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A B S T R A C T

Dust particles undergo complex physical and chemical aging processes during long-range atmospheric transport, 
substantially altering their optical properties and environmental impacts. However, real-time quantification of 
dust aging and its vertical evolution remains challenging. In this study, a Mie scatter
ing–polarization–fluorescence lidar combined with ground-based measurements was used to investigate dust 
mixing and aging over Northwest China. A novel Dust Aging Index (DAI) was developed by integrating multiple 
optical parameters to quantitatively characterize the mixing process and aging state of dust aerosols. Stage- 
dependent variations in fluorescence spectra reflected systematic compositional changes during aging. During 
fresh dust mixing, fluorescence was dominated by short-wavelength emissions; however, as external mixing and 
aging progressed, the spectral peak shifted towards longer wavelengths, reflecting an increasing contribution 
from highly oxidized organic compounds. The DAI exhibited a pronounced non-monotonic evolution, indicating 
that dust aging proceeded through multiple transitional stages rather than a simple linear progression. Before the 
arrival of the principal dust plume, the DAI remained comparatively high, attaining 0.43. Following the intrusion 
of fresh mineral dust, the DAI decreased to 0.32 before gradually increasing to 0.42 during subsequent chemical 
aging. Further analyses integrating ion chromatography and particle size distribution measurements revealed a 
strong association between long-wavelength fluorescence emissions, submicron particles, and secondary aerosol 
precursors, suggesting that dust aging facilitated the formation and accumulation of oxidized organic matter. 
This study provides a novel remote-sensing framework for quantifying dust aging and advances our under
standing of the evolving impacts of atmospheric dust on climate, environment, and human health.

1. Introduction

Atmospheric aerosols comprise solid and liquid particles suspended 
within the atmosphere. They exert substantial influences on the Earth's 
radiation balance, climate, hydrological processes, and air quality 
through aerosol–radiation and aerosol–cloud interactions (Kok et al., 
2023; Adebiyi et al., 2023). Mineral dust originating from arid and 
semi-arid regions constitutes the largest contributor to the global at
mospheric aerosol burden, with annual emissions estimated to range 
from 1 to 3 billion tonnes. Long-range transport of mineral dust plays a 
crucial role in global biogeochemical cycling by delivering essential 
nutrients to terrestrial and marine ecosystems, including the Amazon 
rainforest (Wang et al., 2023a; Li and Wang, 2024; Zan et al., 2025). 

However, dust transport can also degrade air quality and adversely 
affect human health, infrastructure, and socioeconomic activities.

During atmospheric transport, dust particles continuously interact 
with a variety of atmospheric pollutants, including sulfur oxides, ni
trogen oxides, volatile organic compounds, black carbon (BC), brown 
carbon (BrC), and biomass-burning aerosols (Zhang et al., 2008; Shen 
et al., 2013; Tang et al., 2017; Wang et al., 2017). These interactions 
modify particle morphology, chemical composition, hygroscopicity, and 
optical characteristics through a series of physical and chemical trans
formations collectively referred to as dust aging (Gaston, 2020; Li et al., 
2023a, 2023b; Liu et al., 2025). Fresh dust particles are generally hy
drophobic; however, following atmospheric aging, they become 
increasingly hydrophilic owing to the accumulation of sulfate and 
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nitrate coatings, thereby enhancing their ability to act as cloud 
condensation nuclei (CCN) and ice nuclei (IN) (Zhang et al., 2008; 
Miyamoto et al., 2020; Klingmüller et al., 2020; Casquero-Vera et al., 
2023). Furthermore, mixing with light-absorbing aerosols such as BC 
and BrC can enhance shortwave radiation absorption and alter the 
single-scattering albedo (SSA), thereby potentially shifting the radiative 
effects of dust from net cooling to net warming (Klingmüller et al., 2020; 
Haywood et al., 2021; Zhang et al., 2021a, 2021b). In addition, dust 
aging progressively transforms irregularly shaped particles into more 
spherical morphologies, thereby significantly influencing their scat
tering and polarization characteristics (Pan et al., 2017; Tian et al., 
2018; Yao et al., 2026).

Real-time, vertically resolved monitoring of dust aging remains a 
significant scientific and observational challenge. Ground-based mea
surements provide detailed and accurate chemical and microphysical 
information; however, their ability to characterize the vertical structure 
and regional distribution of dust aerosols is inherently limited (Song 
et al., 2013; Geng et al., 2014). Satellite observations provide exten
sive spatial coverage; however, their temporal continuity and capability 
to resolve vertical aerosol distributions remain limited (Ackerman, 
1997; Legrand et al., 2001). Consequently, there is an urgent need for 
advanced remote-sensing techniques capable of providing real-time, in- 
situ quantification of dust aging. Lidar has become an indispensable tool 
for aerosol monitoring owing to its high temporal and spatial resolution 
and its ability to retrieve detailed vertical profiles of the atmosphere 
(Sugimoto et al., 2015; Wang et al., 2023b; Huang et al., 2025b). Con
ventional Mie lidar systems retrieve aerosol backscatter and extinction 
coefficients, whereas polarization lidar systems discriminate between 
spherical and non-spherical particles using depolarization ratios (Jing 
et al., 2024; Yadav et al., 2025). Previous studies have demonstrated 
that dust aging leads to reduced depolarization ratios, primarily because 
the accumulation of pollutant coatings progressively smooths particle 
surfaces and decreases particle irregularity (Groß et al., 2015; Pan et al., 
2017; Yu et al., 2018; Yao et al., 2026). However, polarization- and 
scattering-based measurements primarily reflect changes in particle 
morphology and optical structure and are generally less sensitive to the 
chemical transformations associated with dust aging.

Laser-induced fluorescence (LIF) has emerged as a promising tech
nique for the identification and characterization of aerosol components. 
Organic and biological aerosols exhibit characteristic fluorescence sig
natures when excited by laser radiation, enabling their detection and 
differentiation based on spectral features (Pan et al., 2014; Richardson 
et al., 2019; Huang et al., 2025a). Fluorescence properties of aerosol 
particles can vary with their organic composition and degree of atmo
spheric processing, providing complementary information to conven
tional scattering and polarization measurements. During long-range 
atmospheric transport, dust particles can acquire fluorescent constitu
ents through interactions and mixing with polluted air masses and bio
logical aerosol layers (Sugimoto et al., 2012a, 2012b; Reichardt et al., 
2025). More importantly, atmospheric aging processes, including 
oxidation and nitration reactions, can induce systematic shifts in fluo
rescence emission peaks towards longer wavelengths. Similar fluores
cence redshift phenomena have been widely documented in BrC, 
melanin, nitrogen-containing chromophores, and biogenic secondary 
organic aerosols (SOA) undergoing atmospheric aging; Wong(Bones 
et al., 2010; Fan et al., 2020; Lee et al., 2014; Ng et al., 2017; Pöhlker 
et al., 2012; Qin et al., 2022; Santos et al., 2009; Wong et al., 2024; Xie 
et al., 2016; Zhang et al., 2021a). Collectively, these findings suggest 
that fluorescence redshift has the potential to provide complementary 
optical information on the atmospheric processing of fluorescent organic 
components associated with dust-containing aerosol populations.

Building upon this concept, this study proposes a comprehensive 
remote-sensing parameter, termed the Dust Aging Index (DAI), to 
quantitatively characterize the mixing process and aging state of dust 
aerosols. To achieve this objective, a multi-channel lidar system inte
grating scattering, polarization, and fluorescence measurements was 

employed (Wang et al., 2023b; Huang et al., 2025a). The system 
simultaneously retrieves aerosol extinction coefficients, volume depo
larization ratios, and fluorescence spectral information using an inte
grated 32-channel spectrometer. By integrating these complementary 
optical parameters, the DAI is designed to dynamically characterize the 
progression of dust aging from freshly emitted particles to more chem
ically processed aerosol populations. In addition, an ion chromatograph 
was used to quantify secondary inorganic ions and precursor gases 
associated with dust aging, while a particle size spectrometer continu
ously monitored aerosol size distributions. Correlation analyzes between 
the DAI and in situ measurements were conducted to evaluate the 
robustness and reliability of the proposed methodology. Overall, this 
study presents a novel lidar-based framework for real-time, in-situ, and 
vertically resolved monitoring of dust mixing and aging through the 
integrated analysis of scattering, polarization, and fluorescence 
observations.

2. Instruments and methods

2.1. Mie scattering–polarization–fluorescence lidar

The dust observation campaign was conducted from 25 to 26 March 
2025 using a ground-based Mie scattering–polarization–fluorescence 
lidar system at Lanzhou University, China. The system primarily ac
quired 532 nm backscatter signals and fluorescence backscattering sig
nals excited by a 355 nm laser source. The 532 nm backscatter signal 
was detected by two photomultiplier tubes (PMTs) after passing through 
a polarization beam-splitting crystal. The fluorescence detection sub
system integrated a grating spectrometer with a 32-channel PMT array, 
providing a spectral resolution of 5.8 nm. The detected fluorescence 
spectrum provided continuous spectral coverage over the wavelength 
range of 372–551 nm (Huang et al., 2025a). To minimize interference 
from Raman scattering by major atmospheric constituents, including O₂, 
N₂, and H₂O, and to avoid uncertainties associated with reduced signal 
reliability at the spectral boundaries, the effective fluorescence spectral 
range was restricted to 420–500 nm. The fluorescence measurements 
were recorded with temporal and spatial resolutions of 2 min and 15 m, 
respectively, whereas the corresponding temporal and spatial resolu
tions of the backscatter measurements were 5 min and 3.75 m, respec
tively. The raw lidar signals were sequentially processed through 
background subtraction, range-squared correction, geometric overlap 
correction, and polarization correction prior to subsequent analysis 
(Freudenthaler et al., 2009; Wang et al., 2018b; Li et al., 2019; Wang 
et al., 2023b). Owing the substantial influence of solar background ra
diation on weak fluorescence signals, fluorescence measurements were 
conducted exclusively during nighttime periods.

The purpose of the fluorescence measurements in this study was to 
characterize wavelength-dependent variations in the bulk fluorescent 
aerosol signal rather than to achieve molecular-level identification of 
individual fluorophores. Accordingly, the 420–500 nm range was used 
to investigate relative spectral evolution, including changes in peak 
position, spectral intensity, and spectral broadening.

2.2. Particle sizer and ion chromatograph

The TSI Scanning Mobility Particle Sizer (SMPS) is a high-resolution 
aerosol spectrometer designed to accurately measure the size distribu
tion of submicron particles based on their electrical mobility charac
teristics. By integrating electrical mobility classification with particle- 
counting measurements, the SMPS determines particle number con
centrations across a series of discrete size channels (Nannu Shankar 
et al., 2023; Lu et al., 2024). In this study, the SMPS was employed to 
monitor temporal variations in the number concentrations of atmo
spheric particles with diameters ranging from 9 to 371 nm throughout 
the dust event.

The concentrations of water-soluble ions and gaseous species were 
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measured using a high-performance ion chromatograph deployed at the 
Atmospheric Composition Supersite of Lanzhou University. The ion 
chromatograph separates ionic species through reversible ion-exchange 
processes occurring between charged functional groups on the resin and 
analyte ions of the same type present in the mobile phase. Differences in 
the affinity of individual ions for the exchange resin result in distinct 
retention behaviors, thereby enabling the quantitative determination of 
water-soluble ions and selected gaseous species (Meng et al., 2024; 
Wang et al., 2024).

2.3. Lidar data processing

Owing to the substantial influence of solar background radiation on 
weak fluorescence signals, fluorescence observations were conducted 
exclusively during nighttime periods. Because individual fluorescence 
detection channels exhibit different spectral response sensitivities, the 
spectrometer data were calibrated prior to subsequent analysis to ensure 
measurement consistency and spectral comparability (Reichardt et al., 
2023). The standard lidar equation used to describe the received at
mospheric backscatter signal is given in Eq. (1) (Ansmann et al., 1992), 
this equation provides the general theoretical basis for describing the 
propagation and attenuation of the received lidar signal: 

PS(r) = C
P0

r2 O(r)β(r)exp
(

− 2
∫ r

0
α(rʹ)dŕ

)

+Pb (1) 

here, P0 and PS(r) represent the emitted laser power and the received 
backscatter signal intensity, respectively; r denotes the distance between 
the lidar and the target aerosol particles; C is the lidar system constant; 
and O(r) represents the geometric overlap factor. β and α denote the 
aerosol backscatter coefficient and extinction coefficient, respectively. 
Pb represents the background signal, which includes contributions from 
ambient radiation and instrumental noise. Here, Pb was estimated from 
the lidar returns above 12 km, where the atmospheric aerosol contri
bution is negligible, and was subsequently subtracted from the low- 
altitude lidar signals. The background-corrected signal was then used 
for the subsequent retrieval. The normalized fluorescence intensity can 
be retrieved from the ratio of the fluorescence signal to the nitrogen 
Raman backscatter signal (Veselovskii et al., 2020). In this study, the 
ratio of the fluorescence signal to the nitrogen Raman scattering signal 
at 387 nm was used as the normalized fluorescence intensity parameter, 
as defined in Eqs. (2) and (3). The nitrogen Raman scattering signal and 
the fluorescence signals at different wavelengths can be expressed as 
follows (Veselovskii et al., 2020; Wang et al., 2023b): 

PN2 (r) = CP0O(r)βN2
exp

{

−

∫ r

0
[α0(rʹ)+ αN2 (r

ʹ) ]drʹ
}

(2) 

PF(λ, r) = CP0O(r)βFexp
{

−

∫ r

0
[α0(λ, rʹ)+αF(λ, rʹ) ]drʹ

}

(3) 

For the present lidar system, the system constant C in Eq. (1) can be 
further expressed in terms of the relevant instrumental parameters as 
follows: 

P(r) =
1
2

KP0cτ A
r2 O(r)β(r)exp

[

− 2
∫ r

0
α(rʹ)drʹ

]

(4) 

where K represents the overall system efficiency, c denotes the speed of 
light (m⋅s− 1), τ represents the laser pulse duration (s) and A is the 
effective receiving area of the telescope. For the Fernald inversion, the 
aerosol extinction-to-backscatter ratio (lidar ratio) is defined as 
(Fernald, 1984): 

SA =
αA(r)
βA(r)

(5) 

In this study, SA was assumed to be 50 sr based on Huang et al. 
(2023). The corrected lidar signal was then inverted using the Fernald 

method, which separately accounts for the scattering contributions from 
aerosols and atmospheric molecules (Fernald, 1984; Welton and 
Campbell, 2002). An altitude of 10 km was selected as the reference 
height, where the aerosol contribution was assumed to be negligible. 
Using the prescribed aerosol lidar ratio and this reference condition, the 
aerosol backscatter coefficient was retrieved, and the corresponding 
aerosol extinction coefficient was subsequently calculated. 

VDR =
P⊥

P‖

(6) 

After passing through a polarizing beam splitter (PBS), the 532 nm 
backscatter signal was separated into perpendicular and parallel polar
ization components. The ratio of these two components is defined as the 
volume depolarization ratio (VDR) (Eq. (6)), which is widely used to 
discriminate between spherical and non-spherical particles and is 
particularly effective for detecting morphology-related changes associ
ated with dust aging (Liu et al., 2002; Sugimoto and Lee, 2006; Haarig 
et al., 2018).

2.4. Definition of dust aging index

Freshly emitted dust particles are typically irregular in shape and 
consequently exhibit relatively high depolarization ratios. During at
mospheric aging, hygroscopic growth and the accumulation of surface 
coatings progressively transform dust particles towards more spherical 
morphologies, resulting in reduced volume depolarization ratios (Sakai 
et al., 2010). At different stages of atmospheric aging, variations in the 
abundance, composition, and chemical transformation of organic and 
biomass-derived materials associated with dust surfaces give rise to 
distinct fluorescence responses across different wavelength bands 
(Zhang et al., 2013; Pan, 2015). Therefore, based on observations ac
quired by the Mie scattering–polarization–fluorescence lidar, a multi- 
parameter DAI was developed by integrating information on particle 
nonsphericity (volume depolarization ratio), fluorescence spectral evo
lution (fluorescence measurements), and aerosol loading (extinction 
coefficient).

The volume depolarization-ratio sub-index (IVDR) was introduced to 
characterize changes in the atmospheric processing state of dust- 
containing aerosol populations. Fresh dust particles generally exhibit 
high volume depolarization ratios; therefore, the upper threshold was 
defined as 0.35 (VDRfre = 0.35). Following atmospheric aging, the vol
ume depolarization ratio decreases owing to particle coating formation 
and morphological evolution; accordingly, the lower threshold was 
defined as 0.10 (VDRold = 0.10). If VDRobs represents the observed vol
ume depolarization ratio, values calculated using Eq. (7) that approach 1 
indicate a greater degree of dust aging, whereas values approaching 
0 indicate fresh dust with limited atmospheric processing. It should be 
noted that VDRold = 0.10 is consistent with a contribution from non- 
spherical particles and provides supporting evidence for the presence 
of dust. However, such a value is not unique to dust and may also occur 
in urban or smoke-influenced aerosol populations. Therefore, the VDR 
was interpreted together with the Mie-scattering and fluorescence 
measurements and other aerosol observations rather than being used as 
a standalone criterion for dust identification. 

IVDR =

(
VDRfre − VDRobs

)

(
VDRfre − VDRold

) (7) 

The extinction-coefficient sub-index (Iexco) was introduced as an 
auxiliary parameter to characterize the aging state of dust aerosols. 
During the passage of the main dust plume, aerosol concentrations in
crease substantially, and the aerosol population becomes dominated by 
coarse-mode mineral dust particles that largely retain the physico
chemical characteristics of their crustal source materials (Sugimoto and 
Lee, 2006; Sugimoto et al., 2016; Tesche et al., 2009). As a fundamental 
aerosol optical property, the extinction coefficient is strongly influenced 
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by particle number concentration, size distribution, and particle optical 
characteristics, particularly in the presence of coarse-mode aerosols 
(Papetta et al., 2025). During atmospheric transport and aging, pro
cesses such as gravitational settling, hygroscopic growth, and mixing 
with anthropogenic pollutants modify aerosol size distributions and 
particle number concentrations, thereby altering the extinction coeffi
cient (Ansmann et al., 2003; Weinzierl et al., 2009). However, these 
changes do not necessarily follow a monotonic trend throughout the 
aging process. Because the extinction coefficient reflects aerosol loading 
and is also affected by changes in particle size distribution, transport, 
gravitational settling, dilution, and mixing, it was included as an 
auxiliary optical descriptor of the evolving aerosol population. The 
extinction coefficient was normalized to construct an extinction-based 
sub-index (Iexco), where Emax represents the maximum extinction coeffi
cient observed during the passage of the main dust plume and Emin 

represents the background minimum observed prior to dust arrival. 
Higher values of Iexco indicate lower extinction relative to the maximum 
observed during the main dust plume and therefore represent a later/ 
less strongly loaded stage of the observed dust event. This parameter is 
used only as an auxiliary component of the DAI and is not interpreted 
independently as a unique indicator of dust aging.Values calculated 
using Eq. (8) that approach 1 indicate a greater degree of dust aging, 
whereas values approaching 0 indicate relatively fresh dust with limited 
atmospheric processing. 

Iexco =
(Emax − Eobs)

(Emax − Emin)
(8) 

The fluorescence sub-index (IF) was constructed on the basis of stage- 
dependent variations in dust fluorescence spectra (see Fig. 4). During the 
passage of fresh dust, turbulent mixing with locally emitted organic 
materials and biomass-derived aerosols generates a pronounced fluo
rescence peak within the 445–465 nm wavelength range. As dust par
ticles and their associated fluorescent constituents undergo atmospheric 
aging, the fluorescence spectrum progressively shifts towards longer 
wavelengths, reflecting changes in chemical composition and oxidation 
state. Therefore, the integrated fluorescence intensity within the 
445–465 nm wavelength interval was selected as an indicator of rela
tively fresh dust, whereas the integrated fluorescence intensity within 
the 480–500 nm interval was used as an indicator of aged dust. Values 
calculated using Eq. (9) that approach 1 indicate a greater degree of dust 
aging, whereas values approaching 0 indicate relatively fresh dust with 
minimal atmospheric processing. 

IF =
F(480− 500)

F(445− 465) + F(480− 500)
(9) 

DAI =
1
3
(IVDR + Iexco + IF) (10) 

The three sub-indices were combined using equal weighting to 
obtain the Dust Aging Index (DAI), which is used here as an integrated 
optical indicator of the atmospheric processing state of dust-containing 
aerosol populations. Higher DAI values indicate optical characteristics 
more consistent with extensive atmospheric processing and aging- 
related evolution.

2.5. Correlation analysis between ionic composition and fluorescence 
spectra

To investigate the relationship between aerosol ionic composition 
and fluorescence spectral characteristics, the concentration of each 
measured ion was first normalized to the total concentration of all 
measured ions at each sampling time. The relative contribution of ion i 
was calculated as: 

ri,t =
Ci,t

∑m
j=1Cj,t

(11) 

where Ci,t represents the concentration of ion i at time t, and m is the 
total number of measured ionic species. This normalization minimizes 
the influence of temporal variations in the overall ionic loading and 
emphasizes changes in relative ionic composition.

When repeated measurements were available within the same time 
point, the ion concentration fractions and fluorescence intensities were 
averaged within that time point to obtain the corresponding time series, 
ri,t and Sλ,t , respectively. Pearson's correlation coefficient was then 
calculated independently for each ion i and fluorescence wavelength λ: 

ρi,λ =

∑Nt
t=1

(
ri,t − ri

)(
Sλ,t − Sλ

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑Nt

t=1
(
ri,t − ri

)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑Nt
t=1

(
Sλ,t − Sλ

)2
√ (12) 

here, Nt is the total number of time points, while ri and Sλ represent the 
temporal means of the ion concentration fraction and fluorescence in
tensity at wavelength λ, respectively. Thus, ρi,λ characterizes the tem
poral association between the relative contribution of ion i and the 
fluorescence intensity at wavelength λ. Positive and negative values 
indicate positive and negative associations, respectively.

2.6. Correlation analysis between particle size distribution and 
fluorescence spectra

To investigate the relationship between particle-size composition 
and fluorescence spectral characteristics, the particle size distribution 
and fluorescence spectrum were paired according to their common time 
bins. For each time bin t, the particle concentration in the k-th size in
terval was normalized by the total particle concentration across all size 
intervals: 

pk,t =
Ck,t

∑n
j=1Cj,t

(13) 

where Ck,t is the particle concentration in the k-th size interval at time t, 
and n is the total number of size intervals. This normalization converts 
the particle concentration in each size interval into its relative contri
bution to the total particle population at each time bin.

The normalized particle fractions were then paired with the corre
sponding fluorescence intensities at each measured wavelength. For 
each of the three stages of the dust event, Pearson correlation co
efficients were calculated between the time series of the particle fraction 
pk,t and the fluorescence intensity Sλ,t at wavelength λ: 

ρk,λ =

∑Nt
t=1

(
pk,t − pk

)(
Sλ,t − Sλ

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑Nt

t=1

(
pk,t − pk

)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑Nt
t=1

(
Sλ,t − Sλ

)2
√ (14) 

where Nt is the number of time bins within the corresponding stage, and 
pk and Sλ are the temporal means of the particle fraction and fluores
cence intensity, respectively. Thus, ρk,λ quantifies the temporal corre
lation between the relative contribution of particles in the k-th size 
interval and the fluorescence intensity at wavelength λ. The correlation 
coefficients range from − 1 to 1, with positive and negative values 
indicating synchronous and inverse temporal variations, respectively.

3. Results and discussion

3.1. Characteristics of aerosols above the observation site observed by 
lidar during the dust event

A severe dust pollution event was observed in Lanzhou from 25 to 26 
March 2025. During the passage of the dust plume, the mass concen
trations of PM10 and PM2.5 exhibited substantial variability, and their 
temporal evolution showed a high degree of synchronization (Fig. 1). 
Particle concentrations increased sharply at approximately 23:00 on 25 
March, indicating the arrival of the main dust plume over the 
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observation site (Zhang et al., 2022a). At approximately 03:00 on 26 
March, particle concentrations exhibited a brief but pronounced decline, 
which was likely associated with transient meteorological variations 
such as increased wind speeds and shifts in wind direction that tempo
rarily enhanced atmospheric dispersion conditions (Lu et al., 2019). 
Subsequently, particle concentrations increased rapidly once again and 
reached a second peak, which may have resulted either from a secondary 
intensification of the dust event or from the arrival of an additional 
dust-laden air mass (Yang et al., 2022; Zhang et al., 2025).

During the observation period, particle mass concentrations consis
tently followed the order PM10 > RESP (respirable particulate matter) >
PM2.5 > PM1 (Fig. 1), indicating a pronounced dominance of coarse- 
mode particles, which is a characteristic feature of mineral dust aero
sols and dust-dominated atmospheric conditions (Peng et al., 2019). The 
PM2.5/PM10 ratio is widely used as a diagnostic indicator for aerosol 
source identification and the assessment of aerosol mixing states (Zhang 
et al., 2025). Prior to the arrival of the main dust plume, the PM2.5/PM10 
ratio gradually increased, likely because fine-particle-rich anthropo
genic emissions near the surface were uplifted and redistributed by 
wind-induced turbulent mixing. At approximately 23:00 on 25 March, 
coincident with the arrival of the main dust plume, the PM2.5/PM10 ratio 
decreased rapidly, indicating a substantial increase in the contribution 
of freshly transported coarse dust particles. This observation further 
suggests that, during transport, the rapid changes observed in the dust- 
influenced aerosol layer may reflect external mixing with pre-existing/ 
local pollution aerosols, atmospheric processing, or a combination of 
these processes. It should be noted that external mixing and atmospheric 
aging are not mutually exclusive processes. External mixing between 
dust and pollution aerosols can modify the observed optical and fluo
rescence properties and may precede or accompany subsequent chemi
cal processing. Nevertheless, the substantial influx of coarse mineral 
dust particles increased the PM10 mass concentration disproportionately 
relative to PM2.5, thereby reducing the PM2.5/PM10 ratio despite the 
occurrence of pollutant–dust mixing (Pan et al., 2017; Shin et al., 2015; 
Zhao et al., 2011).

Fig. 2 presents the lidar observations obtained during the dust event. 
Prior to the arrival of the main dust plume, fluorescence intensity, 
extinction coefficient, and volume depolarization ratio all remained at 
relatively low levels, indicating weak aerosol optical loading and limited 
aerosol optical influence within the atmospheric column. A low 
extinction coefficient generally reflects low aerosol loading, which is 
commonly associated with reduced particle mass and number concen
trations. In contrast, a low volume depolarization ratio indicates a pre
dominance of nearly spherical particles and a limited contribution from 
non-spherical components such as mineral dust, which typically 
generate elevated depolarization signals (Kong et al., 2022). Therefore, 

the aerosol population during this stage was likely dominated by fine 
anthropogenic particulate matter, consistent with urban or regional 
pollution influences. Meanwhile, the fluorescence intensity exhibited a 
gradual increase throughout this period. Given that polluted aerosols are 
typically characterized by relatively high fluorescence intensities and 
low volume depolarization ratios, whereas dust is generally associated 
with weaker fluorescence signals and higher volume depolarization ra
tios, the pre-dust aerosol population was likely dominated by locally 
emitted anthropogenic pollutants, with a possible contribution from 
resuspended aged dust particles (Jiang et al., 2024; Tang et al., 2025).

During the passage of the main dust plume, the observation site 
entered a typical dust–pollution mixing stage characterized by simul
taneously elevated fluorescence intensity, volume depolarization ratio, 
and extinction coefficient. The increase in the extinction coefficient re
flects a rapid rise in aerosol loading, whereas the enhanced volume 
depolarization ratio indicates the dominance of non-spherical mineral 
dust particles within the aerosol population (Luo et al., 2015; Kong et al., 
2022). Under externally mixed conditions, depolarization signals 

Fig. 1. Temporal variations in the mass concentrations of PM1, PM2.5, PM10, respirable particulate matter (RESP), and the PM2.5/PM10 ratio during a severe dust 
event in Lanzhou from 18:00 LT on 25 March to 21:00 LT on 26 March 2025.

Fig. 2. Vertical distribution of atmospheric dust aerosols observed by the 
developed Mie scattering–polarization–fluorescence lidar from 18:00 LT on 25 
March to 21:00 LT on 26 March 2025 during a severe dust event in Lanzhou. (a) 
Normalized total fluorescence intensity integrated over the wavelength range of 
420–500 nm; (b) Aerosol extinction coefficient at 532 nm; and (c) Volume 
depolarization ratio at 532 nm.
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originating from different aerosol components can be superimposed, 
thereby providing information on the extent of dust–pollution mixing 
within the atmosphere (Luo et al., 2015). The concurrent increase in 
fluorescence intensity is likely attributable to the adsorption or associ
ation of organic matter and fluorescent biological aerosols (e.g., pollen, 
bacteria, humic substances) with dust particles during long-range 
transport, with mineral dust serving as an effective carrier and trans
port medium (Wang et al., 2023a). In such dust–pollution mixed aero
sols, both fluorescence intensity and volume depolarization ratio remain 
elevated, reflecting the combined optical signatures of fluorescent 
aerosol constituents and non-spherical mineral dust particles (Zhang 
et al., 2021a, 2021b; Chang et al., 2025). During daytime, enhanced 
photochemical activity driven by hydroxyl radicals promotes oxidation 
and nitration processes within mixed aerosols, leading to fluorescence 
quenching, progressive spectral redshifts, and changes in particle 
physicochemical properties. As the dust event evolves towards the 
dissipation stage, these aging processes are accompanied by decreases in 
fluorescence intensity, volume depolarization ratio, and extinction 
coefficient.

Overall, the simultaneous enhancement of fluorescence intensity, 
volume depolarization ratio, and extinction coefficient observed during 
the mixing stage provides strong evidence for extensive external mixing 
between mineral dust and fine anthropogenic particulate pollutants. 
This mixing process not only alters particle morphology but also mod
ifies aerosol chemical composition, hygroscopic properties, and optical 
characteristics, thereby generating more complex vertical aerosol 
structures and potentially influencing atmospheric radiative forcing and 
climate-related processes (Chang et al., 2025).

To further investigate the evolution of the dust event, three repre
sentative periods were selected for detailed analysis: the initial stage 
(20:00 LT on 25 March), the dust–pollution mixing stage (04:00 LT on 
26 March), and the dissipation stage (20:00 LT on 26 March). Based on 
lidar observations, vertical profiles of normalized fluorescence intensity 
(420–500 nm), volume depolarization ratio at 532 nm, and aerosol 
extinction coefficient at 532 nm were analyzed (Fig. 3). The fluorescence 
profiles indicate that, during the dust–pollution mixing stage, fluores
cence intensity was generally higher than that observed during the 
initial and dissipation stages, particularly within the near-surface layer 

below approximately 600 m, where the signal-to-noise ratio was rela
tively high. The maximum normalized fluorescence intensity reached 
0.94. This observation suggests that mineral dust served as an effective 
carrier for organic pollutants and fluorescent biological aerosol com
ponents, thereby enhancing the observed fluorescence response through 
external mixing processes (Sugimoto et al., 2012a, 2012b; Jiang et al., 
2024; Shang et al., 2026). Therefore, the enhanced fluorescence 
observed during this stage should not be interpreted as an exclusive 
signature of dust aging, because external mixing with fluorescent 
organic and biological aerosols may produce a similar optical response. 
The dissipation stage still exhibited higher fluorescence intensities than 
the initial stage, suggesting that residual externally mixed pollutants and 
aged aerosol components remained suspended within the atmosphere 
following the passage of the main dust plume (Jiang et al., 2024).

Meanwhile, both the volume depolarization ratio and the extinction 
coefficient reached their highest values during the dust–pollution mix
ing stage, with the extinction coefficient attaining 0.75 km− 1 and the 
volume depolarization ratio reaching approximately 0.23. The elevated 
extinction coefficient reflects enhanced aerosol loading, whereas the 
increased volume depolarization ratio indicates a substantial contribu
tion from non-spherical mineral dust particles within the aerosol pop
ulation (Shang et al., 2026). In addition to providing information on 
particle morphology, the volume depolarization ratio can also provide 
insight into the aerosol mixing state. Under externally mixed conditions 
involving dust and anthropogenic aerosols, the volume depolarization 
ratio generally increases with the relative contribution of non-spherical 
particles. Furthermore, its combined variation with the extinction co
efficient provides valuable constraints on aerosol loading, mixing 
characteristics, and particle composition (Luo et al., 2015).

3.2. Differences in fluorescence spectra during different stages of dust 
evolution

Based on observations from the fluorescence detection channels, 
distinct fluorescence spectral characteristics were identified during 
different stages of the dust event (Fig. 4). Prior to the arrival of the main 
dust plume, a pronounced fluorescence peak was observed within the 
470–500 nm wavelength range. Compared with that observed during 
the dissipation stage, this fluorescence feature exhibited a longer peak 
wavelength and a broader spectral bandwidth, characteristics 
commonly associated with highly oxidized organic aerosols. Previous 
studies have demonstrated that, under 355 nm excitation, humic-like 
substances (HULIS) and partially oxidized secondary organic aerosols 
(SOA) typically emit fluorescence within the 420–500 nm wavelength 
range and exhibit progressive spectral redshifts and band broadening as 
their degree of oxidation increases (Li et al., 2019). Therefore, the long- 
wavelength fluorescence peak observed during this stage suggests the 
presence of aged organic matter and humic-rich aerosol components 
within the atmospheric column. Possible contributors include polycyclic 
aromatic hydrocarbons (PAHs) and their oxidation products associated 
with biomass burning, HULIS, and aged SOA, all of which exhibit fluo
rescence emissions within similar wavelength ranges under 355 nm 
excitation (Li et al., 2019). Consequently, the broad fluorescence feature 
within the 470–500 nm wavelength range is likely attributable to the 
combined contribution of highly oxidized HULIS and aged SOA. This 
observation further suggests that aged dust particles carrying oxidized 
organic components may have been transported into the overlying at
mosphere prior to the arrival of the main dust plume through long-range 
atmospheric transport processes.

During the passage of fresh dust, intense turbulent mixing within the 
near-surface layer promoted interactions between dust particles and 
freshly emitted fluorescent materials, causing the fluorescence peak to 
shift towards shorter wavelengths and resulting in a distinct emission 
peak within the 445–465 nm wavelength range. This wavelength range 
is consistent with fluorescence emissions from several common aerosol 
constituents. For example, biological aerosols such as fungal spores and 

Fig. 3. Vertical profiles of (a) normalized total fluorescence intensity inte
grated over the wavelength range of 420–500 nm, (b) aerosol extinction coef
ficient at 532 nm, and (c) volume depolarization ratio at 532 nm observed by 
the lidar during three stages of dust evolution. The initial dust occurred at 
approximately 20:00 LT on 25 March, the dust–pollution mixing stage of dust 
was occurred at 04:00 LT on 26 March, and the dust dissipation stage occurred 
at 20:00 LT on 26 March.
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bacteria typically emit at wavelengths below 480 nm under 355 nm 
excitation; freshly formed SOA commonly exhibit fluorescence peaks 
between approximately 464 and 475 nm; and certain protein-related 
compounds, including NAD(P)H-containing substances, emit within 
the 400–500 nm wavelength range (Zhang et al., 2021a, 2021b). 
Therefore, the fluorescence feature observed within the 445–465 nm 
wavelength range is likely associated with a mixed contribution from 
biological aerosols and freshly formed organic aerosol components. 
Previous studies have also demonstrated that mineral dust itself gener
ally exhibits weak intrinsic fluorescence but can substantially enhance 
bulk fluorescence signals through the adsorption of fluorescent com
pounds onto particle surfaces (Huang et al., 2025a; Reichardt et al., 
2025). This interpretation is consistent with the enhanced fluores
cence observed during the dust–pollution mixing stage. Consequently, 
the observed short-wavelength shift and enhanced fluorescence in
tensity suggest that the aerosol population during this stage was domi
nated by externally mixed combinations of mineral dust and freshly 
emitted biological and organic aerosol components.

During the dissipation stage, the fluorescence peak gradually shifted 
back towards longer wavelengths. This fluorescence spectral redshift is 
consistent with the chemical processing and aging of organic compo
nents associated with the dust-containing aerosol population. As atmo
spheric oxidation processes driven by hydroxyl radicals and ozone 
proceed, organic aerosol constituents progressively develop more highly 
conjugated and chemically complex molecular structures. These trans
formations promote fluorescence emission at longer wavelengths and 
contribute to spectral broadening, both of which are characteristic fea
tures of aerosol aging (Afsana et al., 2023). In addition, the abundance of 
HULIS often increases during atmospheric aging, and their fluorescence 
emissions can extend to approximately 500 nm or even longer wave
lengths (Sierra et al., 2005).

Meanwhile, during atmospheric transport, dust particles continu
ously interacted and mixed with regional pollution aerosols originating 
from biomass burning and industrial emissions. This process not only 
increased the fraction of organic aerosol but also promoted the forma
tion of SOA and HULIS, thereby accelerating aerosol aging and 
enhancing the observed fluorescence redshift (Li et al., 2019). There
fore, the long-wavelength fluorescence shift observed during the dissi
pation stage likely reflects the combined effects of chemical 
transformation, oxidative processing, and progressive aging within 
externally mixed aerosol populations.

3.3. Evolution characteristics of the dust aging index above the 
observation site

Based on observations acquired using the Mie scatter
ing–polarization–fluorescence lidar, significant variations in volume 
depolarization ratio, fluorescence spectral characteristics, and extinc
tion coefficient were identified across different stages of the dust event. 
Previous studies have likewise demonstrated that these optical param
eters are closely linked to dust aging processes, thereby providing a 
scientific basis for the quantitative assessment of dust aging using lidar- 
derived observations.

Because lidar signals below 600 m exhibited relatively high signal- 
to-noise ratios, this altitude range was selected to analyze the spatio
temporal evolution of the Dust Aging Index (DAI) (Fig. 5). Prior to the 
arrival of the main dust plume, relatively high DAI values were 
observed, with a maximum value (DAImax) of 0.43. This phenomenon is 
likely associated with the wind-driven resuspension of previously 
deposited and chemically aged mineral dust particles. Following re- 
entrainment into the atmospheric boundary layer, these particles may 
have exhibited enhanced surface oxidation and accumulated pollutant 
coatings, thereby producing aerosols with more pronounced aging 
characteristics near the surface (Dentener et al., 1996; Finlayson-Pitts 
and Pitts, 2000; Reid et al., 2003; Usher et al., 2003). Previous studies 
have shown that resuspension processes can enhance particle internal 
mixing, hygroscopicity, and the accumulation of secondary inorganic 
salts and organic matter on particle surfaces, thereby promoting the 
development of aerosol aging characteristics (Kok, 2011b; Reid et al., 
2003; Shao et al., 2011).

As the fresh dust plume passed over the observation site, the DAI 
decreased rapidly, reaching a minimum value (DAImin) of 0.32, indi
cating the dominance of newly transported mineral dust particles. Such 
particles typically originate from arid and semi-arid source regions and 
are composed predominantly of quartz, feldspar, and clay minerals. 
They generally exhibit irregular morphologies and limited surface 
coatings of secondary inorganic and organic materials, resulting in 
relatively weak atmospheric processing and low degrees of chemical 
aging (Chin and Kahn, 2009; Mahowald et al., 2008). Both observational 
and modelling studies have demonstrated that fresh dust generally ex
hibits lower hygroscopicity, weaker light-absorption enhancement, and 
reduced chemical transformation compared with aged dust particles 
(Chin and Kahn, 2009; Choobari et al., 2014).

Fig. 4. Representative fluorescence spectra observed during the initial, dust–pollution mixing, and dissipation stages of the dust event. Panel (a) shows the 
polynomial-fitted fluorescence spectra, whereas panels (b–d) present the corresponding original fluorescence spectra.
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During subsequent atmospheric transport and mixing, dust particles 
continuously underwent oxidation by hydroxyl (OH) and nitrate (NO₃) 
radicals while simultaneously experiencing photochemical aging and 
interactions with regionally polluted air masses. These processes pro
moted the gradual accumulation of sulfate, nitrate, and secondary 
organic aerosol (SOA) species on particle surfaces (Dentener et al., 1996; 
Usher et al., 2003; Seinfeld and Pandis, 2016). These processes 
enhanced particle hygroscopicity, altered particle refractive indices, and 
promoted the transformation of aerosol populations from predomi
nantly externally mixed to more internally mixed states, thereby 
significantly modifying their optical properties (Dentener et al., 1996; 
Finlayson-Pitts and Pitts, 2000; Jimenez et al., 2009). Consequently, the 
DAI gradually increased and reached approximately 0.42 during the 
dissipation stage, reflecting the progressive aging and chemical trans
formation of the dust–pollution aerosol mixture. This characteristic 
“decreasing–increasing” non-monotonic pattern highlights the strong 
temporal evolution of the dust aging process, reflecting the transition 
from aged background aerosols to freshly transported dust and subse
quently to chemically processed mixed aerosols (Müller et al., 2007).

Vertically, DAI values were generally higher near the surface than at 
higher altitudes, reflecting a characteristic vertically stratified aging 
structure within the atmospheric column. Near-surface aerosols are 
more strongly influenced by anthropogenic emissions, dust- 
resuspension processes, and repeated deposition– –re-entrainment cy
cles, resulting in enhanced accumulation of secondary inorganic salts, 
organic coatings, and biological aerosol components on particle surfaces 
(Jeffrey et al., 2003; Mao et al., 2026). In contrast, dust layers at higher 
altitudes more commonly represent recently transported air masses that 
retain stronger mineralogical characteristics, lower degrees of chemical 
oxidation, and less extensive atmospheric processing, thereby resulting 
in lower DAI values (Graber and Rudich, 2006; Chin and Kahn, 2009; 
Choobari et al., 2014; Mao et al., 2026).

3.4. Validation of the DAI using the concentration ratio of nitrate to 
calcium ions

To validate the Dust Aging Index (DAI), the concentration ratio of 
nitrate (NO₃− ) to calcium (Ca2+) was employed, as this parameter is 
widely recognized as a robust indicator of mineral dust aging. The ratio 
reflects the extent of heterogeneous reactions between carbonate min
erals (e.g., CaCO₃) present in dust particles and acidic gases, primarily 
HNO₃, resulting in the formation of calcium nitrate (Ca(NO₃)₂). 

Therefore, the NO₃− /Ca2+ ratio effectively reflects the progression of 
mineral dust from a relatively fresh state to a chemically aged state and 
has been widely used as an indicator of dust aging in both field obser
vations and laboratory studies (Usher et al., 2003; Goel et al., 2020; 
Zhang et al., 2022b; Li et al., 2023a, 2023b; Li et al., 2025).

To facilitate comparison of the temporal evolution of the DAI and the 
NO₃− / Ca2+ ratio, Min–Max normalization was applied to both vari
ables, linearly scaling them to the interval [0,1]. This procedure 
removes dimensional differences and highlights temporal variation 
patterns rather than absolute magnitudes (Dai et al., 2024). Pearson 
correlation coefficients (r) and the corresponding p-values were subse
quently calculated to evaluate the strength and statistical significance of 
the linear relationship between the normalized DAI and the normalized 
NO₃− /Ca2+ ratio.

The correlation analysis results (Fig. 6) demonstrate that the lidar- 
derived DAI exhibits a high degree of consistency with the normalized 
NO₃− /Ca2+ ratio throughout the dust event. This strong agreement can 
be explained by two primary mechanisms. First, nitrate coatings formed 
during dust aging alter particle morphology and surface properties, 
thereby reducing volume depolarization ratios and modifying aerosol 
scattering characteristics (Zhang et al., 2022a, 2022b). Second, the 
formation of nitrate salts and the associated enhancement of particle 
hygroscopicity modify aerosol size distributions, refractive indices, and 
optical responses, thereby producing detectable variations in lidar sig
nals (Zhang et al., 2022a; Li et al., 2025). Therefore, the chemical aging 
represented by the NO₃− /Ca2+ ratio is fundamentally consistent with the 
evolution of aerosol optical properties observed by lidar, providing a 
strong physical basis for the use of the DAI as an indicator of dust aging.

These results further demonstrate the reliability of the multi- 
parameter lidar-derived DAI for characterizing dust chemical evolu
tion and provide a robust foundation for the quantitative remote sensing 
of dust-aging processes.

3.5. Variations in water-soluble ion and gaseous pollutant concentrations 
during the dust event

Fig. 7 presents the temporal variations in major water-soluble ions 
and gaseous pollutants during the severe dust event. As a widely 
recognized tracer of mineral dust, Ca2+ concentrations increased rapidly 
during the passage of the dust plume and subsequently decreased 
gradually as dust particles settled from the atmosphere (Usher et al., 
2003; Li et al., 2025). Similar temporal variations were observed for 

Fig. 5. (a) Spatiotemporal evolution of the DAI below 600 m, derived from observations acquired by the Mie scattering–polarization–fluorescence lidar during the 
dust event in Lanzhou from 18:00 LT on 25 March to 21:00 LT on 26 March 2025; and (b) vertical DAI profiles during the initial, dust–pollution mixing, and 
dissipation stages of the dust event.
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the crustal-derived ions Mg2+ and K+, further confirming the dominant 
contribution of mineral dust to the observed aerosol composition (Usher 
et al., 2003; Chen et al., 2011). In addition to increasing particulate mass 
concentrations, mineral dust actively participates in heterogeneous re
actions with acidic trace gases, promoting the formation of nitrate- and 
sulfate-containing secondary species and thereby modifying atmo
spheric chemical composition (Usher et al., 2003; Bones et al., 2010; 
Chen et al., 2011).

Across the initial, dust–pollution mixing, and dissipation stages, SO₂, 
HNO₃, and NH₃ exhibited an overall increasing–decreasing–increasing 
trend, reflecting the combined influences of atmospheric transport, 
dilution processes, and gas–particle partitioning (Ervens et al., 2011; 
Guo et al., 2016). Sulfuric acid produced through the atmospheric 
oxidation of SO₂ possesses extremely low volatility and promotes par
ticle growth through condensation processes. It also provides favorable 
surfaces for the uptake and condensation of organic vapors, thereby 
facilitating the formation of secondary organic aerosol (SOA) (Carlton 
et al., 2007; Ervens et al., 2011). Meanwhile, NH₃ neutralizes H₂SO₄ 
and HNO₃ to form ammonium salts, thereby enhancing aerosol hygro
scopicity and increasing aerosol liquid water content (ALWC). The 
resulting increase in particle-phase water facilitates multiphase oxida
tion processes and oligomerization reactions, which contribute to the 

formation and aging of secondary aerosols (Ervens et al., 2011; Guo 
et al., 2016; Pye et al., 2020). In addition, NH₃ may participate in at
mospheric organic reactions that produce nitrogen-containing organic 
compounds (NOCs), which can contribute to SOA formation and in
crease the chemical complexity of aged aerosol particles (Lim et al., 
2010; Ervens et al., 2011).

Night-time SOA formation is primarily driven by NO₃ radicals and 
N₂O₅-mediated chemistry rather than by HNO₃ directly. NO₃ radicals 
oxidize volatile organic compounds (VOCs), leading to the formation of 
organic nitrates and other low-volatility oxidation products that repre
sent an important source of night-time SOA (Brown and Stutz, 2012; Ng 
et al., 2017). Simultaneously, the hydrolysis of N₂O₅ within aerosol 
liquid water produces HNO₃, which subsequently promotes the forma
tion of particulate inorganic nitrate through gas–particle partitioning 
and heterogeneous chemical processes (Chen et al., 2011; Ng et al., 
2017). Following the arrival of the dust plume, HONO and HCl con
centrations decreased continuously, likely as a result of uptake by 
mineral dust particles, heterogeneous chemical reactions on particle 
surfaces, and boundary-layer mixing processes that modified the dis
tribution of reactive trace gases (Usher et al., 2003; Chen et al., 2011).

The concentrations of NH₄+ and NO₃− exhibited an overall increa
sing–decreasing–increasing trend during the dust event, whereas SO₄2−

Fig. 6. Validation of the DAI using the nitrate-to‑calcium ion concentration ratio (NO₃− /Ca2+). (a–f) Comparison between the normalized DAI and the normalized 
NO₃− /Ca2+ concentration ratio at different altitudes; and (g) correlation analysis between the normalized DAI and the normalized NO₃− /Ca2+ concentration ratio 
based on DAI time series at 100, 200, 300, 400, 500, and 600 m, together with the corresponding statistical significance tests.

Fig. 7. Temporal variations and stage-dependent characteristics of water-soluble ions and gaseous pollutants during the dust event in Lanzhou from 18:00 LT on 25 
March to 21:00 LT on 26 March 2025. (a) Temporal variations in the concentrations of water-soluble ions and gaseous pollutants. (b) Relative concentration ratios of 
water-soluble ions and gaseous pollutants during the initial, dust–pollution mixing, and dissipation stages of the dust event.
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and Cl− showed contrasting temporal variations, reflecting differences 
in their emission sources, chemical formation pathways, and atmo
spheric processing mechanisms (Guo et al., 2016; Pye et al., 2020). 
Together, NH₄+, NO₃− , and SO₄2− are major contributors to ALWC, 
which provides a critical medium for multiphase chemical reactions and 
secondary aerosol formation (Ervens et al., 2011; Guo et al., 2016). 
Under such conditions, water-soluble organic precursors, including 
glyoxal, methylglyoxal, and related carbonyl compounds, can undergo 
aqueous-phase oxidation and oligomerization reactions, leading to the 
formation of aqueous-phase SOA (aqSOA) (Lim et al., 2010; Ervens 
et al., 2011). Moreover, aged mineral dust, particularly particles 
coated with nitrate and other secondary species, exhibits enhanced hy
groscopicity and can serve as an efficient medium for liquid-phase 
chemical reactions, thereby further promoting SOA formation and 
aerosol aging (Cwiertny et al., 2008; Li et al., 2025). The ionic balance, 
particularly the neutralization of SO₄2− and NO₃− by NH₄+, strongly 
influences aerosol acidity (pH), which in turn regulates multiphase re
action pathways, including acid-catalyzed reactions, organosulfate for
mation, and other aqueous-phase transformation processes (Guo et al., 
2016; Pye et al., 2020). Aerosol pH may also influence SOA formation 
by modulating the production and reactivity of reactive oxygen species 
(ROS), thereby affecting oxidation pathways and the chemical evolution 
of secondary aerosols (Tong et al., 2018).

Previous studies have demonstrated that aerosol fluorescence pri
marily originates from organic compounds containing conjugated 
chromophoric structures, including aromatic compounds, humic-like 
substances (HULIS), and proteinaceous materials. Furthermore, fluo
rescence emissions progressively shift towards longer wavelengths as 
molecular conjugation and the degree of oxidation increase (Coble, 
1996; Pan, 2015; Laskin et al., 2015). To further investigate the rela
tionship between aerosol chemical evolution and optical-property signal 
variations during the dust event, correlation analyzes were conducted 
between fluorescence spectral characteristics and ion chromatographic 
measurements.

During the initial stage (Fig. 8a), fluorescence within the 430–450 
nm wavelength range exhibited strong positive correlations with Cl− , 
NO₃− , NH₄+, NH₃, suggesting that the aerosol population was strongly 
influenced by secondary inorganic salts and freshly formed SOA. During 
this stage, NH₃ promoted gas–particle partitioning and facilitated the 
formation of nitrogen-containing organic compounds and weakly 
absorbing brown carbon (BrC), thereby contributing to the chemical 
evolution of secondary aerosols (Pinder et al., 2007; Farmer and 
Jimenez, 2010; Seinfeld and Pandis, 2016). Because these organic 
compounds generally possess relatively low molecular weights and less 

extensively conjugated chromophoric structures, their fluorescence 
emissions are typically concentrated within the 400–450 nm wavelength 
range (Jimenez et al., 2009; Laskin et al., 2015). In addition, the 
observed correlations between Ca2+ and long-wavelength fluorescence 
suggest that mineral dust acted as a medium for heterogeneous chemical 
reactions, promoting the enrichment of organic matter and the forma
tion of HULIS, rather than contributing directly to fluorescence through 
the inorganic mineral components themselves (Usher et al., 2003; 
Graber and Rudich, 2006).

During the dust–pollution mixing stage (Fig. 8b), enhanced mineral 
dust loading provided abundant reactive surfaces that promoted the 
heterogeneous processing of SO₂ and NOx, thereby facilitating the for
mation of internally and externally mixed organic–inorganic aerosol 
populations (Dentener et al., 1996; Finlayson-Pitts and Pitts, 2000; 
Wang et al., 2018a). Simultaneously, oxidation products derived from 
volatile organic compounds (VOCs) underwent further oligomerization 
and polymerization, reactions, leading to increased molecular conju
gation and chemical complexity. These transformations contributed to 
spectral broadening and a progressive shift of fluorescence emissions 
towards longer wavelengths. The observed correlations among HNO₃, 
HONO, and SO₂ suggest that this stage represented a transitional 
chemical regime in which secondary aerosol formation and aerosol 
aging occurred concurrently (Bones et al., 2010; Ng et al., 2010; Laskin 
et al., 2015).

During the dissipation stage (Fig. 8c), the contribution of coarse 
particles gradually decreased, and the aerosol population became 
increasingly influenced by highly oxidized organic aerosols (OOA) and 
HULIS. The presence of these highly oxidized organic species, charac
terized by greater molecular complexity and more extensively conju
gated chromophoric structures, contributed to a shift in fluorescence 
emissions towards wavelengths above 450 nm (Coble, 1996; Jimenez 
et al., 2009; Ng et al., 2010). At the same time, the continued involve
ment of NH₃, HNO₃, and HCl in gas–particle partitioning and hetero
geneous chemical processes promoted the formation of nitrogen- 
containing organic compounds and BrC (Pinder et al., 2007; Seinfeld 
and Pandis, 2016). In addition, transition-metal components within 
mineral dust may enhance the generation of reactive oxygen species 
(ROS) through photochemical and Fenton-like reactions, thereby 
accelerating the oxidation, functionalization, and oligomerization of 
organic compounds (Deguillaume et al., 2005; George et al., 2015).

Fig. 8. Pearson correlation coefficients between fluorescence spectra (420–500 nm) and water-soluble ions and gaseous pollutants for the three stages of the dust 
event: (a) initial stage, (b) mixing stage, and (c) dissipation stage. For each stage, the temporal series of the concentration fraction of each ion species was correlated 
independently with the fluorescence intensity at each wavelength using matched time bins. The horizontal axis denotes fluorescence wavelength (nm), the vertical 
axis denotes ion species, and the color represents the dimensionless Pearson correlation coefficient (ρ).
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3.6. Variation characteristics of the submicron (9–371 nm) particle size 
distribution during the dust event

The particle size distribution analyzed in this study covered the 
diameter range of 9–371 nm and primarily reflected variations in the 
number concentrations of submicron aerosol particles (Fig. 9) (Coquelin 
et al., 2013; Wu and Boor, 2021). During the initial stage of the dust 
event, the particle size distribution was dominated by particles with 
diameters smaller than 200 nm. This feature may be attributed to the 
upward transport of near-surface pollutants by enhanced wind fields, 
together with the mechanical fragmentation of mineral dust particles 
during transport and particle–particle collisions, which can generate 
substantial numbers of submicron particles (Kok, 2011a, 2011b). Pre
vious studies have also shown that fine particles during dust events can 
transport substantial quantities of biological aerosol components, 
including bacteria, fungal spores, and biological fragments 
(Polymenakou et al., 2008). These biological materials are frequently 
associated with submicron particles, which exhibit strong long-range 
transport capability and enhanced respiratory deposition efficiency 
within the human respiratory tract. Moreover, particles within the 
70–200 nm size range are often strongly influenced by secondary aerosol 
formation processes, particularly the formation of secondary organic 
aerosol (SOA) through the condensation of oxidation products derived 
from volatile organic compounds (VOCs) (Wu and Boor, 2021; Chen 
et al., 2022). Because submicron particles can efficiently penetrate the 
alveolar region of the lungs, they may pose significant risks to health, 
particularly through enhanced respiratory exposure and deposition 
(Rückerl et al., 2011).

As the dust event entered the dust–pollution mixing stage, the 
number concentration of particles with diameters exceeding 200 nm 
increased substantially and gradually became the dominant contributor 
to the total aerosol number concentration. This shift was closely asso
ciated with the influx of regionally transported mineral dust, which 
typically contributes substantially to aerosol mass within the 0.5–10 μm 
particle-size range (Avino and Manigrasso, 2017). In addition, airborne 
microorganisms, including bacteria and fungi, are commonly associated 
with inhalable particles within the approximate size range of 1–5 μm. 
Within this size range, coarse particles are more likely to transport intact 
microbial cells, whereas smaller particles predominantly contain mi
crobial fragments, metabolites, or cellular debris (Rückerl et al., 2011). 
For example, soil-derived microorganisms such as Bacillus spp. are 
frequently detected in particles larger than 3.3 μm during dust events, 
whereas smaller particles are often enriched in actinomycetes and other 

environmentally derived microbial communities (Polymenakou et al., 
2008). These findings suggest that dust transport acts not only as an 
efficient pathway for the dispersion of mineral particles but also as an 
important mechanism for the long-range transport of microorganisms, 
microbial fragments, and biologically derived organic matter.

During the dissipation stage, gravitational settling progressively 
removed coarse particles from the atmosphere, causing the particle size 
distribution to shift back towards fine particles with diameters smaller 
than 200 nm. Aerosols during this stage were likely dominated by 
hydrocarbon-like organic aerosols (HOA) associated with primary 
emissions, together with secondary organic aerosols (SOA) and sec
ondary inorganic salts formed through gas–particle partitioning pro
cesses, including sulfate, nitrate, and ammonium species (Wu and Boor, 
2021; Chen et al., 2022). These fine particles can further serve as 
condensation sites for oxidation products derived from biogenic volatile 
organic compounds (BVOCs), thereby promoting particle growth and 
potentially contributing to new particle formation processes (Chen et al., 
2022). In addition, metal oxides commonly present in mineral dust, such 
as Fe₂O₃ and TiO₂, can exhibit photocatalytic activity under solar radi
ation, thereby enhancing the oxidation of organic compounds and 
accelerating both SOA formation and aerosol aging processes. This 
process is considered an important mechanism linking dust–pollutant 
interactions, secondary aerosol formation, and the chemical evolution of 
atmospheric aerosols (Aiyuk et al., 2024).

The relationship between particle size distributions and fluorescence 
spectral characteristics further reflects variations in aerosol chemical 
composition and aging state across different particle-size ranges. In 
general, submicron particles, particularly those smaller than 200 nm, 
are more closely associated with recently formed particles and relatively 
fresh SOA, whereas larger particles (>300 nm) are more strongly 
influenced by condensational growth, coagulation processes, and con
tributions from mineral dust and aged aerosol components (Jimenez 
et al., 2009; Seinfeld and Pandis, 2016). Therefore, correlation ana
lyzes between particle size distributions and fluorescence spectral 
characteristics (Fig. 10) provide additional insight into the links among 
aerosol chemical evolution, particle growth processes, and changes in 
aerosol optical properties during the dust event.

During the initial stage of the dust event (Fig. 10a), fluorescence 
within the 420–450 nm wavelength range exhibited strong correlations 
with particles in the 70–130 nm size range, suggesting that these par
ticles were strongly influenced by newly formed SOA and relatively 
weakly oxidized organic matter produced through nucleation and 
condensational growth following the oxidation of volatile organic 

Fig. 9. Temporal variations and particle size-distribution characteristics of atmospheric aerosols during the dust event in Lanzhou from 18:00 LT on 25 March to 
21:00 LT on 26 March 2025. (a) Temporal variations in the number concentration of particles within the 9–371 nm size range; and (b) particle size distributions 
during the initial, dust–pollution mixing, and dissipation stages of the dust event.
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compounds (VOCs) (Zhang et al., 2007; Jimenez et al., 2009). In 
contrast, fluorescence emissions at wavelengths above 480 nm were 
more strongly associated with particles larger than 310 nm, suggesting 
that these larger particles had undergone more extensive atmospheric 
processing and were enriched with humic-like substances (HULIS) and 
partially oxidized organic matter (Usher et al., 2003; Graber and Rudich, 
2006).

During the dust–pollution mixing stage (Fig. 10b), correlations be
tween particles within the 130–220 nm size range and fluorescence 
emissions across the 420–500 nm wavelength range became substan
tially stronger. This pattern suggests continuous particle growth through 
condensational and coagulation processes, accompanied by progressive 
oxidation, functionalization, and polymerization of organic compounds. 
As molecular conjugation and chemical complexity increased, fluores
cence emissions broadened and progressively shifted towards longer 
wavelengths, reflecting the formation of more highly oxidized and 
structurally complex organic aerosol components (Zhang et al., 2007; 
Jimenez et al., 2009; Ng et al., 2010).

During the dissipation stage (Fig. 10c), particles within the 50–110 
nm size range again exhibited strong correlations with fluorescence 
emissions at wavelengths above 460 nm, suggesting that highly oxidized 
and low-volatility compounds, including oxidation products derived 
from biogenic volatile organic compounds (BVOCs) and regionally 
transported pollutants, contributed to particle growth and potentially to 
new particle formation processes (Zhang et al., 2007; Ng et al., 2010). 
Meanwhile, correlations between particles larger than 280 nm and 
fluorescence emissions above 470 nm suggest continued aerosol aging 
and atmospheric processing, with particle surfaces becoming increas
ingly enriched in high-molecular-weight organic compounds and HULIS 
(Coble, 1996; Graber and Rudich, 2006).

Overall, the coupled evolution of fluorescence spectral characteris
tics, chemical composition, and particle size distributions reveals the 
continuous aging process of dust aerosols from the initial stage through 
the dust–pollution mixing stage to the subsequent advanced aging stage. 
During the initial stage, aerosols were predominantly influenced by 
freshly formed SOA and secondary inorganic salts. Their relatively low 
degree of oxidation and limited molecular conjugation resulted in 
fluorescence emissions being concentrated within the short-wavelength 
region (approximately 400–450 nm). At the same time, the observed 
correlations between fine particles and ions such as NH₄+ and NO₃−

suggest substantial contributions from gas–particle partitioning pro
cesses and the formation of newly generated organic matter (Jimenez 
et al., 2009; Seinfeld and Pandis, 2016).

As the dust entered the dust–pollution mixing stage, mineral 

particles provided abundant reactive surfaces that enhanced heteroge
neous reactions involving SO₂, NOx, and VOCs, thereby promoting the 
formation of nitrogen-containing organic compounds and brown carbon 
(BrC) (Ng et al., 2010; Laskin et al., 2015; Seinfeld and Pandis, 2016). 
Simultaneously, increases in particle size and the accumulation of sec
ondary inorganic ions suggest continuous oxidation, functionalization, 
and molecular complexation of organic aerosol constituents, leading to 
fluorescence spectral broadening and progressive redshifts towards 
longer wavelengths.

During the dissipation stage, aerosols became increasingly influ
enced by highly oxidized organic aerosols (OOA) and HULIS. The 
greater molecular complexity and more extensively conjugated chro
mophoric structures of these aged organic components contributed to 
fluorescence emissions becoming increasingly concentrated at wave
lengths above 450 nm. In addition, the observed correlations between 
larger particles and long-wavelength fluorescence suggest substantial 
organic coating formation and enrichment of humic-like substances on 
dust-associated particle surfaces (Usher et al., 2003; Jimenez et al., 
2009; Ng et al., 2010; Laskin et al., 2015).

Overall, the combined evolution of particle size distributions and 
ionic composition demonstrates the progressive transformation of 
organic aerosols from relatively low-molecular-weight SOA species to 
highly oxidized compounds with extensively conjugated structures, 
including HULIS and BrC. The progressive fluorescence redshift from 
shorter to longer wavelengths represents a direct optical manifestation 
of this chemical aging process, reflecting increasing molecular conju
gation, oxidation, and chemical complexity within the organic aerosol 
fraction (Jimenez et al., 2009; Bones et al., 2010; Ng et al., 2010).

4. Conclusions

This study combined multi-parameter lidar observations with in situ 
measurements to systematically investigate the aging processes of dust 
aerosols during a severe dust event. Based on the coupled evolution of 
aerosol optical, microphysical, and chemical properties, a novel Dust 
Aging Index (DAI) was developed to quantitatively characterize the 
mixing process and aging state of dust aerosols. 

(1) A robust optical index for dust aging was established. By inte
grating the volume depolarization ratio, extinction coefficient, 
and fluorescence spectral characteristics, the DAI effectively 
captures both the physical evolution of dust aerosols, including 
changes in particle morphology and aerosol mixing state, and 
their chemical evolution associated with organic oxidation, 

Fig. 10. Pearson correlation coefficients between fluorescence spectral characteristics (420–500 nm) and particle size distributions (9–371 nm) during the three 
stages of the dust event: (a) initial stage, (b) mixing stage, and (c) dissipation stage. For each particle-size bin, its temporal variation in relative contribution to the 
total particle concentration was correlated independently with the fluorescence intensity at each wavelength using matched time bins. The horizontal axis represents 
fluorescence wavelength, the vertical axis represents particle-size bins, and the color indicates the dimensionless Pearson correlation coefficient (ρ).
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heterogeneous processing, and secondary aerosol formation. 
Compared with conventional single-parameter indicators, the 
DAI provides a more continuous and comprehensive framework 
for quantifying dust-minxing-aging processes.

(2) The DAI exhibited a distinct non-monotonic temporal evolution 
pattern during the dust event. Elevated DAI values were observed 
prior to the arrival of the main dust plume, likely associated with 
the resuspension of previously deposited and chemically aged 
particles within the near-surface atmosphere. As freshly trans
ported mineral dust became dominant, the DAI decreased 
rapidly, reflecting the increased contribution of relatively fresh, 
externally mixed, and weakly processed particles. During the 
subsequent transport and dissipation stages, the DAI gradually 
increased again as heterogeneous reactions, secondary aerosol 
formation, and aerosol aging processes became increasingly 
important. This characteristic “decrease–increase” pattern high
lights the dynamic interplay between fresh dust input and at
mospheric chemical aging.

(3) Fluorescence spectral redshift provided a useful optical signature 
consistent with the atmospheric processing and aging-related 
evolution of fluorescent organic components associated with 
dust-containing aerosols. During the aging process, fluorescence 
emission peaks gradually shifted from shorter wavelengths 
(445–465 nm) towards longer wavelengths (480–500 nm), 
accompanied by progressive spectral broadening. This spectral 
evolution was closely associated with increasing oxidation levels, 
enhanced molecular conjugation, and the accumulation of 
humic-like substances (HULIS) and other highly oxidized organic 
compounds. The observed fluorescence redshift therefore pro
vides direct optical evidence of the chemical transformation and 
aging of dust-associated organic matter during atmospheric 
transport.

(4) Strong coupling relationships among aerosol chemical composi
tion, particle size distributions, and optical properties were 
observed. Long-wavelength fluorescence exhibited significant 
correlations with submicron particles and secondary inorganic 
ions, suggesting that heterogeneous reactions and secondary 
aerosol formation play critical roles in dust aging. In particular, 
the strong consistency between the temporal evolution of the DAI 
and the NO₃− /Ca2+ ratio further demonstrates that the optical 
evolution detected by lidar is intrinsically linked to the chemical 
aging processes of mineral dust.

Overall, this study demonstrates that scatter
ing–polarization–fluorescence lidar provides an effective approach for 
real-time and vertically resolved monitoring of dust-aging processes. 
The proposed DAI establishes a quantitative link between aerosol optical 
evolution and chemical transformation, thereby providing a novel 
remote-sensing framework for investigating dust–pollutant interactions 
and assessing their environmental, climatic, and air-quality impacts.

Nevertheless, several limitations should be acknowledged. Because 
the observations were conducted within the lower atmospheric bound
ary layer, external mixing cannot be completely separated from chem
ical aging using lidar observations alone, and the lidar detects the 
fluorescence spectrum relatively narrowly, which is also an important 
limitation of this study. Although this range covers the main fluores
cence features observed during the dust event, it cannot cover the entire 
emission spectrum. Therefore, it limits the ability to distinguish indi
vidual fluorescence substances and makes it difficult to differentiate the 
overlapping contributions of different organic compounds. Future 
studies should integrate lidar observations with offline chemical char
acterization, high-resolution mass spectrometry, and molecular biolog
ical analyzes to better identify the sources, compositions, and 
transformation pathways of fluorescent aerosols across different 
particle-size ranges. In addition, long-term observations conducted 
under diverse dust-source conditions and atmospheric environments are 

required to further evaluate the applicability, universality, and robust
ness of the DAI framework. Such efforts will help improve the inter
pretation of fluorescence-based aging indicators and enhance the 
application of lidar observations for investigating dust–pollutant in
teractions and aerosol chemical evolution.
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Pöschl, U., Shiraiwa, M., 2018. Reactive oxygen species formed by secondary organic 
aerosols in water and surrogate lung fluid. Environ. Sci. Technol., acs.est.8b03695 
https://doi.org/10.1021/acs.est.8b03695.

Usher, C.R., Michel, A.E., Grassian, V.H., 2003. Reactions on mineral dust. Chem. Rev. 
103, 4883–4940. https://doi.org/10.1021/cr020657y.

Veselovskii, I., Hu, Q., Goloub, P., Podvin, T., Korenskiy, M., Pujol, O., Dubovik, O., 
Lopatin, A., 2020. Combined use of Mie–Raman and fluorescence lidar observations 
for improving aerosol characterization: feasibility experiment. Atmos. Meas. Tech. 
13, 6691–6701. https://doi.org/10.5194/amt-13-6691-2020.

Wang, Zhe, Pan, X., Uno, I., Li, J., Wang, Zifa, Chen, X., Fu, P., Yang, T., Kobayashi, H., 
Shimizu, A., Sugimoto, N., Yamamoto, S., 2017. Significant impacts of 
heterogeneous reactions on the chemical composition and mixing state of dust 
particles: a case study during dust events over northern China. Atmos. Environ. 159, 
83–91. https://doi.org/10.1016/j.atmosenv.2017.03.044.

Wang, W., Gong, W., Mao, F., Pan, Z., 2018a. Physical constraint method to determine 
optimal overlap factor of Raman lidar. J. Opt. 47, 83–90. https://doi.org/10.1007/ 
s12596-017-0427-9.

Wang, T., Liu, Y., Deng, Y., Fu, H., Zhang, L., Chen, J., 2018b. Emerging investigator 
series: heterogeneous reactions of sulfur dioxide on mineral dust nanoparticles: from 
single component to mixed components. Environ. Sci. Nano 5, 1821–1833. https:// 
doi.org/10.1039/C8EN00376A.

Wang, Y., Huang, Z., Zhou, T., Bi, J., Shi, J., 2023a. Identification of fluorescent aerosol 
observed by a spectroscopic lidar over Northwest China. Opt. Express 31, 22157. 
https://doi.org/10.1364/OE.493557.
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