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Abstract

Multi-wavelength Raman—-Mie polarization lidar provides vertically resolved measure-
ments of aerosol scattering, particle shape, and wavelength-dependent response. We
analyzed quality-controlled clear-sky observations from June 2025 to March 2026 to identify
aerosol optical regimes at inland Beijing Nanjiao and coastal Beihai. The feature space
comprised 10g;((Bs32), dp,532, and AEp 355,532, representing scattering intensity, particle
nonsphericity, and size-sensitive spectral response. K-means was applied independently at
each site. At Beijing Nanjiao, a high-depolarization, strong-scattering, and low-AEg 355,53>
regime was concentrated in the lowest observed layer, whereas lower-loading regimes
occurred more frequently aloft. Its dust AOD and dust fraction were descriptively 37.5%
and 19.2% above the site means, although the dust-related inter-regime differences were
not significant after FDR correction. Beihai was dominated by low-depolarization regimes
separated mainly by scattering intensity and wavelength response. Its strongest-scattering
regime showed total, sea salt, OC, and sulfate AOD enhancements of 33.0%, 15.5%, 24.5%,
and 41.9%, respectively; the inter-regime differences were significant for total and sulfate
AODs but not for sea salt AOD. MERRA-2 aerosol diagnostics and trajectory analyses pro-
vided auxiliary regional context for interpreting the lidar-defined optical states and were
not used as clustering inputs or direct chemical validation. These results demonstrate that
combined polarization and multi-wavelength lidar sensing can distinguish vertically vary-
ing aerosol optical states that are obscured in surface or column-integrated observations.

Keywords: Raman—Mie polarization lidar; multi-parameter optical sensing; aerosol optical
regime; vertical structure; inland—coastal comparison
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Atmospheric aerosols affect climate, air quality, visibility, and human health through
processes that depend on particle abundance, size, shape, composition, and mixing state [1-
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Conventional aerosol observations constrain only parts of this three-dimensional
variability. Surface particulate measurements describe near-ground conditions, while sun-
photometer and satellite aerosol optical depth integrate extinction through the atmospheric
column [8]. These observations are indispensable for monitoring aerosol loading, but they
cannot alone distinguish near-surface accumulation from residual, advected, or elevated
aerosol layers. Satellite retrievals also provide broad spatial coverage, although their sam-
pling and vertical information can be limited by clouds, surface reflectance, and overpass
timing. Continuous ground-based profiling is therefore needed to resolve how aerosol
optical properties vary with altitude and evolve within the lower troposphere.

Ground-based lidar provides active range-resolved optical sensing with vertical reso-
lutions that are suitable for detecting aerosol layers and transitions [9-11]. Coordinated
lidar networks have further demonstrated the value of standardized long-term profiling
for regional aerosol characterization and intercomparison [12,13]. Multi-wavelength Ra-
man and polarization measurements extend this capability beyond layer detection by
providing complementary information on aerosol amount and particle microphysical re-
sponse. In the present sensing framework, log;,(Bs32) describes scattering intensity over
a broad dynamic range, 6,53, constrains particle nonsphericity, and AEg 355,53, provides
a wavelength-dependent response related to particle-size distributions [14-17]. These
parameters are not unique chemical tracers. Their joint variation nevertheless provides a
physically interpretable optical space in which layers with similar loading but different
shape or spectral characteristics can be separated.

Previous lidar studies have established characteristic multi-wavelength and polar-
ization signatures for dust, pollution, marine aerosol, smoke, and their mixtures [18-23].
Observation-based aerosol-typing schemes have used combinations of depolarization, li-
dar ratio, and spectral response to assign vertically resolved measurements to predefined
classes [24,25]. Such approaches demonstrate the diagnostic value of multivariate optical
measurements, but they also expose two limitations. First, the optical ranges of mixed or
aged aerosols can overlap, especially when humidity and transport alter particle size and
shape. Second, supervised class definitions derived for one instrument or environment may
not transfer directly to another site. For long time-height records, an unsupervised organi-
zation of the measurements can reveal recurring states without imposing externally defined
aerosol types. The resulting groups must, however, be interpreted as optical regimes rather
than chemically validated compositions.

This distinction is particularly important when comparing inland and coastal environ-
ments. Beijing Nanjiao lies within the North China Plain, where urban emissions, regional
pollution, boundary-layer evolution, and episodic northern coarse-particle transport jointly
shape aerosol profiles [26-29]. Beihai is located on the South China coast, where sea salt
production, high humidity, and transport from terrestrial source regions can produce dif-
ferent optical mixtures and vertical structures [30,31]. A common set of lidar observables
may therefore describe both sites, while the distribution and physical meaning of their
recurring states remain environment dependent. Directly equating cluster labels between
the two locations would obscure this dependence and could imply a level of compositional
certainty that is not supported by optical measurements alone.

We therefore identify site-specific aerosol optical regimes from the joint lidar feature
space and evaluate their altitude-dependent occurrence at Beijing Nanjiao and Beihai. K-
means is used as an organizational tool for quality-controlled multi-parameter observations.
Each site is standardized and clustered independently, and cross-site comparison is based
on measured optical characteristics and vertical occurrence rather than matched cluster
labels. Regional aerosol reanalysis and trajectory-based transport diagnostics provide aux-
iliary physical context, but they are not clustering inputs or direct chemical validation. This
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design addresses whether a common multi-wavelength polarization sensing framework
can retain environment-specific optical states and vertical transitions across contrasting
inland and coastal settings.

2. Data and Methods
2.1. Observation Sites and Data

This study selected Beijing Nanjiao and Beihai as two contrasting ground-based lidar
case sites (Figure 1; Table 1). Beijing Nanjiao is located near the urban area of the North
China Plain and is influenced by anthropogenic emissions, regional pollution transport,
and northern coarse-particle transport. Beihai is located on the South China coast, where
marine influence, humid conditions, and terrestrial regional transport provide a distinct
environmental setting. The sites are treated here as an inland urban environment and a
marine-influenced coastal environment, respectively.
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Figure 1. Locations of Beijing Nanjiao and Beihai ground-based lidar observation sites.
Table 1. Observation-site characteristics and quality-controlled lidar data availability.
. Valid .
Site Environmental Context Location Altitude Valid Days 15-Minute Observation
After QC X Hours (h)
Profiles
Beijing North China urban/regional 116.4700° E,
Nanjiao pollution region 39.8067° N 315m 50 3752 938.00
. South China coastal/ 109.1836° E,
Beihai marine-influenced region 21.4475° N 103 m 46 3223 805.75

The observations cover June 2025 to March 2026 and were obtained from CARLNET
sites operated by the China Meteorological Administration Meteorological Observation
Center. Both sites used the same Nd:YAG-based multi-wavelength Raman-Mie polarization
lidar. The system emits at 354.7, 532.1, and 1064.1 nm and receives elastic signals at 355,
532, and 1064 nm, with polarization channels at 355 and 532 nm. Water-vapor Raman
detection is provided at 407.6 nm and nitrogen Raman detection at 386.7 and 607.6 nm.
The laser operates at 1000 Hz with minimum pulse energies of 0.6/1.5/1.0 mJ and maximum
divergence angles of 0.3/0.3/0.5 mrad at 354.7/532.1/1064.1 nm, respectively. A 0.3 m
Cassegrain telescope receives the returns within a 1 mrad field of view.
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The raw 5 min and 15 m observations were resampled to 15 min and 30 m after
common quality control. Each time-height grid point was treated as one sample. Col-
located millimeter-wave cloud radar detection and lidar checks removed cloudy, rainy,
and abnormal-retrieval periods. Analysis was restricted to 0.3-5.0 km to reduce near-
field overlap uncertainty while retaining lower-tropospheric aerosol layers. A dynamic
altitude-dependent Bs3; threshold and physically plausible ranges of 6, 532 and AEg 355,532
removed weak-signal and ratio-amplification artifacts. After screening, 50 and 46 valid
clear-sky days remained at Beijing Nanjiao and Beihai, respectively. A total of 3752 and
3223 valid 15-minute lidar profiles were retained, corresponding to 938.00 and 805.75 h
of effective observations at Beijing Nanjiao and Beihai, respectively. The data do not rep-
resent a continuous annual climatology or seasonal cycle. Because adjacent 15-minute
profiles may sample the same aerosol episode and neighboring 30 m range bins may
belong to the same vertically coherent aerosol layer, the resulting time-height samples
are not statistically independent. K-means is therefore used here as a descriptive tool to
organize the observed optical-state space rather than as an inferential method requiring
independent samples.

On this basis, a robust z-score method based on the median and median absolute
deviation (MAD) was further used to identify statistical outliers before clustering. For each
clustering input variable, including AE 5,355/532/ log;,(B532), and dp,532, the robust z-score
was calculated as

x; — median(x
Zrobust — 0~67451TD()/ 1)
where
MAD = median(|x; — median(x)|). ()

Samples with |z;opust| > 8 for any input were removed, while samples with
5 < |zropust| < 8 were retained only when supported by time-height neighborhood conti-
nuity. The threshold of 8 was used as a deliberately conservative operational cutoff rather
than as a universal lidar-specific criterion. It was chosen to remove only extreme statistical
deviations after the preceding signal-quality and physical-range screening, while samples
with 5 < |zyopust| < 8 were not automatically discarded and were retained when supported
by neighboring time-height continuity. This conservative treatment was intended to reduce
obvious retrieval artifacts without unnecessarily removing infrequent but physically plau-
sible aerosol states. The model was fitted to these quality-controlled core samples and then
assigned labels to all the valid samples. High-confidence assignments were those within the
cluster-specific 90th percentile of core-sample centroid distances. This internal compactness
criterion is not an independent validation of aerosol composition. High-confidence samples
were used for feature-space visualization and selected auxiliary analyses. Unless otherwise
stated, they were not used to define the denominator of the altitude-dependent occurrence
frequencies. These valid observations are intermittent subsets of the June 2025-March
2026 study window rather than uniformly distributed temporal samples. Accordingly,
subsequent regime frequencies and vertical occurrence statistics characterize the available
quality-controlled clear-sky observations and should not be interpreted as equal-weight
seasonal or climatological frequencies.

2.2. Lidar Retrieval Parameters and Clustering Features

The elastic return at range r and wavelength A is [9-11]

P(r, A) = C(A)B(r, A)r 2 exp [—2 /0 ' rx(r’,/\)dr’], 3)
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where C(A) is the system constant and B and « are the total backscatter and extinction
coefficients. After background subtraction and range-squared correction, 532 was retrieved
using a Fernald—Klett elastic-backscatter inversion [32,33]. At night, the nitrogen Raman
channels provided independent aerosol extinction and backscatter estimates and hence the
aerosol lidar ratio [34,35]. Daytime elastic retrievals used lidar ratios informed by nighttime
retrievals, contemporaneous weather, and adjacent observations, with permitted ranges of
approximately 40-80 sr at 355 nm and 30-70 sr at 532 nm. These choices preceded clustering
and did not use cluster labels. The far-end reference region was generally 6-6.5 km,
and molecular parameters were obtained from a standard atmospheric model. Daytime
backscatter therefore retains uncertainty associated with the assumed lidar ratio. To directly
evaluate this sensitivity, selected daytime observations were independently re-inverted
using the lower and upper bounds of the prescribed 532 nm lidar-ratio range, LRs53, = 30
and 70 sr. The resulting optical variables and cluster assignments were compared with the
corresponding baseline retrievals at identical time-height locations. Because the numerical
labels of independently fitted K-means solutions are arbitrary, the alternative-regime labels
were matched to the baseline solution by centroid correspondence before calculating ARI
and matched-label retention.

The particle depolarization ratio is determined by the volume depolarization ratio,
molecular depolarization ratio, and backscatter ratio [16,17,36],

b0 L 80 (R — [1+ (1)
V) = s RO A £ ()]

(4)

where J,(r) is the particle depolarization ratio, d,(r) is the volume depolarization ratio,
O is the molecular depolarization ratio, and R(r) is the backscatter ratio, defined as the
ratio of the total backscatter coefficient to the purely molecular backscatter coefficient.
The depolarization ratio was calibrated according to the standard CARLNET processing
procedure before calculating the particle depolarization ratio.

The backscatter-related Angstrém exponent was calculated using the aerosol backscat-
ter coefficients at 355 and 532 nm:

Aassmie) = -SRI 8

We used log;(B532) to represent scattering intensity over its broad dynamic range, d,, 532,
to constrain particle nonsphericity and AEg 355,53, to describe the size-sensitive spectral
response. The complementary variables form the active optical-sensing space that is used
to identify regimes without uniquely retrieving composition [22,23,37,38].

2.3. Identification of Aerosol Optical Regimes

K-means was used to organize continuous lidar observations into optical regimes [39-
41]. Candidate values ranged from K = 2 to K = 8. The cluster number was selected by
jointly considering the SSE elbow, silhouette coefficient, resampling stability, and the physi-
cal interpretability of the resulting structures in the three-dimensional optical feature space.
K = 4 was retained because it provided a useful balance between statistical compactness
and the resolution of distinct combinations of scattering intensity, particle nonsphericity,
and spectral response beyond the broader K = 2 partition. The selection was therefore not
based on the silhouette coefficient alone [42].

The three inputs were standardized separately at each site,
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where x’ is the standardized value and y and ¢ are the site-specific mean and standard devi-
ation. Standardization was performed independently for each site using StandardScaler.
The mean and standard deviation were estimated from the quality-controlled core samples
used for model fitting, and the same site-specific transformation was subsequently applied
to all the valid samples before cluster assignment. This prevents variables with larger
numerical variance from disproportionately dominating the Euclidean-distance metric.
K-means then minimizes the within-cluster sum of squares,

2

, )

K

/

I=Y ¥ |-
k=1 X;GC}(

where K is the number of clusters, Cy, is the k-th cluster, x;- is a standardized sample, and p;

is the corresponding centroid. The SSE used for cluster-number evaluation has the same
form as Equation (7). The silhouette coefficient of sample j is

b(j) — atj)

s(j) = max|a(}), b(j)]’

(®)
where a(j) is the mean distance to samples in the assigned cluster and b(;) is the smallest
mean distance to samples in another cluster. Larger values indicate greater within-cluster
cohesion and separation. The retained reference solution used K-means++ initialization
with a fixed random seed of 42 and 30 internal initializations. Robustness of the K = 4
solution was further evaluated using 30 profile-resampling runs. In each run, 80% of the
complete 15-minute profiles were randomly sampled without replacement, the features
were re-standardized within the subsample, and K-means was refitted using 10 inter-
nal initializations. The resulting model was then applied to the full core-sample dataset.
Agreement with the reference partition was quantified using the Adjusted Rand Index
(ARI), while matched centroids were compared using the maximum centroid shift in the
reference-standardized feature space. Thus, this test evaluates sensitivity to both profile
sampling and K-means initialization rather than initialization alone. Sensitivity to the
selected cluster number was additionally examined by comparing the centroid structures
obtained for K = 3, 4, and 5. Because cluster indices are arbitrary across independently
fitted K-means solutions, the comparison was based on nearest-centroid relationships in
the lidar feature space rather than numerical label identity. Physical interpretation of
the resulting clusters was based first on the directly retrieved lidar optical coordinates
and their altitude-dependent occurrence rather than on the auxiliary regional datasets.
Accordingly, an “optical regime” denotes a recurrent combination of scattering intensity,
particle nonsphericity, and wavelength-dependent backscatter response and does not imply
a unique aerosol chemical type. MERRA-2 aerosol diagnostics and HYSPLIT-based trans-
port analyses were introduced only after clustering to evaluate whether the lidar-defined
optical states were consistent with plausible regional aerosol and transport contexts. C1-C4
are site-specific labels without one-to-one cross-site correspondence; cross-site statements
therefore use the measured optical variables and vertical patterns. The corresponding clus-
ter centroids in the original lidar feature coordinates are summarized in Table 2 to facilitate
cross-site comparison. To quantify within-cluster variability, the standard deviation of each
clustering feature was calculated separately from the quality-controlled core samples as-
signed to each regime. These values are reported together with the corresponding K-means
centroids in Table 2.

Classification sensitivity to prescribed perturbations of the retrieved optical variables
was additionally evaluated using 100 Monte Carlo realizations while retaining the original
site-specific scaler and fixed K = 4 centroids. For each sample, independent perturba-
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tions were drawn from bounded uniform distributions. The Bs3, values were perturbed
multiplicatively, whereas §), 53 and AEg 355,53, were perturbed additively. Low, moderate,
and high scenarios, respectively, used bounds of £10%, £20%, and £30% for Bs32; £0.01,
+0.02, and £0.03 for 4) 532; and +0.10, £0.20, and +0.30 for AEg 355,537. No cross-variable
error correlation was imposed, and a fixed base random seed of 240824 was used for
reproducibility. After perturbation, log;(Bs32) was recalculated and the original scaler and
fixed K-means model were applied without refitting. Robustness was quantified using
label retention and the Adjusted Rand Index (ARI). These prescribed amplitudes represent
sensitivity /stress-test scenarios rather than instrument-specific retrieval-uncertainty esti-
mates.

Table 2. Cluster centroids and within-cluster variability in the original lidar feature coordinates at
Beijing Nanjiao and Beihai. Values are reported as the K-means centroid + one standard deviation of
the core samples used for model fitting. The two sites were standardized and clustered independently;
therefore, identical cluster labels do not imply one-to-one correspondence between sites.

Site Regime loglo (,3532) 5,,[532 AE[;/355/532

Beijing Nanjiao C1 —3.250 £ 0.216 0.285 £+ 0.034 2.097 +0.499
C2 —2.551 £0.253 0.302 £ 0.028 0.822 £0.311
C3 —2.803 £ 0.260 0.202 £+ 0.032 1.308 £ 0.301
C4 —3.369 £ 0.164 0.183 £ 0.034 2.527 +0.487

Beihai C1 —2.270 £0.274 0.039 £0.013 1.029 £ 0.427
C2 —3.365 £+ 0.205 0.081 £+ 0.031 2.543 +0.426
C3 —2.937 £0.199 0.048 £ 0.011 1.848 +0.249
C4 —2.506 £ 0.238 0.095 £ 0.021 1.386 + 0.250

Note: Before logarithmic transformation, Bs3; is expressed in km~! sr~1. Both 6,53, and AEg 355,532 are dimen-
sionless. The reported standard deviations were calculated from the quality-controlled core samples used to fit
the site-specific K-means models.

Altitude-dependent occurrence fractions were evaluated over 0.3-5.0 km using all the
valid and successfully classified samples that satisfied the quality-control criteria described
above rather than only the high-confidence subset. For each altitude bin /, the occurrence
fraction of regime ¢ was defined as F., = N, j/Nj, where N_j, is the number of samples
assigned to regime c and Nj, is the total number of valid successfully classified samples
in that altitude bin. Consequently, the four regime fractions sum to 100% in each non-
empty altitude bin. Because the amount of valid lidar sampling varied with time and
altitude, no equal-month or equal-season weighting was applied. The resulting occurrence
fractions therefore represent sampling-weighted statistics of the available quality-controlled
observations rather than uniformly sampled seasonal climatologies. Adjacent 15-minute
profiles and neighboring 30 m range bins are not statistically independent. K-means is used
here descriptively rather than for inference based on independent samples; profile-level
resampling preserves within-profile vertical dependence but does not remove temporal
persistence, so the occurrence fractions are interpreted as sample-weighted frequencies
rather than frequencies of independent aerosol events.

2.4. MERRA-2 Regional Aerosol Context

Hourly MERRA-2 tavgl_2d_aer_Nx diagnostics at a horizontal resolution of
0.5° x 0.625° were used to provide regional aerosol context [43-47]. For each lidar site,
the nearest MERRA-2 grid cell was extracted and matched hourly to periods containing
high-confidence lidar assignments. The selected fields were total, dust, sea salt, BC, OC,
and sulfate AODs, together with dust, pollution, carbon, sulfate, and sea salt fractions.
For each optical regime, the mean deviation from the overall site mean was expressed as
a percentage. These coarse regional fields were not clustering inputs. Because the lidar

https://doi.org/10.3390 / photonics13090819


https://doi.org/10.3390/photonics13090819

Photonics 2026, 13, 819

8 of 24

measurements represent a narrow local atmospheric column whereas MERRA-2 repre-
sents a substantially larger grid cell, agreement between the two datasets is interpreted as
regional-scale contextual consistency rather than point-by-point correspondence or inde-
pendent validation of aerosol composition. To avoid treating repeated lidar time—height
samples matched to the same regional field as independent observations, each site-hour
contributed one MERRA-2 record associated with the dominant high-confidence lidar
regime. Inferential comparisons were then performed on day-by-regime aggregates using
the Kruskal-Wallis test with Benjamini-Hochberg false-discovery-rate correction.

2.5. HYSPLIT Backward Trajectory, WPSCF, and WCWT Analyses

HYSPLIT 72 h backward trajectories driven by the NOAA GDASI one-degree archive
described potential transport pathways and upwind regions [48-52]. High-confidence
samples were aggregated by site, regime, and 3 h window and ranked by

Score = 3532 VN, )

where Bz, and N are the window-mean backscatter and valid-sample count. At most three
starting times per day and 120 starting times per site-regime combination were retained.
Because trajectories were initialized at three heights for each selected starting time, these
corresponded to 159, 123, 114, and 159 trajectories for BN-C1-C4, respectively, and 183, 204,
204, and 147 trajectories for Beihai-C1-C4. The score-based selection preferentially samples
stronger and better-sampled lidar occurrences and may underrepresent weak-loading or
sparsely sampled conditions. Consequently, the trajectories are interpreted as selected
transport cases and differences among regimes as transport tendencies of the selected cases
rather than unbiased estimates of source-sector frequency or probability.

Trajectories started at 500, 1500, or 3000 m according to sample altitude and were
output hourly. WPSCF and WCWT used a common 0.5° x 0.5° grid over 70°-~135°E and
15°-55°N; cells with fewer than three endpoints were excluded.

For grid cell (7, j), the potential source contribution function was [53,54]

-
PSCF;; = —1, (10)

where m;; and n;; are target-regime and total endpoint counts. The weighted value was

WPSCEF;; = W;; - PSCF (11)

ijs
with W;; = 0.05, 0.42, 0.70, and 1.00 for endpoint counts < the mean and 1-1.5, 1.5-3,
and > 3 times the mean, respectively.

WCWT incorporated the starting-time fs3; as an optical-loading weight [54,55]:

Y1 Gt
WEWT; = YT

(12)

where C; is the Bs3, weight and 7j;; is residence time. Sensitivity of the trajectory-based
source diagnostics was evaluated by varying the grid resolution, minimum endpoint
threshold, and retained trajectory number. The influence of the endpoint-density weighting
was additionally examined for WPSCEF. Spatial correlation with the baseline field and
overlap of high-value grid cells were used to assess pattern stability. Trajectories were
also interpolated at 3 h intervals from 0 to —72 h and clustered by their longitude-latitude
sequences. Fewer than five trajectories were not subdivided; otherwise, the trajectory-
cluster number was selected by the silhouette coefficient.
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3. Results
3.1. Multi-Parameter Optical States at Beijing Nanjiao

At Beijing Nanjiao, the silhouette coefficients for K = 2-8 were 0.357, 0.331, 0.354, 0.328,
0.311, 0.310, and 0.324, respectively (Figure 2). Although K = 2 yielded a marginally higher
silhouette coefficient, increasing to K = 4 reduced the SSE from 56,190.6 to 31,905.6. More
importantly, the four-cluster solution resolved distinct combinations of scattering intensity,
particle nonsphericity, and spectral response that were merged into two broader groups
at K = 2. We therefore retained K = 4 as a compromise between statistical compactness,
solution stability, and physically interpretable optical resolution rather than selecting the
cluster number from the silhouette coefficient alone.
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Figure 2. Evaluation of the K-means cluster number at Beijing Nanjiao: (a) within-cluster sum of
squares and (b) mean silhouette coefficient for K = 2-8.

The 30-run profile-resampling analysis indicated that the Beijing Nanjiao solution was
dominated by a reference-like partition but also admitted an alternative local partition.
The median ARI was 0.966, and 21 of the 30 runs (70%) achieved ARI > 0.95 relative to the
reference solution. The remaining nine runs formed a lower-ARI group, with the minimum
ARI reaching 0.728 and correspondingly larger maximum centroid shifts. Across all the
runs, the ARI was strongly negatively correlated with maximum centroid shift (r = —0.998),
confirming that the lower-ARI realizations represented coherent shifts in the partition
rather than isolated numerical fluctuations (Figure 3). Importantly, the major optical
ordering of the four regimes remained largely preserved across the repeated realizations.
The ordering of the regime centroids in AEg 355,53, and log,,(Bs32) was unchanged in all
30 runs. The main variability occurred in the relative particle-depolarization ordering of the
two more depolarizing regimes, with C2 having the highest §, 53, in 21 of 30 runs and C1
in the remaining nine. Thus, the alternative partition mainly affects the separation between
neighboring high-depolarization states, whereas the broader contrasts in scattering and
spectral response remain stable. The adjacent-K comparison further showed that changing
the number of clusters mainly merged or subdivided neighboring optical states. At K = 3,
the K = 4 C1 and C4 states were represented by one broader state, whereas, at K = 5,
the K = 4 C3 state was subdivided. The principal high-depolarization, strong-scattering,
and high-/low-spectral-response structures nevertheless remained represented.

The feature-space distributions show four optically distinct regimes (Figure 4). C1 (n =
8458 high-confidence samples) combined relatively low Bs3; with moderately high 6, 53, and
AEp355/532. C2 (n = 4215) was the most strongly depolarizing regime, with relatively high Bs3,
and low AEg 355,532 C3 (1 = 11,156) also showed strong backscatter but lower depolarization
than C2. C4 (n = 9213) combined high AEj 355,53, with low Bs3; and low 6, 53,.
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C2 had high depolarization and a coarse-particle-sensitive optical signature; C3 had
strong scattering and lower depolarization; C4 had low loading and a fine-particle-sensitive
spectral response; and C1 combined weak loading with greater nonspherical influence than
C3 and C4.

The occurrence profiles separated these states vertically (Figure 5). High-depolarization
C2 dominated the lowest observed layer and declined rapidly with height, while strong-
scattering C3 also contributed mainly in the lower layer. Low-loading C1 increased above
the lower layer and dominated much of the middle and upper observed range. C4, distin-
guished by its high AEj 355,53, response, also contributed more clearly in the middle and
upper profile. The contrasting lower-, middle-, and upper-layer frequencies show that the
partition tracks different aerosol-layer optical states rather than only subdividing a large
set of near-surface points.
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Figure 3. Profile-resampling stability of the four-cluster solution at Beijing Nanjiao across 30 repeated
runs based on random selection of 80% of the complete 15-minute profiles: (a) Adjusted Rand Index
relative to the reference solution and (b) maximum centroid shift in the reference-standardized feature
space. Higher ARI and lower centroid shift indicate greater reproducibility.
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Figure 4. Feature-space distributions of high-confidence samples at Beijing Nanjiao: (a) AE 355,532
versus 6y 53 and (b) logy, (Bsa2) versus JOp,532- Black crosses indicate cluster centroids.
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Figure 5. Altitude-dependent occurrence fractions of the four site-specific aerosol optical regimes at
Beijing Nanjiao. Fractions were calculated within each altitude bin using all the valid and successfully
classified samples included in the occurrence analysis rather than only the high-confidence subset.

3.2. Multi-Parameter Optical States at Beihai

At Beihai, the silhouette coefficients for K = 2-8 were 0.363, 0.402, 0.406, 0.346,
0.351, 0.329, and 0.327, respectively, with K = 4 yielding the highest value among the
evaluated solutions (Figure 6). The SSE simultaneously decreased from 158,538.4 to 87,113.9.
Together with the additional separation of physically distinct combinations of backscatter,
depolarization, and spectral response, these diagnostics provide stronger statistical support
for retaining K = 4 at Beihai.
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Figure 6. Evaluation of the K-means cluster number at Beihai: (a) within-cluster sum of squares and
(b) mean silhouette coefficient for K = 2-8.

The Beihai solution showed substantially higher reproducibility across the 30 profile-
resampling runs. The median ARI was 0.986, with all 30 runs yielding ARI > 0.95 and a
minimum ARI of 0.962. The median maximum centroid shift was 0.040 in the reference-
standardized feature space. Moreover, the relative centroid ordering of all four regimes in
AEg 355/532, 108, (Bs32), and ) 532 was preserved in all 30 realizations, indicating that both
the partition and the major optical characteristics of the Beihai regimes were highly stable
(Figure 7). The adjacent-K comparison showed a similar pattern. At K = 3, the K = 4 C2
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and C3 states were represented by one broader optical state, whereas, at K = 5, C3 was
mainly subdivided. Close counterparts of the other major K = 4 optical structures remained
identifiable, indicating that changing K primarily merged or subdivided neighboring states
rather than producing qualitatively different structures.
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Figure 7. Profile-resampling stability of the four-cluster solution at Beihai across 30 repeated runs
based on random selection of 80% of the complete 15-minute profiles: (a) Adjusted Rand Index
relative to the reference solution and (b) maximum centroid shift in the reference-standardized
feature space. Higher ARI and lower centroid shift indicate greater reproducibility.

The feature-space distributions separated four regimes at Beihai (Figure 8). C1 (n =
17,520 high-confidence samples) combined high Bs3; with low 6, 53, and low-to-moderate
AEg 355/532. C2 (n = 18,892) had the highest AEg 355,53, and relatively low backscatter. C3
(n = 43,028) was the largest high-confidence regime and occupied intermediate backscatter
and low-depolarization conditions. C4 (n = 13,864) showed relatively high backscatter and
low AEg 355,532 Its mean depolarization was close to that of C2.
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Figure 8. Feature-space distributions of high-confidence samples at Beihai: (a) AEp 355,532 versus
Jdp532 and (b) log,o(Bs32) versus Jp,532- Black crosses indicate cluster centroids.

The direct optical descriptors distinguish C1 as a low-depolarization strongly scat-
tering regime; C2 as a lower-loading regime with the strongest size-sensitive spectral
response; C3 as the site-background low-depolarization regime; and C4 as a relatively
strong-scattering low-AEg 355,53, coastal regime. The C2-C4 depolarization difference is
small and is not treated as significant without event-level uncertainty analysis.

The Beihai states also changed markedly with altitude (Figure 9). Strong-scattering
C1 contributed most in parts of the near-surface and lower layer. C3 dominated much
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of the approximately 1.5-3.0 km range and contributed again at higher levels, while the
high-AEg 355,53, C2 state increased through parts of the upper observed layer. C4 remained
smaller overall but occurred in portions of the lower and middle layers. Beihai was therefore
a predominantly low-depolarization system in which scattering intensity and wavelength
response provided the main optical separation. The lower-to-middle-to-upper transitions
further show that the clustering retained vertically changing coastal aerosol states.
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Figure 9. Altitude-dependent occurrence fractions of the four site-specific aerosol optical regimes
at Beihai. Fractions were calculated within each altitude bin using all the valid and successfully
classified samples included in the occurrence analysis rather than only the high-confidence subset.

3.3. Inland—Coastal Comparison of Optical Regimes

Because clustering was performed independently at the two sites, regimes with the
same numerical label are not assumed to be equivalent. As shown by the original-coordinate
centroids in Table 2, cross-site comparison is therefore based on the measured optical
characteristics and vertical occurrence of each regime rather than on cluster numbering.
The site-aware analysis resolved distinctly different aerosol optical-state distributions at
the two sites. Beijing Nanjiao contained a pronounced high-depolarization regime (C2,
mean §, 53 = 0.30) and a second strong-scattering regime with lower but still appreciable
depolarization (C3, mean J, 532 = 0.20). In contrast, most high-confidence samples at
Beihai remained below J, 53, = 0.15, and its largest regime (C3) represented the low-
depolarization coastal background. These differences demonstrate a stronger nonspherical
and coarse-particle influence at the inland site and a greater prevalence of optically spherical
or near-spherical aerosol states at the coastal site.

The optical contrast also depended on height. At Beijing Nanjiao, high-depolarization C2
was concentrated in the lowest observed layer, whereas lower-loading C1 and C4 contributed
more strongly aloft. At Beihai, low-depolarization C3 dominated much of the middle layer
and C2 increased toward parts of the upper layer. Thus, the sites differed in the coupled
vertical variation in scattering intensity, particle shape, and size-sensitive spectral response.
These range-resolved transitions would be obscured in surface particulate records or column-
integrated AOD. The lidar-ratio sensitivity test showed a site-dependent classification response.
At Beijing Nanjiao, LRs3; = 30 and 70 sr produced median 53, differences of +3.45% and
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—8.75%, with ARI values of 0.440 and 0.571 and matched-label retention of 69.3% and 81.3%,
respectively. At Beihai, the corresponding differences were +4.21% and —11.00%, with ARI
values of 0.859 and 0.675 and retention of 94.2% and 87.0%. The selected cases therefore
indicate stronger sensitivity to the lidar-ratio assumption at Beijing Nanjiao. This lidar-ratio
test and the Monte Carlo experiment represent different perturbation structures and therefore
should not be interpreted as providing the same site-to-site sensitivity ranking. The lidar-ratio
change also propagated to the other clustering variables. For LRs3; = 30/70 sr, the median
changes in 4, 53 were —0.0062/+0.0176 at Beijing Nanjiao and —0.0009/+0.0028 at Beihai,
while the median changes in AEg 355,53, were +0.479/+0.236 and —0.102/+0.295, respectively.
The Monte Carlo sensitivity test further showed that the cluster assignments were generally
robust, although Beihai was more sensitive than Beijing Nanjiao. For the low, moderate,
and high scenarios, the median label retention was 97.54%, 95.01%, and 92.45% at Beijing
Nanjiao and 95.94%, 91.34%, and 85.96% at Beihai, with corresponding ARI values of 0.934,
0.870, and 0.807 and 0.891, 0.779, and 0.659, respectively.

3.4. Regional Aerosol Context from MERRA-2

MERRA-2 placed the lidar-derived states in the regional aerosol context. Figures 10 and 11
show descriptive percentage deviations from each overall site mean.
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Figure 10. Percentage deviations of MERRA-2 aerosol components and derived fractions from the
overall Beijing Nanjiao site means for the four lidar-derived optical regimes.

At Beijing Nanjiao, C2 had the largest dust-related anomalies. The total, dust, sea
salt, BC, OC, and sulfate AODs deviated by +12.5%, +37.5%, —6.5%, 4+8.1%, +1.0%,
and —7.1%, respectively, and the dust fraction was 19.2% above the site mean. However,
after day-level aggregation, the overall inter-regime differences in total AOD, dust AOD,
and dust fraction were not significant after FDR correction (prpr = 0.258, 0.151, and 0.151,
respectively). These differences are therefore treated as descriptive regional anomalies
rather than statistically confirmed compositional separation among the lidar regimes.
The larger descriptive dust-related anomalies for C2 are consistent with a possible dust and
coarse-particle contribution to its directly observed high-depolarization, low-AEg 355,537
optical signature.

At Beihai, the total, sea salt, OC, and sulfate AODs for C1 were 33.0%, 15.5%, 24.5%,
and 41.9% above the site means, respectively. The sea salt fraction was 16.7% below the site
mean despite the higher absolute sea salt AOD, indicating that the total aerosol column was
more strongly enhanced rather than being more sea salt-dominated. At the day-by-regime
level, the overall inter-regime differences remained significant for the total and sulfate AODs
(both pppr = 0.0011), whereas the sea salt AOD and sea salt fraction were not significant
(prpR = 0.278 and 0.140, respectively). Together with the strong-scattering low-depolarization
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lidar signature, these regional differences are consistent with an enhanced mixed coastal—-
regional aerosol background for C1. Beihai C4 coincided with positive dust, carbon, and sea
salt fraction anomalies and represented a comparatively coarse-particle-sensitive coastal
optical state.
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Figure 11. Percentage deviations of MERRA-2 aerosol components and derived fractions from the
overall Beihai site means for the four lidar-derived optical regimes.

3.5. Transport Pathways and Potential Upwind Regions

The 72 h trajectories, WPSCEF, and Bs3;-weighted WCWT describe transport during
selected stronger-signal occurrences (Figures 12 and 13). Beijing Nanjiao was associated
mainly with northwestern, northern, and regional North China pathways. Beihai showed
pathways from the South China coast, Guangxi-Guangdong, the Beibu Gulf, the Indochina
Peninsula, and longer-range western or southwestern sectors.
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Figure 12. Trajectory clusters, WPSCF, and Bs3p-weighted WCWT for the four site-specific optical

regimes at Beijing Nanjiao. Rows (a—d) correspond to C1-C4. The columns show major trajectory
clusters, WPSCEF, and Bs32-weighted WCWT fields. WPSCF and WCWT indicate potential transport

and upwind regions.

At Beijing Nanjiao, the WPSCF and WCWT high-value regions were concentrated

northwest of the site and over northern North China. Their agreement with the high-

depolarization, low-AEg 355,532 C2 signature and positive MERRA-2 dust context is consis-

tent with a possible regional dust and coarse-particle transport influence within the mixed

urban-regional background. The C3 pathways were compatible with regional transport.
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Figure 13. Trajectory clusters, WPSCF, and Bs3p-weighted WCWT for the four site-specific optical
regimes at Beihai. Rows (a—d) correspond to C1-C4. The columns show major trajectory clusters,
WPSCEF, and Bs32-weighted WCWT fields. WPSCF and WCWT indicate potential transport and
upwind regions.

The Beihai potential contributing regions followed the South China coast, Guangxi—
Guangdong, the Beibu Gulf, and the Indochina Peninsula. Together with the low-
depolarization lidar signature and the regional aerosol context, particularly the enhanced
total and sulfate AODs, these pathways are consistent with combined marine and terrestrial
regional transport influence on the coastal strong-scattering state.

Because trajectory initialization was conditioned on selected high-confidence and
relatively strong-signal episodes, the WPSCF and WCWT patterns are interpreted only as
potential source and transport characteristics associated with the sampled regimes. They
should not be interpreted as unbiased climatological source frequency distributions. The
sensitivity tests showed that the broad WPSCF and WCWT spatial patterns were generally
preserved under changes in grid resolution, minimum endpoint threshold, and trajectory
number. WPSCF showed greater sensitivity to removal of the endpoint-density weighting,
whereas exact WCWT hotspot locations were more sensitive to changes in grid resolution.
Accordingly, the transport analysis is interpreted primarily in terms of broad potential
upwind regions rather than exact hotspot boundaries.

Table 3 links the direct lidar and vertical characteristics of each regime to regional
aerosol anomalies and trajectory diagnostics. The auxiliary evidence provides physical
context for the contrasting inland and coastal optical states without acting as a clustering
input or chemical validation.
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Table 3. Integrated evidence synthesis for the site-specific aerosol optical regimes. Direct lidar

characteristics and vertical occurrence are combined with MERRA-2 aerosol anomalies and trajectory

diagnostics to support physically traceable environmental interpretations.

Site and Regime

Direct Lidar and Vertical
Characteristics

Converging Regional and
Transport Evidence

Integrated Interpretation and Scientific
Significance

Relatively high 5;,,532, low ,3532,
and moderately hlgh AE‘B/355/532,'

Small MERRA-2 aerosol

Weak-loading optical regime with
nonspherical-particle influence. Its
enhanced occurrence aloft indicates that

Beijing Nanjiao C1 occurrence increased through anomalies; northern and regional -
much of the middle and upper transport pathways nonspherical aerosol states occurred above
observed layers ’ the lower layer even under relatively low
' aerosol loading.
High-depolarization
High 4,532, high Bs32, and low Dust AOD -+37.5% and dust coarse-particle-sensitive optical regime.
Beijing Nanjiao C2 AEg 355/532; dominant in the fraction +19.2 /(". northwestern The combined evidence is consistent with
lowest observed layer and rapidly and northerﬁ tra,ns ort pathwavs possible regional dust and coarse-particle
decreasing with altitude. portp Y8 influence during the sampled
C2 occurrences.
Strong-scattering lower-depolarization
High Bs32, moderate-to-low 6,532, opt}cal 1ietglme occturrlrégt}mder
Beiii " and moderate AEg 355/532; Negative dust-related anomalies reglona’-transport Concitions.
eijing Nanjiao C3 L Proon . The available regional evidence is
concentrated mainly in the lower  and regional transport pathways. - - . .
observed layer. consistent with anthropogenic or rplxed
regional influence but does not uniquely
determine aerosol composition.
Low-loading fine-particle-sensitive
High AEp 355,532, low Bs32, elevated optical regime. Its vertical
Beijing Nanjiao C4 and low J, 53;; occurrence Low total AOD and negative distribution reveals an aerosol state that
increased in parts of the middle dust-related anomalies. would be difficult to distinguish using
and upper observed layers. surface measurements or
column-integrated AOD alone.
o Strong-scattering low-depolarization
High Bs32, low J) 532, I(l)tSaé"/i Ogc+:g’]g/1 ;Za;zltaﬁc?lj coastal optical regime. The MERRA-2 and
Beihai C1 and low-to-moderate AEj 355,/532; sul f.a te ’A OD +41.9%; s.out,hern trajectory context is consistent with
important in the near-surface and coastal. Beibu Gui ¢ a,n d regional combined marine and terrestrial regional
lower observed layers. trans (;rt athwa ; & influence but does not permit a unique
portp ye: compositional attribution.
. . Lower-loading fine-particle-sensitive
Highest dAEﬁ'?iSS / 532’ ; elatl.vely low Most MERRA-2 components upper-layer ogtical Fegime. It represents a
Beihai C2 g giﬁr?‘?nc?i?lci;see dp’i?ﬁ(’)u h remained close to their overall site  vertically elevated coastal state distinct
parts of the upper observe ciglayer means. from the strongly scattering lower-layer
’ Cl1 regime.
Moderate Bs32, low 6, 532 Aerosol-component anomalies Site.-backgl.‘ound low-depolarization
and moderate ,AE e remained close to the site means; optical regime. Its large sample fraction
Beihai C3 dominant throug}f’frisu/csfféf the coastal and regional transport © and n}ifjldle-layer dominance define the
middle observed layer pathways prevailing coastal aerosol background
’ ’ during the sampled clear-sky period.
Comparatively coarse-particle-sensitive
. coastal optical regime. The accompanying
ieElatlvely Sgﬁggc f ISIzZIalrc;zvel Dust AOD +13.4%, dust fraction =~ regional anomalies and mixed transport
cle 5;’?2 ésgz’ withir?the Beih};i +48.5%, carbon fraction +13.7%, pathways provide contextual evidence for
Beihai C4 p/532 and sea salt fraction +17.3%; possible episodic coarse-particle influence.

regime set; present mainly in
parts of the lower and middle
observed layers.

mixed coastal and terrestrial
transport pathways.

It reveals an intermittent coarse-particle
contrast within the otherwise
predominantly low-depolarization
coastal environment.

Note: The optical regimes are defined by the lidar-derived optical characteristics and their altitude-
dependent occurrence. MERRA-2 aerosol anomalies and trajectory diagnostics are used only as contextual
evidence for possible environmental influences and are not treated as chemical validation or unique
aerosol-type identification. The specific contribution of humidity-dependent particle growth to the strong
scattering of Beihai C1 requires evaluation using collocated relative-humidity profiles.

4. Discussion

The three lidar variables provide complementary optical constraints. log;,(B532) orga-

nizes the wide range of scattering intensity, 6, 53, adds sensitivity to particle nonsphericity,
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and AEg 355,53, captures the wavelength dependence of backscatter and its size-sensitive
response. Similar scattering intensity can therefore be separated when polarization or
spectral response differs. Conversely, low-depolarization states that appear to be similar in
shape space can be distinguished by their loading and wavelength dependence. K-means
is useful here because it organizes these jointly measured dimensions, but the sensing capa-
bility and physical interpretation arise from the Raman-Mie polarization lidar observations
rather than from the algorithm itself. The physical distinctiveness of the regimes is therefore
assessed from their different positions in this three-dimensional optical space together with
their coherent altitude-dependent occurrence patterns. The clustering stability tests address
numerical reproducibility, whereas the separation in directly observed optical character-
istics and vertical structure provides the primary physical basis for distinguishing the
regimes. Numerical reproducibility and physical distinctiveness were therefore treated as
complementary but different properties. The former was evaluated using resampling-based
agreement, whereas the latter was assessed from separation in the three directly retrieved
lidar coordinates together with coherent altitude-dependent occurrence patterns.

The altitude-dependent occurrence profiles add a critical range-resolved constraint.
At Beijing Nanjiao, the high-depolarization coarse-particle-sensitive C2 regime was con-
centrated in the lowest observed layer, while lower-loading C1 and C4 contributed more
strongly in the middle and upper layers. Beihai showed a different vertical sequence
among predominantly low-depolarization states: strong-scattering C1 was important in
the lower layer, C3 dominated much of the middle range, and the high-AEg 355,53, C2
state increased in parts of the upper layer. These height-dependent transitions indicate
different aerosol-layer optical states rather than a purely mathematical division of pooled
time-height points. This is a direct advantage over surface particulate measurements,
which emphasize near-ground conditions, and column-integrated AOD, which does not
retain the altitude of the contributing layers.

The regional and transport analyses provide auxiliary physical explanations for these
optical structures [49,56]. At Beijing Nanjiao, the high-depolarization C2 signature occurred
with dust AOD and dust-fraction enhancements and northwestern and northern pathways,
providing regional context that is consistent with a possible dust and coarse-particle
influence in the inland lower troposphere. At Beihai, enhanced total, sea salt, OC, and
sulfate AODs and pathways from the South China coast, the Beibu Gulf, and terrestrial
regional sectors were concordant with the strong-scattering low-depolarization C1 state.
The lower sea salt fraction despite the higher absolute sea salt AOD indicates a broadly
enhanced mixed column rather than increased sea salt dominance alone. MERRA-2 and
the trajectory diagnostics are therefore contextual evidence in the chain from lidar state to
regional background and potential transport; they are not clustering inputs, point-level
composition measurements, or direct chemical validation.

The enhanced backscatter of Beihai C1 should not be attributed exclusively to increased
aerosol loading. In the humid coastal environment, hygroscopic growth can increase
particle size and optical scattering efficiency even without a proportional increase in dry
aerosol mass. Because collocated vertically resolved relative-humidity measurements were
not available, the relative contributions of aerosol loading and humidity-driven growth
cannot be quantitatively separated here. The enhanced backscatter of C1 is therefore
interpreted as reflecting a combination of aerosol abundance, mixing state, and potentially
hygroscopic growth.

The high-depolarization Beijing Nanjiao state is consistent with established polarization-
lidar observations of nonspherical mineral dust and transported dust layers [16,20,21,38].
The predominantly low-depolarization Beihai states are compatible with reported marine-
aerosol and marine-mixture behavior [23,30,31]. The present contribution is the application
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of one multi-parameter vertically resolved optical identification framework in two contrast-
ing environments while preserving site-specific regime labels and comparing them through
their measured optical coordinates and height dependence.

The framework is suitable for organizing vertically resolved lidar records when di-
rect chemical observations are unavailable provided that the outputs are interpreted as
aerosol optical regimes rather than chemically defined aerosol types. The present anal-
ysis is limited to quality-controlled clear-sky observations at Beijing Nanjiao and Beihai
during the study period. The 50 and 46 valid days correspond to 938.00 and 805.75 h of
effective observations, respectively, and represent intermittent subsets of the June 2025-
March 2026 period rather than a continuous seasonal climatology. Because no equal-month
or equal-season weighting was applied, the reported occurrence fractions describe the
available quality-controlled sampling and may depend on the temporal distribution of
valid observations. The trajectory analysis has a related sampling limitation because the
score-based selection preferentially retains stronger and better-sampled lidar occurrences;
the resulting transport patterns therefore represent selected transport contexts rather than
unbiased climatological source frequencies. Daytime backscatter also retains uncertainty
associated with the assumed lidar ratio, and the present perturbation experiment evaluates
classification sensitivity rather than full height-dependent retrieval-uncertainty propaga-
tion. In addition, humidity-dependent growth may contribute to strong coastal scattering.
Longer continuous observations together with collocated relative-humidity and composi-
tion profiles would help to separate humidity, mixing, transport, and seasonal effects and
evaluate transferability to additional lidar environments.

5. Conclusions

Ground-based multi-wavelength Raman-Mie polarization lidar resolved aerosol
optical states from complementary measurements of scattering intensity, nonsphericity,
and size-sensitive spectral response. Their height dependence separated the low-level
high-depolarization state at Beijing Nanjiao from lower-loading elevated states, while
Beihai states differed mainly in scattering and wavelength response.

The regional aerosol anomalies and transport pathways at the two sites provided
contextual evidence that is consistent with the lidar-based physical interpretations with-
out serving as clustering inputs, chemical validation, or unique aerosol-type identification.
The results show that multi-parameter active optical sensing retains aerosol-layer infor-
mation that is unavailable from surface or column-integrated observations. The identified
regimes characterize the quality-controlled predominantly clear-sky observations sam-
pled at the two sites during the present campaign and should not be interpreted as a
complete seasonal or climatological classification of aerosol conditions. Cloud screening,
instrument availability, signal-to-noise requirements, and the finite observational period
may influence the sampling distribution. The reported regime frequencies are therefore
sampling-weighted by the available quality-controlled observations rather than uniformly
sampled seasonal frequencies. Longer continuous records with humidity and composition
profiles are needed to evaluate seasonal representativeness and transferability.
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