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Abstract: Online identification and characterization of suspended aerosols can provide a scientific
basis for understanding aerosol transformations, quantitatively evaluating the impacts on air quality,
public health, and the source apportionment of different atmospheric particulate matters. In this study,
we confirm the validity of our developed high-throughput multi-angle polarized scattering vector
detection of aerosols and multidimensional polarization scattering index systems. By observation of
the mean values, variance, and Wilk’s Lambda of multidimensional polarization indices for different
aerosol types, the polarization index shows unique characterization abilities for aerosol properties,
and the optimal combination of polarization indices can always be found for a specific aerosol
category with a high resolution and discrimination. Clearly, the multidimensional polarization
indices of individual aerosols are more suitable for online and real-time aerosol identification and
even help to explain the in situ microphysical characteristics of aerosols or evaluate the dynamic
evolution of aerosols.

Keywords: light scattering; polarization; aerosol identification

1. Introduction

The properties and distribution of aerosol particles in the atmosphere are attracting
more and more research interest due to their impact on the climate system, air quality, and
human health [1,2]. Particles with aerodynamic diameters smaller than 2.5 pm (PM; 5) have
received considerable attention because of their great damage to human health, especially
their ability to penetrate deep into the lungs and cause great damage. Particulate matter
in the atmosphere has a variety of components, including carbonaceous material, sulfate,
nitrate, ammonium, microorganisms, trace metals, sea salts, and crustal elements [3,4].
These particles suspended in the air have complex physical and chemical properties,
such as wider size distribution, irregular morphology, and different optical absorption.
Measuring these properties can help classify and recognize different kinds of aerosols,
and even evaluate their possible source, which can be very important for the control of
atmospheric environmental pollution and also to better understand atmospheric dynamics
and long-range transport [5].

Various methods and technologies have been used to determine aerosol types [6-9].
A lidar system can provide altitude-resolved information. Based on extensive parameters,
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such as the scattering angstrom exponent (SAE), absorption angstrom exponent (AAE),
and single scattering albedo (SSA) retrieved from Raman lidar systems [10] or high spectral
resolution lidar (HSRL) systems [11], different aerosol types were distinguished by Silke
GroB et al. [12] and Schmeisser et al. [5]. Some advanced lidar systems with polarization de-
tection can improve the estimation of the microphysical properties of aerosols, allowing the
backscattering separation of spherical particles from any other non-spherical particle [13].

In recent years, there have been many methods based on single-particle scattering
in aerosol observation and analysis instruments [14-16], among which the aerosol optical
counter (AOC) is most representative [17]. Research has revealed that the angular distribu-
tion of scattered light can be used to estimate a particle’s nature. For example, the signal
around 12° scattering angle is sensitive to particle size, and the signal around 60° is sensi-
tive to the refractive index of particles. Combining measurements at the two angles, a light
optical aerosol counter (LOAC) can provide the size distribution and differentiate some
kinds of particles like droplets, carbonaceous particles, salts, and mineral particles [18]. The
polarization version of AOC that detects horizontal and vertical polarization components at
a scattering angle of 120°, namely a polarization optical particle counter (POPC), is capable
of classifying three aerosol types, mineral dust, air pollution, and sea-salt particles [19].
Our previous work also shows that the polarization index of S2/50 at the scattering angle
115° can been used to differentiate soot from salt and sand [20].

A wealth of information, such as the size, composition, and morphology of particles,
are contained in polarization properties. Extracting information based on the polarization
method has been widely used in atmospheric, marine, and biomedicine applications [21,22].
Saeedesadat combined Mueller matrix polar decomposition (MMPD), frequency distribu-
tion histogram (FDH), and the central moment analysis method to distinguish qualitatively
different bacterial colonies [23]. Li used polarization characterization [24,25] to distinguish
different kinds of marine algae.

In this paper, we need an online dynamic monitoring system to analyze atmospheric
suspended particulates one by one. It is difficult to obtain the full Mueller matrix of a single
particle in real-time. Herein, we detect the Stokes vector of the suspended particles, and
we can improve the information dimension of aerosol polarization signals by collecting
the multi-angle scattering Stokes vectors synchronously. This paper presents a series of
24-dimension polarization indices from high throughput in situ measurements of various
types of aerosol samples, and then we investigate the connection between aerosol proper-
ties and polarization scattering indices. Finally, we demonstrate how these polarization
characteristics can help us to understand different particle attributes and evaluate the
microphysical characteristics from different pollution sources.

2. Experimental Setup and Methods
2.1. Sample Preparation

In this study, we employed twelve kinds of aerosols whose properties are listed in
Table 1. During experiments, we used two kinds of aerosol generators. The water-soluble
samples were generated by a Met One 255 atomizer (Met One Instruments, Inc., Medford,
OR, USA). These samples were delivered to a diffusion dryer and a dilution chamber.
The powder-based samples were generated by a solid particle aerosol generator (TSI-3400A)
and diluted in a dilution chamber. The experimental conditions for aerosol generation
were strictly controlled to ensure the stability and consistency of the experiments. The size
distributions of experimental samples were monitored synchronously by an aerodynamic
particle sizer (TSI, 3321). As shown in Figure 1, each type of aerosol shows a unique
particle-size distribution, so the size distributions can be used as an important identifying
feature. However, due to considerable overlaps of the size distributions shown in Figure 1,
it is not enough to classify all these aerosol types only by aerosol size. To classify aerosol
types unambiguously, more properties, such as refractive index, absorption, or morphology,
should be considered and evaluated.
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Table 1. Properties of the aerosol types included in this paper.

Complex Refractive

Shape Aerosol Type Manufacturer Index Generator
Sphere PSL (1, 2,2.5 um) Sigma-Aldrich 1.590-0.000i Met-one 255
NapSOy Hong-Meng Beijing 1.480-0.001i [26] Met-one 255
NaCl Hong-Meng Beijing 1.540-0.001i [26] Met-one 255
Quasi-spherical NaNO; Hong-Meng Beijing 1.587-0.0011i [26] Met-one 255
Fly ash AIOFM 1.570-0.010i [27] TSI-3400A
Carbon sphere Nano-Micro Tech 1.670-0.270i [28] TSI-3400A
Arizona dust Power Technology 1.540-0.020i [29] TSI-3400A
Hichly irreeular shape Carbon nanochip Sigma-Aldrich 1.670-0.270i [28] TSI-3400A
sy ureg P€ " Mesoporous carbon XENANO 1.670-0.270i [28] TSI-3400A
Hollow carbon sphere XFNANO 1.670-0.270i [28] TSI-3400A

=
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Figure 1. Size distribution of particles measured by an aerodynamic particle sizer.

In the experiments, three polystyrene latex particles with different diameters were
selected as standard samples that are uniform spheres and have no optical absorption effect.
NaySO4, NaCl, and NaNOj are typical water-soluble salts and can be generated as quasi-
spherical aerosols. The complex refractive index of carbon particles has a non-negligible
imaginary part; we selected several carbon samples with various morphological features
for experiments. Arizona dust is road dust from Arizona in the United States and can be
divided into various categories based on different sizes, which has been used as a standard
test for dust and particulate matter for decades. Fly ash is a kind of coal combustion
product, which is approximately spherical and contains a variety of metal elements.

2.2. Experimental Setup

In our experimental setup, as shown in Figure 2, the airflow of particulate matter is
collected from the real environment or the aerosol generator and then passes through the
optical detection area from an optimally designed sheath nozzle. The velocity of flow of
the collected particle sample is limited to 1.2 L/min composed of 0.6 L/min sample flow
and 0.6/min sheath flow by two flow controllers and a gas pump. In Figure 2, two red
arrows are used to mark the particle inlet and the sheath gas inlet. The sample inlet is at
the top of the sample airflow. When the particles to be measured enter the flow channel
from the inlet, they will be wrapped in the sheath flow and then dispersed and diluted.

In the optical system, a horizontally polarized laser beam (532 nm, 100 mW, MSL-III-
532, Changchun New Industries Optoelectronics Technology Co., Ltd.) passes through a
polarization state generator that can modulate the incident light to horizontal (H), 45° (P)
linear polarization state, and right (R) circular polarization state, respectively. The polarized
light is focused to form a light sheet by a cylindrical lens and then incident on the airflow
channel of the aerosol particles. The width and height of the laser spot are 1 mm and
0.04 mm, respectively. To reduce the influence of stray lights, the scattering chamber is
coated with high absorption material, and the forward non-scattered beam is absorbed by
an optical trap at the end of the chamber.
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Figure 2. Schematic and experimental setup: (a) 3D view of the optical system; (b) schematic diagram of the experimental

device. PSG: polarization state generator; C: cylindrical lens; I: intensity channel at 10°; P1-P4: polarization signal receivers

at 30°, 60°, 85°, and 115° respectively; L: a spatial filtering lens module; PMT array: silicon photomultiplier tubes (SiPMT)

array; PSA: polarization state analyzer. Each PSA is composed of four film polarizers (FP) fixed at the receiving end

where the four FPs work as a four-quadrant polarization analyzing channel to separate the scattering light with different

polarization states. The red arrows are the sample inlet and sheath inlet.

The scattered light is measured by four polarization detection channels at the scattering
angle 30° (P1), 60° (P2), 85° (P3), and 115° (P4), respectively, and the intensity detected at
the scattering angle 10° (I) is the reference channel. Each polarization detection channel is
equipped with a spatial filtering module and fiber bundles are connected to the detection
module, which is composed of a silicon photomultiplier tubes (5iPMT) array. The signal-
processing unit mainly includes a current-to-voltage converter and a signal amplifier. Then,
signals of 17 channels (including 16 polarization-integrated signals and 1 intensity signal)
were collected by an acquisition device (DAQ) (FCFR-USB2068, Fcctec Technology, China)
with a sampling rate of 1 M/s simultaneously. The scattering response pulse width for each
aerosol is about 5-10 ps and the Stokes vectors of 10,000 particles per minute are recorded.

In experiments, three instruments with different polarization states of incident light
(horizontal (H), 45° (P) linear polarization, and right (R) circular polarization, respectively)
worked simultaneously to form a set of multidimensional polarization online analysis
systems. To make sure the suspended particles pass through the optical detection area one
by one, the collected particles are first drawn into a dilution chamber and then diluted by
clean air. The sample from the dilution chamber is evenly divided into three parts and fed
to different instruments.

2.3. Signal Processing and System Calibration

In this paper, for the scattering signals of one individual detected particle, the detected
partial Stokes vector at each scattering angle can be calculated as follows:

S0 Iy + Iog
s1 | =] Io—Is
52 Iy5 — I35

S= 1)



Appl. Sci. 2021, 11,5992

50f15

where Iy, Ig, 145, and I135 are the intensity detected by four linear polarization analyzers

at the four scattering angles. After normalization by the intensity components Sy, the

polarization components (S1, Sp) can be transferred as follows:

Hdop = %;Pdop = S2s 2)
Sos S0s

Six polarization indices at each scattering angle can be obtained, including H-Hdop,
H-Pdop, P-Hdop, P-Pdop, R-Hdop, and R-Pdop, where the capitals before “-” refer to the
polarization state of the incident light, including horizontal (H), 45° (P) linear polarization
and right (R) circular polarization, respectively. So for each sample, by the parallel mea-
surements of three devices with a four-angle synchronous measuring system, we can get a
dataset composed of 24-dimensional polarization index groups.

Before detecting real aerosols, we calibrated our experimental apparatus with the Mie
theory as follows. Firstly, we compared the forward scattering intensity of three kinds
of monodisperse polystyrene microspheres (PSL) with different sizes with the theoreti-
cal calculations based on Mie theory. Secondly, using PSL with a diameter of 1 um as
the standard particle sample, we further compared the experimental multi-angle scat-
tering polarization parameters with the theoretical calculations. The above agreement
between experiments and theoretical calculations can roughly confirm the validity of our
polarization measurements.

However, due to the oscillating scattering angle spectrum of a single particle size,
it is difficult to achieve accurate calibrations of polarization signals at several angles.
Therefore, we propose a calibration method for the multi-channel polarization signals of
our measurement system based on a monodisperse polystyrene sample. By comparison
with the theoretical curves shown as a dotted line, we can get a quantitative calibration
accuracy of the measured Stokes vectors. As shown in Figure 3, the red markers and
the pink markers are experimental results of monodisperse polystyrene particles before
and after numerical calibration. The mean deviation of the absolute value of all Stokes
parameters is less than 0.07, as shown in Figure 3a, which is determined by the only
hardware modification of the optical system, and the final mean deviation of the absolute
value of all Stokes parameters is less than 0.01, as shown in Figure 3b, which is the optimal
result according to the subsequent numerical calibration.

=== Theoretical curve of PSL
=  Mecasurements of PSL before calibration

=== Theoretical curve of PSL
® Measurements of PSL after calibration
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Figure 3. Calibration results of monodisperse polystyrene spheres. (a) Measurements of PSL before
calibration. (b) Measurements of PSL after calibration.

In addition, during every group of experiments of the same sample, we repeat the
measurements several times to observe the stability of the original polarization analyzing
signals and their distribution curves.

To verify the performances of our instrument, we tested three kinds of polystyrene
latex (PSL) spheres and recorded polarization scattering pulses. Intensity channel and R-
Pdop at 85° are demonstrated in Figure 4; both parameters show the stability of continuous
measurements and a significant difference between samples with different sizes. However,
the polarization signal and the light-intensity signal show completely different behaviors.
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Figure 4. (a) Intensity channel at 10° (each measurement point represents a particle); (b) 85-degree
R-Pdop of different PSLs (each point in the figure is averaged over 300 particles); (c) relationship
between standard deviation and average number at R-Pdop (85°) (each measurement point represents
a particle).

As shown in Figure 4c, the standard deviation of original R-Pdop data at 85° for three
different-sized PSL spheres is greater than 0.08. With the increase of the average points,
the standard deviation first declines sharply and then becomes smooth at 300 points. The
single-scattering signals of suspended particles can be influenced by the spatial orientation
and position of particles. Therefore, to mitigate the effects mentioned above, in the follow-
up studies, our polarization scattering results are treated by 300-point average processing
for a single-component aerosol sample.

In this work, we defined polarization feature resolution (PFR), as PFR = 2 *standard
deviation, to reflect the stability of the measured polarization index and to quantitatively
evaluate how much difference between polarization indices is enough to distinguish
different samples.

In the following section, several types of aerosols with various complex refractive in-
dex values and micromorphology were analyzed to assess the aerosol recognition capability
based on our multidimensional polarization index system.

3. Results and Discussion

In this part, the 24-dimensional polarization indices of 12 samples are individually
measured. We compare the differences between the polarization indices to evaluate their
capabilities for aerosol identification and classification. At the same time, we can evaluate
the sensitivity and resolution of these indicators applied in the online measurements.

3.1. Polarization Characteristics of Particle Size

Our experiments start with aerosol samples with different particle sizes. Figure 5
shows 12 two-dimensional scatterplots with 24 polarization indices, corresponding to three
kinds of monodisperse polystyrene spheres with different sizes. For each polarization
index, the mean value, PFR, and Wilk’s Lambda of the measured data are shown in Figure 6
and can be thought of as quantitative evaluation of the experimental results in Figure 5.
Herein Wilk’s Lambda is calculated as the ratio of intraclass variance and the population
variance. The smaller ratio of intraclass variance means better interclass discrimination:

2

Wilk's — Lambda = “intra 3)

Thotal
Figure 5 shows the different intraclass dispersion and class separation distances of
different PSL aerosols. Although all the scatter plots can separate three types of PSL
samples, the discrimination ability of polarization indices is different. Figure 6 shows
the mean values, PFR, and Wilk’s Lambda parameters of multidimensional polarization
results, respectively. The horizontal axis represents the numbering order of polarization
indices listed in Table 2.
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Generally, for some specific polarization indices, the difference of mean value points
out the distinction between classes and also implies the sensitivity of this index to some
microphysical feature of aerosol samples. For samples shown in Figure 5, the main differ-
ence between these three types of samples is particle size. So it can be seen that P-Hdop
(60°), R-Pdop (60°), P-Pdop (115°), and R-Pdop (85°) can be used to distinguish three kinds
of PSL samples from Figure 5. However, the PFR parameters show the data dispersion
of many single aerosol measurements, corresponding to the resolution of measurement
results. Considering the definition of the Wilk’s Lambda parameter, the proper polariza-
tion parameters among the whole index group suitable for aerosol identification should
have a larger mean difference and a smaller Wilk’s Lambda. For the experiments shown
in Figure 6a, P-Hdop (60°) is a better indicator than P-Pdop (115°) (marked by the red
inverted triangle). On the other hand, whether based on mean value or Wilk’s Lambda, we
can see that H-Hdop (60°) and H-Pdop (60°) are not usable in classifying the three types of
samples in Figure 6a, and it seems that the two parameters are possibly less sensitive to
aerosol size (marked by the blue inverted triangle).
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Table 2. The numbering order of polarization index in the figures.

Number Index Number Index Number Index
1 H-Hdop (30°) 9 P-Hdop (30°) 17 R-Hdop (30°)
2 H-Pdop (30°) 10 P-Pdop (30°) 18 R-Pdop (30°)
3 H-Hdop (60°) 11 P-Hdop (60°) 19 R-Hdop (60°)
4 H-Pdop (60°) 12 P-Pdop (60°) 20 R-Pdop (60°)
5 H-Hdop (85°) 13 P-Hdop (85°) 21 R-Hdop (85°)
6 H-Pdop (85°) 14 P-Pdop (85°) 22 R-Pdop (85°)
7 H-Hdop (115°) 15 P-Hdop (115°) 23 R-Hdop (115°)
8 H-Pdop (115°) 16 P-Pdop (115°) 24 R-Pdop (115°)

Because we have recorded the polarization scattering indices of aerosols one by
one in the experiments, we can extract not only the average measurement results of
aerosol samples but also statistical indicators such as PFR and Wilk’s Lambda parameters.
Through a comprehensive analysis of single-particle polarization scattering signals, we
can reasonably understand the feasibility and possibility of various polarization indices
applied to field measurements.

According to a comparison of incident polarization states from Figures 5 and 6, the
incident light with a P (45°) linear polarized state is more likely to achieve better aerosol
classification due to particle size differences. Moreover, we can see that the scattering angle
at 60° can be selected as a suitable detection angle in this case.

3.2. Polarization Characteristics of Particle Composition

Our second set of experimental samples is three kinds of water-soluble salts: NaySOy,
NaCl, and NaNOj. The scatter plot of polarization data has been shown in Figure 7, and
the corresponding mean values, PFR and Wilk’s Lambda of the experimental polarization
indices are shown in Figure 8. The water-soluble salt samples are generated in the form of
spray, which have similar particle size ranges less than 4 pm and a nearly spherical shape.
Thus, Figure 8 can be used to evaluate the connection between polarization parameters
with the refractive index of aerosols.
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Figure 7. 24-dimensional polarization indices distribution of aerosol samples with different refrac-
tive indices.
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10 (P-Pdop (30°)), index 11 (P-Hdop (60°)), index 12 (P-Pdop (60°)).

From Figure 8a, H-Pdop (30°), H-Pdop (60°), and H-Pdop (85°) can separate three
types of samples better than other polarization indices. Then, according to Figure 8b,c,
H-Pdop (30°) can show relatively optimal resolution and discrimination due to smaller
PFR and Wilk’s Lambda (marked by the red inverted triangle). On the other hand, if
we want to find out which polarization parameter is insensitive to the composition of
water-soluble aerosols, we can select P-Pdop (30°), P-Hdop (60°), P-Pdop (60°), and R-Pdop
(85°). Besides, the P-Pdop (60°) seems a better stable indicator unaffected by the refractive
index difference between the three kinds of water-soluble salts.

The main difference between these water-soluble aerosols is the refractive index due
to different compositions. In this case, if we consider various incident polarization states
and scattering angles, the incident light with an H (horizontal) linear polarized state and
the 30° detection angle seem to be the proper choice.

3.3. Polarization Characteristics of Absorption Effects

Aerosols with optical absorption effects often have an important impact on atmo-
spheric visibility. In this part, we selected four kinds of aerosols with different absorption
characteristics as our third experimental sample group: Na;SOy, fly ash, Arizona dust, and
carbon spheres, whose polarization data have also been shown in Figure 9. According
to their appearance and references [26,28], carbon spheres are light-absorbing particles,
and NaySOy particles almost have no absorption effect. The reported imaginary parts of
the refractive index of fly ash and Arizona dust [27,30,31] are within the range 0.002-0.03,
meaning possible weak absorption effects. Based on the mean values, PFR and Wilk’s
Lambda of the experimental polarization indices in Figure 10, we can examine the influence
of aerosol absorption on multidimensional polarization indices.

From the scatter distribution of 24-dimensional polarization indices in Figure 9, the
four types of sample data show different divisions and clustering. From Figure 10a, P-
Hdop (60°), P-Pdop (60°), P-Pdop (85°), and R-Hdop (60°) can distinguish the four types
of samples clearly. Besides, Figures 1 and 9 also show similar monotonic changes of
these polarization indices, that is, the values of polarization parameters decrease with the
increasing particle absorption characteristics (marked by red inverted triangle symbols).
This experimental phenomenon is consistent with our previous research reports [32].
We can also see that, in H-Hdop (30°), only the Na;SO4 that has no absorption effect is
separated clearly.
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Figure 9. 24-dimensional polarization indices distribution of aerosol samples with different absorption effects. The SEM
image of samples are listed in the right column: (a) Fly ash (b) Arizona dust; (c) Carbon sphere.
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Figure 10. (a) Mean values of multidimensional polarization indices; (b) PFR indices; (c) Wilk’s Lambda indices. The red
triangles mark index 11 (P-Hdop (60°)), index 12 (P-Pdop (60°)), index 14 (P-Pdop (85°)), index 19 (R-Hdop (60°)), and the
blue triangle marks index 1 (H-Hdop (30°)).

In this case, the incident light with a P (horizontal) linear polarized state and the 60°
detection angle can achieve better discrimination of aerosols with different absorption
characteristics. And based on the trend of polarization parameters, it is further possible to
estimate the change of aerosol absorption property or absorption-type particle proportion.

3.4. Polarization Characteristics of Particle Shape

Real atmospheric aerosols usually have complex irregular morphology. For example,
carbon aerosols can have different microscopic characteristics, such as nanochips, disor-
dered mesoporous particles, and hollow spheres, as shown in Figure 11a—c. Particles are
more likely to cluster together in a real environment, which makes them more difficult
to measure and analyze. Herein, we measured three kinds of aerosols, and polarization
indices are shown in Figures 11 and 12.



Appl. Sci.

2021, 11, 5992

11 of 15

e Carbon nanochip @ Disordered mesoporous cabon

scattering angle(30°) scattering angle(60°) scattering angle(85°) scattering angle(115°)
(a) Carbonttanochip
0.4 0.2 : 0.2 0.3 4
203 . i 02
< : "y 0
o2 AP | o R 0.1
0.1 il i3 0
0 —0.2 =0.1
0.6 0.7 08 0 02 04 06 -02 0 02 -02 0 0.2
H-Hdop H-Hdop H-Hdop H-Hdop
08 02 0 mesoporous
0.9 : ﬁ 0.6 %‘ . -0.2
£ 03] 3, 0 BT O ks
z 0.4 s Cge |04 g A
<07 * -02 kS I
0.2 -0.6
0.6 -04
0.5 0 -0.8
=06-04-02 0 02 0.6 -04 -02 -06 -04 -02 0 -04 02 0 02
P-Hdop P-Hdop P-Hdop P-Hdop
0.2 04 04
0.2
= 0 0.2 0.2
‘ 0
Zo02 0 e 3 0 A
. i . L
-0.4 -0.2! -02
-04 -0.2 0 =04 -0.2 0 =04 -0.2 0 -03-02-01 0 01
R-Hdop R-Hdop R-Hdop R-Hdop

Figure 11. 24-dimensional polarization indices distribution of four kinds of aerosol samples with
irregular morphology. The SEM image of samples are listed in the right column: (a) Carbon nanochip;
(b) Disordered mesoporous carbon; (c) Hollow carbon sphere.
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Figure 12. (a) Mean values of multidimensional polarization indices; (b) PFR indices; (¢) Wilk’s Lambda indices. The red
triangles mark index 12 (P-Pdop (60°)) and index 14 (P-Pdop (85°)), and the blue triangles mark index 1 (H-Hdop (30°)),
index 2 (H-Pdop (30°)), index 4 (H-Pdop (60°)), index 19 (R-Hdop (60°)).

In general, the PFR and Wilk’s Lambda values of these irregular carbon samples are
greater than the three groups of aerosol samples mentioned above. From the perspective of
the Wilk’s Lambda index, the larger intraclass distance and smaller interclass difference
are the main reasons that make it difficult to distinguish morphological attributes. Our
previous studies [33] proposed using one specific polarization index to distinguish spheri-
cal, ellipsoidal, and fibrous suspended particles. However, from the electron microscope
pictures, the morphological characteristics of these carbon aerosols are not simple shapes.
Considering the in situ suspension status of measured aerosols, polarization characteriza-
tion based on multidimensional indices can better identify and distinguish aerosol types
because of the improvement of information dimensions.

According to Figure 12a, P-Pdop (60°), P-Pdop (85°), P-Hdop (115°), and R-Pdop (30°)
of the four types of samples can be well-differentiated. However, through comprehensive
consideration combined with PFR and Wilk’s Lambda factors in Figure 12b,c, P-Pdop (60°)
and P-Pdop (85°) show feasibility in practical measurement and analysis. Additionally,
from Figures 11 and 12a, H-Hdop (30°), H-Pdop (30°), H-Pdop (60°), and R-Hdop (60°)
seems insensitive to the aerosol appearances of black carbon samples.

For these aerosol samples with similar compositions but irregular morphology, the
characterization ability of polarization indices is quite different. From the analysis of the
experiments, it can be seen that the 45° linearly polarized incident state is most suitable for
the characterization and differentiation of particulate matter. However, if we employ an H
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(horizontal) linear polarized state, the influence of particle morphology on polarization
scattering is not obvious.

3.5. Optimal Combination of Polarization Indicators

Based on the above experimental results, it is clear that various properties of aerosol
can affect the process of polarized light scattering, so we can classify and identify differ-
ent types of aerosols by polarization characterization. The complex properties of aerosol
samples and in-situ measurements in real environments make it difficult to obtain enough
aerosol information only by a few specific polarization indicators, which implies the
important potential of the fine recognition of aerosol types by the combination of multipo-
larization parameters. It should be noted that different polarization indices have different
sensitivity and discrimination. In general, monodisperse particles show the smallest PFR
values as shown in Figure 6b, but the polydispersity in aerosol scale and irregularity in
morphology will cause a larger PFR. According to four groups of experimental results,
it is easy for polarization characterization to distinguish the microphysical properties of
aerosol samples. In our first group of experiments, the PSL particles with different sizes
were clearly identified. Besides, polarization characterization also works well in distin-
guishing different aerosol compositions, especially for absorption characteristics, which
can be supported by our second and third groups of experiments.

Finally, we select four polarization parameters from the above experimental results
and show the scatter data distribution of the 12 types of aerosol samples used in this paper.
Five boxes are used to mark some regular phenomena of polarization indices between
different samples. If we observe the green frame A in Figure 13a, we can find that three
water-soluble salts are completely indistinguishable based on P-Pdop (60°). Actually,
according to the above figures, it can be noticed that P-Pdop (60°) is easily influenced by
many aerosol features, such as particle size, morphology, and optical absorption. Based
on their distribution perpendicular to the horizontal axis (P-Pdop (60°)), the key attribute
difference among three water-soluble aerosol samples is the refractive index connected with
different compositions. The H-Pdop (60°) of various aerosol samples marked by the yellow
frame B and purple frame C also can be supported by the above experimental data. H-Pdop
(60°) is a good indicator to distinguish aerosol composition but is insensitive to aerosol size
and morphology; therefore, in group C, the polarization index distributions of four types
of carbon samples with respective morphological characteristics are perpendicular to the
vertical axis (H-Pdop (60°)). The case of three PSL particles with different sizes in frame B
can be explained in a similar way. Furthermore, based on the above experiments, R-Hdop
(60°) is sensitive to aerosol absorption and insensitive to aerosol morphology, and R-Pdop
(30°) is not easily affected by optical absorption. So, in blue frame D, the polarization data
distribution of three aerosol samples with different morphologies is perpendicular to the
horizontal axis (R-Hdop (60°)). If combined with the regular pattern in Figure 13a, we
can easily estimate whether morphology or size is the key difference of aerosol properties
among various samples. For the red frame E in Figure 13b, the polarization data are
distributed perpendicular to the vertical axis (R-Pdop (30°)), corresponding to the inherent
absorption attributes from strong to weak.

In summary, Figure 13 shows the potential of multidimensional polarization indicators
in aerosol classification and identification analysis. It is generally known that the properties
of suspended aerosols can change dynamically with environmental factors. Figure 13
implies a feasible way to evaluate the changes of aerosol microphysical characteristics by
the distribution of the polarization indices, and follow-up studies are in progress.
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Figure 13. (a) P-Pdop (60°) versus H-Pdop (60°) to identify aerosol features of previous sets of
experiments: compositions (Box A, water-soluble salt), particle size (Box B, PSLs), optical absorption,
and morphological characteristics (Box C, carbon samples). (b) R-Hdop (60°) versus R-Pdop (30°)
to identify aerosol features: morphological characteristics (Box D, carbon samples) and the optical
absorption effect (Box E, absorption effect from strong to weak).

4. Conclusions

When suspended aerosols pass through the optical detection area of our multidi-
mensional polarization analysis system one by one, their microphysical features, such as
size, morphology, and refractive index, can affect the polarization status of scattered light.
In this work, we employ a self-developed multi-angle Stokes vector analyzer to obtain
24-dimensional polarization indices simultaneously from 12 kinds of suspended particles.
Experimental results make it clear that one or two selected polarization scattering optical
indices cannot ensure that aerosols with complex properties in real atmospheric environ-
ments can be well-distinguished and identified. Different polarization indicators have
respective discrimination for different aerosol categories and attributes, so a combination of
multidimensional indices can be employed as a fingerprint-type optical feature to improve
the refinement and specificity of aerosol recognition. If we have prior knowledge of aerosol
types, such as water-soluble salts or carbonaceous particles, the mean, PFR, and Wilk’s
Lambda values from the multidimensional polarization index system in this paper can
provide some subsidiary basis to select the optimal indicators for specific aerosol type.
Moreover, based on the sensitivity of different polarization indicators to aerosol properties,
we can explain the microphysical characteristics of aerosols from various emission sources
or describe the microphysical feature in the process of aerosol dynamic evolution.
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