no strong precipitation
was recorded. However, a flood peak had emerged in the nearby Minjiang River a few days
earlier. This flood peak caused high water runoff and soil water content, further inhibiting the
surface thermal radiation [62]. Surface thermal radiation is the major driver of the nocturnal
stable boundary layer [63]. Reduced thermal radiation hindered the development of the stable
boundary layer at night, leading to a decreased boundary layer height. Therefore, the boundary
layer during the first two observations was likely too low, placing it in the blind zone of the lidar.
This explains the absence of the two-layer structure during those periods.

In summary, the cluster 1 originate from inland aerosols. Considering it origins from Mount
Wauyi region and its observation time is between spring and summer, the fluorescence in cluster 1
are likely to be attributed to pollen in Mount Wuyi region. Cluster 2 and 3 have more similar
fluorescence spectra comparing with cluster 1, and have same origins from oceanic and coastal
areas in the south and southwest of the site. There is a microlayer on the surface of the ocean with
higher abundance of microorganisms and other biological materials compared with subsurface
waters. Breaking waves, rain and boat traffic can help form droplets from this sublayer. These
biomaterials can be further concentrated in these droplets and form bioaerosols [64]. So, cluster
2 are inferred to be the oceanic aerosols, whose fluorescence is produced by bacteria, fungi,
and algae live in the ocean surface. Considering the similar fluorescence spectra and vertical
distribution difference between cluster 2 and 3. The cluster 3 are inferred to be the mixture of
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Fig. 7. Meteorological Data from ERAS5 hourly data on single levels. (a): hourly accumulated
net solar radiation flux received by the ground (blue line) and hourly accumulated net thermal
radiation flux emitted by the ground (red line). (b): hourly accumulated surface latent heat
flux (blue line) and latent surface sensible heat flux (red line). In (a) and (b) the positive
value means the downward propagation direction. (c): hourly accumulated total precipitation
(blue line) and total runoff (red line) including water drains away over the surface or under
the ground. (d): the volume of water in soil layer 1 (07 cm, blue line) and layer 2 (7-28 cm,
red line), the surface is at O cm. The shading region in the figure indicates each observation
period.

transported external oceanic bioaerosols and local emitted bioaerosols below the nocturnal stable
boundary layer.

4. Conclusion

In this paper, a spectra-resolved fluorescence lidar system was constructed and deployed at
an elevation angle of 30°. This system was used to conduct range-resolved observations of
fluorescent aerosols over Nanping City, Fujian Province from April to early July 2024. Firstly, we
found that in weak atmospheric fluorescence detection, even if the elastic backscattered signals
are suppressed, the leakage of first-order vib-rotational N, Raman signals is high enough to
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contaminate fluorescence detection, and thus interfere with subsequent spectra analysis. To
address this issue, in the last 6 observations, the N, Raman signals leakage is eliminated by
switching to a 400 nm long-pass filter. After switching, we make a rough comparison in
magnitude orders of the fluorescence intensities during each observation based on previous
observation results. And results showed that fluorescence signals in each channel are estimated
about 3 orders of magnitude lower than that of the N, Raman signal. This fluorescence intensity
is previously thought to be non-fluorescent. The fluorescence spectra during these observations
showed similar shapes with decreasing intensity as wavelength increases.

Despite the weak signal, the maximum detection range of the fluorescent aerosols is 7 km
(corresponding to a height of 3.5 km). The strong fluorescence signal is primarily distributed
below the height of 1.5-2 km, a typical summertime residual layer height. In the spectral analysis,
the conventional spectra integration method was first applied to reduce noise and visualize
spectral variations. Using this method, several high-altitude fluorescent aerosol transport events
were identified by enhanced fluorescence signals and increased proportions of long-wavelength
fluorescence. In addition, the downward movement of high-altitude fluorescent aerosols and the
upward diffusion of low-altitude fluorescent aerosols were observed.

To enhance fluorescence spectra analysis, we introduced a clustering method and combined it
with backward trajectory analysis and meteorological data. This approach addresses the limitations
of the conventional spectral integration method and evaluates the classification potential of LIF
lidar. The clustering results for fluorescence signals below 1 km height demonstrate effective
classification into distinct 3 clusters. These clusters showed significant correlations with aerosol
transport pathways and nocturnal stable boundary layer development. The possible related
types of bioaerosols are discussed according to their origins and spatiotemporal distributions.
Therefore, these findings highlight the impact of aerosol transport pathways and nocturnal stable
boundary layer developments on local fluorescence spectra.

This study advances LIF lidar capabilities in fluorescence detection and classification, particu-
larly under weak fluorescence intensities and similar spectral shapes. By introducing a novel
data analysis approach, we demonstrate that even in low fluorescence conditions, atmospheric
aerosol fluorescence retains valuable information about aerosol activity. This method enables
the extraction of such information, extending LIF lidar applications to ordinary scenarios where
high-concentration fluorescent bioaerosols are absent. This extension provides a more compre-
hensive understanding of atmospheric physical and chemical processes. In the subsequent work,
the system will be upgraded to integrate the detection of other atmospheric parameters, such as
backscattering coefficient and color ratio. Joint observations with our coherent Doppler wind
lidar which is capable of depolarization detection will be conducted in the future [65,66].

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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