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ABSTRACT: Humic-like substances (HULIS) widely exist in the atmosphere and may strongly j Ve
affect human health, environment, and climate. However, there are still no accurate methods for | Y %
detecting the vertical distribution of HULIS. Here, a Raman-Polarization-Fluorescence . R
Spectroscopic Lidar (RPFSL) was developed to simultaneously measure 64-channel broad 4

fluorescence spectra (370—710 nm) of atmospheric aerosols at an excitation wavelength of 355 & S

nm. The study revealed that dust could be coated by abundant fluorescent substances, with a
maximum fluorescence efficiency reaching 0.15. Moreover, the fluorescent spectra of air pollutants
exhibited a unimodal structure, while the spectra of dust exhibited three peaks, suggesting that
they may be useful for highly accurate identification of dust aerosols from other aerosols. The
findings in this study were confirmed by near-ground air sampling analysis based on fluorescence &
excitation—emission matrix-parallel factor (EEM-PARAFAC) methods; we demonstrated that I
HULIS and protein-like organic matter (PLOM) were the main components of fluorescent .

&
7

Sources of HULIS

e ié‘-@‘l;l e

aerosols during the study period. During air pollution events, the number concentration of HULIS

reached up to 9699 particles-m™

3. For the first time, this study proposes a real-time, high-resolution method for detecting height-

resolved HULIS, significantly helping to evaluate the environmental and health implications of HULIS.
KEYWORDS: Lidar, Humic-like substances, Fluorescent aerosols, Dust, Polarization

1. INTRODUCTION

HULIS, a class of high-molecular-weight organic substances,
are ubiquitous within the realms of clouds, fog, rainwater, and
atmospheric aerosol particles.”” HULIS are rich in polycyclic
aromatic hydrocarbons, phenolic compounds, and acidic
functional groups. The name originates from the analogy of
their ultraviolet and fluorescence properties to those of humic
acid derived from aquatic and terrestrial sources.” HULIS are a
vital component of water-soluble organic carbon (WSOC) and
secondary organic aerosols (SOA) in the atmosphere,
consisting of 9 to 72% of WSOC." HULIS are generated
from a variety of sources, including biomass combustion,’
vehicular exhaust gases,6 marine emissions,” and secondary
atmospheric reactions.” They significantly influence atmos-
pheric processes, e.g, the formation of cloud condensation
nuclei (CCN),” serve as vectors and oxidants for organic
pollutants in the atmosphere,'’ enhance the reflectivity of
individual particles due to their hygroscopic nature,'’ and
engage in the absorption of ultraviolet light, thereby triggering
a cascade of radiative transfer and photochemical reactions.'”

At present, HULIS monitoring is mainly carried out near the
ground, including HULIS separation extraction and quantita-
tive analysis.">~"" Laser-induced fluorescence (LIF) technol-
ogy is a popular method for real-time monitoring and
identification of HULIS.'® Under the excitation of different
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ultraviolet laser wavelengths, various types of fluorescent
substances exhibit unique absorption and emission spectra,
with peak fluorescence wavelengths showing significant
differences under specific excitation wavelengths. Chen et al.
recently used a combination of solvent extraction and solid-
phase extraction to separate HULIS from the sampled total
suspended particulates, and determine their optical character-
istics based on ultraviolet—visible absorption spectra and
excitation—emission matrices (EEM)."” Alternatively, HULIS
in fluorescent aerosol particles can be distinguished using
online measurements from LIF-based instrument (such as
wideband integrated bioaerosol sensor, WIBS).** However,
current measurements of HULIS are only conducted near the
surface of the ground due to the limitation of detecting
methods.”"**

It is known that there are plenty of HULIS in higher altitude
because of often dynamic and thermodynamic processes in the
atmosphere. However, until now there have been no reports on
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Figure 1. Schematics of the Raman-Polarization-Fluorescence Spectroscopic Lidar (RPFSL) developed by Lanzhou University and used in this

study.

observations of HULIS at such heights. Long-term continuous
measurements of vertical distribution of HULIS could be
obtained by remote sensing technology. Fluorescence lidar can
monitor the origins, transport pathways, and spatiotemporal
dynamics of fluorescence aerosols.””~>> However, in the real
atmosphere, the fluorescence aerosols excited by ultraviolet
light are mostly complex mixtures, and the measured
fluorescence spectra result from the superposition of spectra
from different fluorophores. This complexity brings a big
challenge for quantifying atmospheric fluorescent aerosols.
Existing fluorescence lidar typically records only the total or
parts of fluorescence of aerosols, leading to lack of sufficient
information for identifying and quantifying individual classes of
fluorescent particles or assessing their contribution to the total
signal.>*~%*

To fill the gap, we developed a Raman-Polarization-
Fluorescence Spectroscopic Lidar (RPFSL), capable of
observing the 64-channel fluorescent spectrum of atmospheric
aerosols between 370 and 710 nm, with an excitation
wavelength of 355 nm. The system was deployed during an
intensive observation period (IOP) of dust-bioaerosol (DuBi)
in Northern China, from April to May 2016. The vertical
structure of fluorescent aerosols was profiled under different
weather conditions, and a novel method for quantifying the
HULIS concentration profiles in the atmosphere was

proposed.

2. MATERIALS AND METHODS

2.1. Raman-Polarization-Fluorescence Spectroscopic
Lidar (RPFSL). The RPFSL, developed by Lanzhou
University, used a Nd:YAG laser operating at a frequency of
20 Hz, delivering a pulse energy of 80 mJ at 355 nm.
Backscattering signals were collected via a telescope with a
diameter of 350 mm. Subsequently, the received signal at 355
nm was divided by a polarization beam splitter (PBS) into
parallel and perpendicular components. The full-band
fluorescent spectrum of atmospheric aerosols excited at 355
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nm was detected by two Licel 32-channel spectrometers, with a
spectral resolution of 5.8 nm. Limited by the signal-to-noise
ratio (SNR) of the fluorescence signal, the maximum height is
set to 600 m. The lidar system is designed with a coaxial
structure to control the signal blind zone within 100 m,
maximizing the detection of signals from the ground to higher
altitude. The combination of the two spectrometers is carried
out using an overlapping method for signal acquisition. The
signal intensity of each spectral channel normalized against the
intensity of the Raman scattering channel for N, (387 nm), to
effectively mitigate the influence of the geometric form factor
of the lidar system. Finally, an overlap factor matrix for each
channel obtained by experimental way is used to perform
crosstalk correction of the grating spectrometer. The spatial
and temporal resolutions for Mie signals were 3 min and 3.75
m, respectively, while those for fluorescence signals were 3 min
and 15 m. Fluorescence measurements were conducted
exclusively during the night to avoid solar background
radiation. Thus, the RPFSL was capable of recording the full
fluorescence spectra (370—710 nm, 64 channels) of atmos-
pheric aerosols under varying weather conditions. Figure 1
schematically illustrates the RPFSL used in this study.

2.2. Retrieval Methods. Raw signals were preprocessed
through background subtraction, range correction, overlap
correction, and polarization calibration.””*° The backscattering
coefficient at 355 nm and the fluorescence backscattering
coefficient were calculated using the Raman method.”!

The general lidar equation for Mie channels is as follows:

By = 0@ 5, + ) el -2 [ (e + ez )

1

where P, is the backscattered signal intensity, O(z) is the

geometrical overlap factor, and C,; is the lidar system constant.

Backscattering and extinction coefficients contain the con-

tributions of aerosols and molecules, ) + ") and @ +
a™y, respectively.
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For Raman channels, the backscattered signal intensity (Pg)
can be rewritten as

B = O(z)izCRﬂR exp{ —f (o + o + oy + (xg‘)dz/}
z 0
()

Here, fr and ayp are the backscattering and extinction
coeflicients at a certain Raman wavelength, 4.

In the case of fluorescence, the backscattering signal
intensity within the spectral interval (4,,,, Aa.) can be derived
using eq 3:%

1 z a m ’
P = O(z)? exp{ —A (o + ayp)dz }

Amax [ max
f f C(2) X Ny X 8,
Ammin Tmin

x exp{ - / (a4, 2) + a(h, z’))dz’}drdxl
0

max

©)

Here, 6 (d8y(4, r)/dA) is the cross-section of spectral
differential fluorescence, and N (dN (r)/dr) is the
concentration of fluorescent aerosol particles.

The Mie backscattering coefficient, Sy, can be obtained
from the ratio of eq 1 and (2):

G Py exp{—/o (a£+a§")dz/}

- 5 Fr z
Cy B exp{— J g+ ag)dz’}

Pu
4)
Similar to Mie scattering, by introducing the fluorescence

backscattering coefficient, S, i can be obtained from the ratio
of eq 2 and (3):

Amax rmax
A, f Ny X Spdrd2
A T,

min min

Co B exp{—/oz (g + aﬁ")dz’}

Cp B R exp{ ~ [ (@(4, =) + ', )z}

©)

The depolarization ratio is an important factor for
characterizing the nonsphericity degree of atmospheric
aerosols, widely used for identification of spherical and
nonspherical particles, particularly in dust detection.**”*°

The Earticle depolarization ratio (PDR), &, is given by eq
63653

_ (1+6,)5R—(1+56,)8,
P (1 +68)R-(1+44)

(6)

where §,, is the molecular depolarization ratio (the typical
value is 0.00376), §, is the volume depolarization ratio, and R
is the total backscattering to air molecule backscattering
ratio.*®

The fluorescence intensity is correlated with the aerosol
density and fluorescence efficiency. The fluorescence efficiency
(n) is calculated following the method proposed by Sugimoto
et al,*” ie, the fluorescence efficiency is considered an
effective indicator of aerosol fluorescence, suggesting that
higher fluorescence efficiency corresponds to more intense
aerosol fluorescence.
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SSA P

"= s g,

(7)

Here, f is the difference between the Mie scattering phase
function and that for fluorescence, SSA is the aerosol single-
scattering albedo. In this study, we assumed that the SSA of
aerosols during a floating dust event and a clear day is 0.9 but
0.95 (0.99) for a heavy dust event (air pollution event).*’

The vertical distribution of HULIS concentration (Ny)
could be calculated using the formula as shown in eq 8.

Ny = KH-@

Op (8)

Here, Ky denotes the proportion of HULIS in atmospheric
fluorescent aerosols. Since there is currently no reported data
on the proportion of high-altitude fluorescent aerosols, and
HULIS is a class of water-soluble organic mixtures with high
relative molecular weight,41 in this study, we use the
proportion of HULIS analyzed in the ground-based aerosol
samples in Figure 7c to estimate the proportion of HULIS
within the total fluorescent aerosol. f; is the fluorescence
backscattering coeflicient of HULIS. The results of Figure 7d
show that the peak fluorescence of HULIS mainly appeared at
420—500 nm, exhibiting a distinct single-peak structure, while
other bands show weaker fluorescence. Consequently, we
hypothesize that the fluorescence backscattering coeflicient at
the peak wavelength of HULIS can be completely regarded as
the fluorescence backscattering coeflicient of HULIS. The
spectral range is given and fy; can be calculated by substituting
eq 5. The fluorescence scattering cross-section at 355 nm, was
estimated at 107> cm® sr™' nm™’, adopting a reference value
from previously published studies.****

2.3. EEM-PARAFAC Analysis. Parallel factor analysis
(PARAFAC) is an efficient tool for decomposing fluorescence
excitation—emission matrices (EEMs) into intrinsic chemical
components. In this study, drEEM toolbox, developed by
Murphy et al,** was employed for the PARAFAC analysis of
raw EEMs. Initially, the EEM data were normalized using the
total fluorescence intensity of each sample. Subsequently, the
EEM spectra were scrutinized individually to exclude samples
with anomalous signals. The stability and reliability of the
model were ascertained by integrating the randomness of
residuals, core consistency, split-half analysis, and visualizing
spectral loadings. The optimal number of fluorescent
components was determined, ultimately leading to the
identification of excitation and emission spectra and the
maximum fluorescence intensity for each component.

3. MAIN RESULTS

Lidar measurements from the RPFSL were conducted from
April to May 2016 in Zhangbei (114.7°E, 41.2°N; altitude:
1393 m asl), China. The lidar site was predominantly
influenced by dust storms and pollution originating from
anthropogenic combustion in the spring, rendering it an ideal
location for examining the mixing of dust and anthropogenic
pollution in Asia. During the observation period, PM, 5, PM,,,
and absorption coefficients were concurrently monitored at the
lidar site. PM,s and PM,, were collected using Tapered
Element Oscillating Microbalance Monitors (TEOM RP1400),
and the absorption coefficient was derived from the black
carbon concentration measured using an aethalometer (AE31).
During the study time, we selected five representatives of three

https://doi.org/10.1021/acs.est.5c00028
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Figure 2. Variations of PM, 5, PM,,, and absorption coefficients near the ground surface in May 2016 at Zhangbei (114.7°E, 41.2°N) located in
Northern China. The shadows indicate four typical cases that are further analyzed in Figures 3-4
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Figure 4. Averaged vertical profiles of the backscattering coefficient (blue), PDR (pink), fluorescence backscattering coefficient (black), and
fluorescence efficiency (red) during five weather events: April 20—21(a), May 18—19 (b), May 19—20 (c), May 6—7 (d), and May 11—12 (e)
2016. Gray shadings are the selected aerosol layers for further analysis in Figure S.

typical weather types based on lidar data and in situ
measurements. Figure 2 displays in situ measurements from
May 5 to 20, 2016. The orange shadows denote dust events,
while the gray shadows indicate air pollution events. A clear
day scenario was identified on April 20, with a PM, 5 of 11 ug-
m~3, a PM;, of 42 ug'm™>, and an absorption coefficient of
0.11 X 107>km™', coinciding with small values of the
backscatter and particle depolarization ratio from lidar
measurements.

3.1. Clear Day Case. During the night of April 20 (Figure
3a-c), the aerosol layer was confined below 300 m, exhibiting a
weak lidar backscattering signal and a low PDR. Moreover, the
broad fluorescence intensity, obtained by integrating the
spectra from 420 to 690 nm, was relatively low, with a
strength of less than 0.4. Notably, the 370—420 nm bands were
omitted to minimize the impact of Raman scattering leakage
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from the laser through long-pass filters. The averaged vertical
profiles of aerosol parameters during the clear day, as observed
on April 20, 2016, are depicted in Figure 4a. The back-
scattering coefficient from the lidar measurements did not
exceed 2.4 X 107° km™ sr' within the detected range.
Concurrently, the fluorescence backscattering coefficient
within this layer was approximately 1.08 X 107> km™ sr™".
3.2. Air Pollution Cases. Previous studies showed that the
PDR of air pollution at 355 nm was 0.09 + 0.04 in South
Africa and 0.05 in Warsaw.**° In this study, air pollution cases
were identified based on lidar and in situ measurements,
showing high fluorescence intensity and high PM, ; but low
PDR values. The temporal evolution of the normalized
fluorescence intensity, backscattering coeflicient, and PDR at
355 nm during nighttime air pollution on May 18—19, 2016, is
depicted in Figure 3d-i. The height of the air pollutant layer

https://doi.org/10.1021/acs.est.5c00028
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was below ~300 m, marked by a low PDR, a high
backscattering coeflicient, and a high fluorescence intensity.
Figure 4b-c presents the vertical profiles of particle parameters
for the two air pollution events. As the height increased, the
pollution concentration decreased, the backscattering coef-
ficient reduced from 5 X 107> to 2 X 107> km™! sr™!, and the
PDR decreased from 0.15 to 0.12 in the 200—500 m range.
Moreover, the fluorescence efficiency at the center of the
aerosol layer was close to 0.2, respectively, which is
significantly higher than the fluorescence efficiency observed
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during the clear day. The fluorescence efficiency and
fluorescence backscattering coefficient profiles were reasonably
similar.

3.3. Dust Event Cases. We selected two dust events, on
May 5—6 and May 11-12, to assess the variation in the
fluorescence intensity of dust aerosols. Figure 3j-o illustrates
the temporal evolution of the total fluorescence signal between
420 and 690 nm, the backscattering coefficient at 355 nm, and
the particle depolarization ratio at 355 nm, as well as the

https://doi.org/10.1021/acs.est.5c00028
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Figure 7. Four fluorescent components of ground-based aerosol samples under different weather conditions analyzed by EEM-PARAFAC (Cl:
low-oxygen HULIS; C2: high-oxygen HULIS; C3: phenols/tryptophan; C4: tyrosine), (a) the EEMs corresponding to each component, (b) the
corresponding excitation and emission spectral loadings; (c) the relative abundance of each fluorescent component. (d) HULIS fluorescence
spectra obtained from the PARAFAC decomposition of air pollution cases observed by the RPFSL (gray). Comparison with the HULIS
fluorescence spectra decomposed from ground sampling (C1, blue) and HULIS spectra reported by Pan et al.® in Adelphi, MD and New Haven,

CT (red).

corresponding vertical profiles of the main particle parameters,
as shown in Figure 4d-e.

On May 6—7, a dust layer was identified at 100—300 m, with
a low fluorescence signal. The backscattering coeflicient was
2.18 X 107> km™" sr™', and the PDR exceeded 0.19, indicating
a light dust event. The heavy dust event occurring from May
11-12, 2016, was detected by the RPFSL, showing a large
backscattering coeflicient and a depolarization ratio at 355 nm,
and suggesting that the dust event predominantly comprised
highly nonspherical particles.*’~* A distinct dust layer was
observed at 100—400 m; however, the corresponding
depolarization ratio was lower than that of pure dust,”
plausibly due to the mixing of transported dust particles with
local aerosols. Additionally, a pronounced fluorescence signal
was observed from 100 to 400 m between 23:00 and 03:00,
with a fluorescence backscattering coefficient of 2 X 107° km™!
st™". The backscattering coefficient increased from ~2 X 1073
to 4 X 107 km™" sr™'. However, the fluorescence efficiency
decreased with the altitude, from 0.2 (100 m) to 0.05 (400 m).
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As shown in Figure 4d-e, it is clearly seen that dust weather
contains a large number of fluorescent aerosols.>®

4. DISCUSSION

To further analyze the observed differences in retrieved lidar
measurements under different weather conditions, we summa-
rize the optical properties of fluorescent aerosol observed by
the RPFSL during the investigation period as shown in Figure
S. We selected aerosol layers between 200 and 300 m above
the ground during typical five weather conditions, then
averaged four key optical parameters for 2 h of lidar
measurements. It is shown that large scattering in optical
properties occurs in different cases. For example, the values of
fluorescence efficiency (), PDR (8p), fluorescence back-
scattering coefficient (f3;), and backscattering coefficient (f3,,)
during heavy dust events were all large. The findings enabled
us to categorize the following four types of particles: (I) clear
day - low &p, low 7, low 8, and low g (II) air pollution -
middle &y, high #, high f,;, and high f; (III) light dust - high
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The full-band fluorescence spectra of atmospheric aerosols
ranging from 420 to 700 nm under five different weather
conditions, as detected by the RPFSL, are shown in Figure 6a,
indicating significant differences in the fluorescence intensity.
Air pollution resulted in strong fluorescence across the entire
spectral band, while the fluorescence intensity during clear day
and light dust events was comparatively weak. The
fluorescence spectrum of air pollutants exhibited a unimodal
structure, with a peak appearing at 420 nm. The spectra of dust
aerosols showed three obvious peaks around 420—440 nm,
550—570 nm, and 630—650 nm. The peak intensity was
consistent with the dust concentration, i.e., the higher the dust
concentration, the more intense the fluorescence peak.
Moreover, the results demonstrated that different aerosol
types, such as dust, air pollutants, and background aerosol,
could be distinguished by combining PDR and fluorescence
spectrum analyses. To verify the universal character of the
selected weather cases, we used Hierarchical Cluster Analysis
(HCA) to further classify all fluorescence spectra into four
clusters.”">* Figure 6b-d illustrates the results of matching the
spectra recorded in April-May 2016 with templates shown in
Figure 6a. Of the 240 total spectral profiles measured from
April 20 to May 20, a total of 135 spectra were similar to at
least one template spectrum in Figure 6a.

To validate the measurement of RPFSL, we analyzed the
aerosol sampling data near the ground during the same period
as the lidar observations. The method used in this study similar
to that of Wen et al,>> EEM-PARAFAC is utilized to
decompose four fluorescent components (Components 1—4,
i.e, Cl1—C4), which include two HULIS fluorescent
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components (C1 and C2) and two protein-like organic matter
(PLOM) fluorescent components (C3 and C4). The EEM
fluorescence fingerprint spectra of the four components
obtained through PARAFAC decomposition are shown in
Figure 7a-b. Then we can calculate the relative contributions of
the C1—C4 components under different weather conditions,
with the results as shown in Figure 7c. Cl (Ex./Em. = <
240(305)/420 nm) generally belongs to less oxygenated
HULIS and is often reported in urban aerosols,”” being
associated with anthropogenic or terrestrial sources. In
contrast, the fluorescence peak of C2 (Ex./Em. = 255(380)/
476 nm) appears at a longer wavelength and is assigned to
highly oxygenated HULIS, most likely originating from
terrestrial and dust sources.””*° The fluorescence of C3
(Ex./Em. = < 240(320)/383 nm) is typically associated with
PLOM having a simple aromatic ring structure. However,
recent studies have reported that phenolic compounds emit a
fluorescence signal similar to that of C3, originating from the
incomplete pyrolysis products of lignin and cellulose during
biomass burning.””** C4 (Ex./Em. = < 240(275)/333 nm)
closely resembles typical characteristics of tyrosine and may be
a product of microbial activity in soil and dust.”” Overall, C1
and C3 dominate the total fluorescence at Zhangbei, with a
combined contribution exceeding 70%. The relative fluores-
cence contributions of HULIS represented by C1 and C2
substantially increased during dust and air pollution events. C3
was a significant contributor to the fluorophores, not only in
dust events (40.5%) but also on clear day (58%). The relative
intensity of C3 was slightly reduced during air pollution
periods. In the five investigated cases, the contribution of C4
remained relatively unchanged, essentially around 10%.
Remarkably, the five cases exhibited high fluorescence intensity
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at 420—480 nm, Figure 6a, because the observation site was
surrounded by rural areas, and the observation records showed
that smoke from residential biomass burning, heating on fossil
fuels, and cooking was common, su(ggesting that combustion
produced a large amount of C1—-C3. °061 In the two dust cases,
two shoulder peaks observed near 550—570 nm and 630—650
nm are significant: the fluorescence peak at 550—570 nm likely
originates from an increase in the C3 content during dust
events, which is related to phenolic compounds produced by
biomass and coal combustion.”” The fluorescence peak at
630—650 nm is associated with luminescent compounds
inherent in mineral dust and chlorophyll molecules present
in various aerobic organisms in nature.®>%*

Components of C1 and C2, representing HULIS in air
pollution cases, were significantly increased. It is noted that
these two components account for more than 60% in
fluorescence aerosols, as shown in Figure 7c. However, during
dust events, none of the four analyzed components (C1—C4)
had a dominant position. On clear day, the C3 contributes
~58% in fluorescence aerosols even though the total
fluorescence intensity was weak. Therefore, high concentration
of HULIS is clearly found during air pollution events.
Furthermore, we applied PARAFAC for the spectral
decomposition of 38 air pollution spectra, as shown in Figure
6d. Then, the obtained HULIS spectrum (gray line) was
compared with the EEM results of ground-based samples and
the previous study reported by Pan et al,, as shown in Figure
7d. It is pointed out that Pan et al. used a dual-wavelength
excitation particle fluorescence spectrometer to measure the
fluorescence spectra from single atmospheric aerosol particles
at New Haven, CT, and Adelphi, MD.*® The fluorescence
spectra of HULIS (dashed red line) were obtained after
weighted averaging. We can clearly see that the variations of
fluorescence spectra for these three independent samples are
coincident, even though their detecting methods are largely
different. Therefore, we conclude that HULIS can be reliably
detected from the RPFSL observations in high altitude
atmosphere according to the analysis of spectral results.

According to eq S, the atmospheric total fluorescent aerosol
concentration under different weather conditions can be
retrieved from the total fluorescence signal (420—690 nm),
as shown in Figure 8a. These concentration profiles represent
the mean over a 2-h period. On clear day and light dust events,
the concentrations of near-ground fluorescent aerosols were
relatively low, with the peak concentration occurring above
350 m, amounting to 15891 particles:m™> on the clear day and
14819 particlessm™ on light dust events. In contrast, heavy
dust and air pollution events exhibited significantly higher
concentrations of fluorescent aerosols, which notably de-
creased with the altitude, from 20000 particles-m™ at 200 m to
7000 particlessm™ at 450 m. The vertical concentration
profiles for HULIS were preliminarily assessed according to eq
8, as shown in Figure 8b. The HULIS concentrations during
air pollution events were noticeably higher compared to other
weather conditions, with the highest levels occurring at an
altitude of 200 m. On May 18, the concentration peaked at
9699 particles-m ™, and on May 19, it was 9315 particles-m ™.
As the altitude increases, the aerosols spread out, gradually
decreasing the HULIS concentration. For heavy dust events,
the HULIS concentration peaked at 240 m, being 6245
particles~m_3. In contrast, on clear day and light dust events,
the HULIS concentration showed minimal variation with the
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altitude, fluctuating within a narrow band of 1100 to 1300

particles-m ™.
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