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Abstract: In this study, the effective radius of aerosol particles was experimentally retrieved
using a self-developed dual-wavelength atmospheric aerosol lidar. A single-valued lookup
table was first established, based on the OPAC database and the Gamma size distribution
model, to define the relationship between the extinction coefficient ratio and the effective
radius of atmospheric aerosol particles. The extinction coefficients corresponding to the
355 nm and 1064 nm wavelengths were then calculated using the echo signals retrieved hor-
izontally by the lidar, in conjunction with the Mie scattering lidar equation. Subsequently,
the lookup table was used to retrieve the real-time effective radius of aerosol particles by
inputting the extinction coefficient ratio of the two wavelengths. Finally, the retrieval results
were compared with the effective radii measured by an optical particle spectrometer, which
had been corrected for relative humidity. An analysis over six months showed a coefficient
of determination (R?) greater than 0.83. The results demonstrated that the dual-wavelength
lidar exhibits a stable performance, the retrieval method is valid, and the detection results
are accurate and reliable.

Keywords: effective radius of particles; relative humidity; dual-wavelength lidar; extinction
coefficient ratio

1. Introduction

Aerosols are gaseous dispersion systems composed of solid or liquid particles sus-
pended in a gas medium, with particle diameters generally ranging from 0.001 um to
100 pm [1]. Aerosols are characterized by their complex composition, uneven distribution,
and wide coverage, primarily concentrated in the lower atmosphere. They have significant
impacts on global and regional climate systems, air quality, and human health. Aerosol par-
ticles participate in atmospheric radiation transfer and climate feedback processes through
various mechanisms, including scattering and absorbing solar radiation, regulating cloud
droplet and ice crystal formation, and altering cloud albedo [2]. The size distribution of
aerosols is one of the key factors determining their optical and physical properties, and the
effective radius, as a comprehensive parameter describing the aerosol size distribution, can
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reflect the surface area and volume characteristics of the particles. It serves as an important
indicator for studying aerosol optical properties and radiative effects.

Accurate retrieval of the effective radius of aerosol particles is crucial for understand-
ing their role in the atmospheric environment [3]. The size of aerosol particles not only
influences their scattering and absorption of shortwave and longwave radiation but also
directly determines their nucleation efficiency as cloud condensation nuclei (CCN) and
ice nuclei (IN), thereby affecting cloud microphysical processes, fog and precipitation
formation, and regional climate changes [4]. Furthermore, the size of aerosol particles plays
an important role in air pollution monitoring and health effect assessments, especially in
the transmission of viruses, which should not be overlooked [5].

In recent years, with the rapid development of satellite remote sensing technology,
ground-based observation systems, and aerosol modeling techniques, methods for detect-
ing aerosol size distribution and effective radius have become increasingly diverse [6].
However, due to the complexity of aerosol sources, uneven spatial distribution, and dy-
namic changes in particle size, there are still many technical challenges in measuring the
effective radius of aerosols [7]. Therefore, further development of accurate and reliable
retrieval methods, along with continuous monitoring of aerosol particle effective radius, is
of great significance for improving meteorological warning and forecasting capabilities, as
well as for enhancing air quality and environmental policies.

This study is based on horizontal detection and proposes an aerosol particle effective
radius inversion method based on the Gamma spectrum distribution model. The method is
applied to the self-developed dual-wavelength atmospheric aerosol lidar (hereafter referred
to as the dual-wavelength lidar). By analyzing the retrieved real-time data and comparing
it with the detections from a portable optical particle spectrometer (hereafter referred to
as the particle spectrometer), the accuracy and reliability of the dual-wavelength lidar
retrievals results are validated.

2. Instrument
2.1. Dual-Wavelength Lidar System

The dual-wavelength lidar (Hefei CAS Gbo-Qua. Technology Co., Ltd., Hefei, China.
Model GBQ L-06) used in this study employs an active optical remote sensing detection
technology. As shown in Figure 1, the dual-wavelength lidar primarily consists of a signal
emission unit, a signal reception unit, and a data acquisition and processing unit. In the
signal emission unit, the laser beam is emitted into the atmosphere through a modulating
device, where it interacts with aerosol particles. The signal reception unit captures the
scattered echo signals via a receiving telescope, and the detector then converts the optical
signals into electrical signals. The data acquisition and processing unit utilizes the lidar’s
predefined inversion algorithm to obtain real-time aerosol microphysical parameters, such
as atmospheric transmittance, particle effective radius, and particle number concentration.

The dual-wavelength lidar operates with lasers at wavelengths of 355 nm and 1064 nm.
The threefold difference between these wavelengths enables the lidar to detect a wide range
of effective radii of aerosol particles, thus meeting the requirements for aerosol particle re-
trieval across different environmental conditions. Additionally, the lidar features a compact
and lightweight design, with a built-in high-performance lithium battery that supports
extended outdoor detection. It outperforms similar devices in terms of adaptability to
different environmental conditions and operational flexibility. The technical parameters are
presented in Table 1.
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Figure 1. Schematic of the dual-wavelength lidar.

Table 1. The key technical parameters of dual-wavelength lidar.

Parameter Name Channel 1 Channel 2
Wavelength 355 nm 1064 nm
Temporal Resolution 5s5~300s 5s5~300s
Spatial Resolution 7.5m 75m
Overall Performance Detection Range >3 km (Under the condition of horizontal visibility > 10 km)
Weight 11.7 kg
Power Consumption <150 W
Battery Life >4.8h
Single Pulse Energy 40 uJ 40 uJ
i . Laser Repetition Frequency 1 kHz 1 kHz
Laser Transmitter Unit Pulse Width <0.6 ns <0.6 ns
Beam Expansion Gain 22 times
Detector Type PMT APD
Signal Receiving Unit Telescope Type Transmissive
Telescope Diameter 150 mm

2.2. Portable Optical Particle Spectrometer

In this study, a portable optical particle spectrometer (Handix Scientific Inc., Fort
Collins, CO, USA; Model POPS-1120) was used to perform a comparative validation
experiment, where the particle effective radius detected by the particle spectrometer was
compared with the particle effective radius retrieved by the dual-wavelength lidar to verify
the validity and accuracy of the results. The reason for choosing a particle spectrometer is:

1.  Both the particle spectrometer and the lidar operate based on optical scattering and are
influenced by the same complex refractive index, particularly its real part [8]. When
the refractive index variation is minimal, these instruments can effectively reflect the
consistency of aerosol optical responses.

2. Although they measure different physical quantities [9], in atmospheric aerosols,
where absorption effects are weak, extinction is primarily governed by scattering.
Therefore, the target parameters measured by both instruments are consistent.

3. Both instruments are capable of continuous 24 h field observations, enabling real-time
detection of atmospheric aerosol samples within the same region. This ensures that
the data originate from the same location and time, eliminating the impact of sample
differences that could undermine the validity of the experiment.
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4.  The particle spectrometer is cost-effective, requires low maintenance, and exhibits
strong environmental adaptability, making it suitable for field deployments. This
provides the most cost-effective solution for the present study.

The test environment is set up as shown in Figure 2; the particle spectrometer is
located near the lidar’s beam path, with a horizontal distance of 1 km from the lidar. This
configuration allows both instruments to simultaneously detect atmospheric aerosols in
the same area under the same environmental conditions.

Distance 1 km |

™ =

Dual-wavelength Lidar ( GBQ L-06)

/>|< Light beam
Automatic Meteorological Station/-

(WXT536)

Portable Optical Particle Spectrometer
(POPS-1120)
. Support
A Tripod frame

(B

Figure 2. Schematic diagram of the test equipment deployment. In the figure, (A) represents the
dual-wavelength lidar, which is installed on the second-floor platform, and (B) represents the support
frame, which holds both an automatic weather station and a particle spectrometer at a height of
approximately 3 m above the ground. The horizontal distance between (A) and (B) is 1 km.

The particle spectrometer operates based on optical particle counting principles, de-
tecting and measuring the diameter of particles through light scattering from individual
particles. As shown in Figure 3, sample air is drawn into the detection chamber by a
pump and the volume and flow rate of the intake air are measured and controlled by a
laminar flow element to ensure a constant airflow. The sheath air drawn in from the branch
effectively ensures that the particle flow passes stably through the laser beam region while
preventing contamination of the optical components. A 405 nm wavelength laser is emitted
by the laser, and as the aerosol in the sample passes through the laser beam, scattering
occurs. The scattered light is collected by a spherical mirror located at the bottom of the
detection chamber and focused onto a photomultiplier tube, where it is converted into an
electrical signal for analysis and processing [10,11].
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Figure 3. Top-down schematic of the portable optical particle spectrometer.
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It should be noted that, to better adapt to high- and low-temperature environments,
the particle spectrometer is equipped with an insulating outer shell, which leads to some
heat accumulation within the device [8]. Although the sample gas branch of the particle
spectrometer does not have filtration, heating, and drying modules, the accumulated
heat causes the temperature of the sample gas to rise. Combined with the drying sheath
air, this results in the relative humidity of the sample gas entering the analysis chamber
being lower than that of the surrounding air. In other words, the aerosol detected by the
particle spectrometer is relatively drier than that retrieved by the dual-wavelength lidar,
while aerosols themselves exhibit hygroscopic growth characteristics [12-14]. Therefore,
to more accurately compare the relationship between the particle effective radii retrieved
by the dual-wavelength lidar and those detected by the particle spectrometer, the particle
effective radius obtained from the particle spectrometer needs to be corrected using real-
time environmental relative humidity. The specific correction method and results are
presented in Section 4.1. In this study, real-time environmental relative humidity was
obtained from an automatic weather station (Vaisala, Vantaa, Finland; Model WXT536),
which was fixed on the same pole as the particle spectrometer, ensuring the consistency of
the detected samples.

3. Aerosol Particle Effective Radius Retrieval Method
3.1. Overview of the Retrieval Process

In this study, the dual-wavelength lidar is equipped with an aerosol particle effective
radius inversion algorithm, which enables real-time retrievals of the effective radius of
aerosol particles in the atmosphere. The inversion process of the algorithm is divided into
three main steps:

1.  Establishment of the extinction coefficient ratio to particle effective radius lookup
table: Using the complex refractive index provided by the OPAC (Optical Properties of
Aerosols and Clouds) database [15], the extinction efficiency factor of aerosol particles
in the range of [0.01, 100] um is calculated. By combining the Gamma distribution,
the extinction coefficient ratio at wavelengths of 355 nm and 1064 nm can be derived.
From the relationship between the extinction coefficient ratio and the particle effective
radius, it is found that the extinction coefficient ratio is monotonic and unique in the
range of [0.06, 1] um, allowing for the construction of a lookup table that relates the
extinction coefficient ratio to the particle effective radius within this range.

2. Inversion of the measured extinction coefficient ratios for aerosol particles at
two wavelengths: The real-time backscattered signals of atmospheric aerosol re-
trieved by the dual-wavelength lidar are used to determine the effective retrievals
range of the lidar. By applying the Mie scattering lidar equation and using the slope
method, the aerosol extinction coefficients at both wavelengths are calculated, leading
to the calculation of the extinction coefficient ratio.

3. Lookup of the real-time aerosol particle effective radius: The measured extinction
coefficient ratio is combined with the extinction coefficient ratio to particle effective
radius lookup table, allowing the aerosol effective radius of atmospheric aerosol
particles to be determined.

3.2. Establishment of the Lookup Table for the Relationship Between Extinction Coefficient Ratio
and Particle Effective Radius

3.2.1. Theoretical Basis for Establishing the Lookup Table

Common atmospheric aerosol size distributions include the Junge distribution,
Gamma distribution, and log-normal distribution, which are typically characterized by vol-
ume size distributions or number size distributions. Since the optical parameters involved
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in this study are all related to number concentration, the number size distribution was
adopted for analysis. A comparative analysis of the number concentration characteristics
between the Gamma and log-normal distributions revealed that both exhibit unimodal
spectral structures [16], as shown in the left panel of Figure 4. A statistical analysis of the
effective radius of particles measured by the optical particle spectrometer demonstrated
that under the experimental conditions of this study, the particle number proportion across
different size intervals of aerosol effective radius displayed unimodal distribution charac-
teristics. Notably, the predominant particle sizes were distributed within the [0.3-0.5] pm
range, which coincides with the theoretical characteristics of the Gamma number size distri-
bution, as illustrated in the right panel of Figure 4. These findings confirm that the Gamma
distribution constitutes an appropriate selection for retrieving aerosol effective radius un-
der the specific conditions of this investigation. Furthermore, the continuous integrability
of the Gamma distribution facilitates its implementation in embedded systems [17-19],
thereby advancing the miniaturization and portability design of dual-wavelength lidar
systems. Based on these considerations, the Gamma distribution was ultimately selected
for atmospheric aerosol effective radius retrieval in this study.
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Figure 4. Comparison and statistical analysis of aerosol number size distributions. The left panel
illustrates a comparison between the number size distributions based on the Gamma distribution and
the lognormal distribution. In this panel, the horizontal axis represents the effective particle radius,
while the vertical axis indicates the number size distribution. The blue and red curves correspond to
the unimodal structures of the lognormal and Gamma distributions, respectively. The right panel
shows the ratio of the number of particles within different size intervals to the total number of
particles in the sample. The horizontal axis represents the particle effective radius intervals with a
bin width of 0.05 pm. The vertical axis indicates the proportion of data points detected in each size
interval relative to the total number of particle data points in the entire sample. In other words, all
particle effective radii are first obtained by the particle spectrometer; these values are then grouped
by the preset size intervals, and finally, the number of data points in each interval is divided by the
total number of data points in the sample to yield the ratio. This ratio is presented in two formats:
a histogram (light blue) and a line graph (red). The term “POPS” in the caption of the right figure
refers to the Portable Optical Particle Spectrometer.
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The mathematical expression of the Gamma distribution is given by [20,21], as follows:
n(r) = norte™" (1)

where 1(r) represents the aerosol particle number concentration per unit volume within

a unit size interval, r denotes the aerosol equivalent volume radius, ng is the number

concentration parameter, v is the slope factor, and y is the distribution shape parameter.
The integral form of the Gamma distribution is given by [22], as follows:

Mp = [T rPn(r)dr = [ rPngrie " dr

= ﬁfg’o (1/1’) (P+H+1)*le—wd(yr) )
n
= U(Tgﬂ)r(i’ +u+1)
where p represents the order of integration for the Gamma distribution, M,, denotes the
p-th moment integral of the Gamma distribution, and I'(p +p +1) = (p + ).

Although the lidar measurements are based on the extinction effect, the experimental
site in this study was located far from urban areas, where the aerosol population was
dominated by insoluble particles. Moreover, no dust storms or emissions from stationary
pollution sources occurred during the observation period. Under such conditions, aerosol
particles can be approximately treated as spherical, with a relatively small imaginary part
of the complex refractive index. Therefore, the extinction was primarily attributed to
scattering. From the perspective of scattering theory, the scattering cross-section of particles
is closely related to their surface area. Accordingly, the effective radius of aerosol particles
can be derived using a surface-area-weighted method for spherical particles, as expressed

by the following equation [23,24]:

fooo rdn(r)dr _ fooo rn(r)dr

Refr = fooo ror?n(r)dr N f0°° r2n(r)dr ®)

Based on Equations (2) and (3), the particle effective radius can be derived as the ratio
of the third-order moment integral to the second-order moment integral of the Gamma
distribution, expressed as follows:

1o
R Jo rPn(r)dr My v(ﬂ+4)r(y +4)
S = S e vdr . Mo M0 1 LAy
Jo Pu(r)dr My Tﬂi@r(” +3)
v T(u+4) 1

TV T(u+3) y E3)

According to aerosol optical properties theory, the ratio of the extinction energy of a
particle to the incident light intensity is referred to as the particle’s extinction cross-section.
The ratio of the extinction cross-section to the particle’s maximum cross-sectional area is
called the extinction efficiency factor, denoted as Qeyt [25]. In real atmospheric conditions,
aerosols are geometrical entities with certain size distributions and shape characteristics.
Their overall optical properties are determined by the optical properties of individual
particles, weighted according to the particle size distribution [26]. The formula for the
extinction coefficient is as follows:

Ymax
N = ngtrcrzn(r)dr (5)

T'min
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where [rml-n, rmax] represents the radius range of the size distribution. By substituting
Equation (1) into Equation (5), we obtain the following:
Tiax
a = Qexttringrie " dr (6)
Tmin
The range of effective radii to be studied is selected as [R, 7r1, Re ffz]- According to
Equation (4), the spectral distribution parameters corresponding to each effective radius,
v = (p +3)/R.fs, can be obtained. Therefore, in Equation (6), the only unknown parame-
ters are np and y. When calculating the extinction coefficient ratio at two wavelengths, n is
canceled out, and it does not affect the result. At this point, the extinction coefficient ratio is
independent of ng. However, for computational convenience, the extinction coefficients at
the two wavelengths are calculated separately. In this case, 1y is not canceled out, and it can
be assumed to be an arbitrary constant, for example, 79 = 1. Once the value of y is known,
the extinction coefficient at a specified wavelength corresponding to the particle effective
radius can be calculated using Equation (6), thus establishing the relationship between the
particle effective radius and the extinction coefficient ratio at the two wavelengths.

3.2.2. Implementation Process for Establishing the Lookup Table

In 2023, Benli Liu and Dong Liu conducted a detailed analysis of the factors that could
introduce errors in the inversion of the effective radius of atmospheric aerosol particles
using a dual-wavelength method. The analysis indicated that, for insoluble aerosols, the
error in the extinction coefficient ratio between the two wavelengths (355 nm and 532 nm)
is minimized when the distribution shape factor (y) is set to 2 [17]. According to the OPAC
database, the complex refractive indices for the wavelengths 355 nm, 532 nm, and 1064 nm
are identical. Therefore, 4 = 2 was also selected for calculations in this study. Moreover,
the experimental environment for this study is located in the suburban area of a city, where
insoluble aerosols predominantly exist. Thus, insoluble aerosols were also selected as the
subject of analysis in this study.

As described in Section 1 of this study, the aerosol particle size range is between
0.01 um and 100 um. Accordingly, the range of effective particle radii selected for this
study is between 0.01 pm and 100 pm. The complex refractive indices for the wavelengths
355 nm and 1064 nm can be obtained from the OPAC database, with both wavelengths
having a refractive index of 1.53 — 0.008i. Based on the Mie scattering theory, the extinction
efficiency factor (Qext) for a specified spectral distribution radius can be calculated for a
given refractive index. By applying Equation (6), the extinction coefficient ratio for particle
effective radii in the range of 0.01 pm to 100 um can be derived, as shown in Figure 5.

From Figure 5, it is evident that for particle effective radii between 0.06 um and 1 um,
the extinction coefficient ratio of the two wavelengths (355 nm and 1064 nm) monotonically
decreases. This means that within the extinction coefficient ratio range of 0.8 to 29.2, there
is a unique particle effective radius corresponding to each ratio value. Therefore, a lookup
table for the extinction coefficient ratio as a function of particle effective radius in the range
of 0.06 um to 1 um can be established. A statistical analysis of the measured extinction
coefficient ratios from dual-wavelength lidar data revealed that most ratios are concentrated
in the range of 1 to 5, accounting for over 80% of the data. The ratios within the range of
0.8 to 29.2 account for more than 99.7%. Thus, the lookup table for particle effective radii
between 0.06 um and 1 um meets the detection requirements.
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The relationship between the extinction coefficient of
insoluble-type aerosol and the effective radius of the particles

T

MaxValue: ( 0.06 ,29.2)

MinValue: (1,0.8)

Extinction coefficient ratio: a355/a1064

107" ‘ ' ‘
1072 107" 10° 10’ 10°
Effective radius of particles (um)
Figure 5. The relationship between particle effective radius and extinction coefficient ratio.
«355 represents the extinction coefficient at 355 nm, and «1064 represents the extinction coeffi-
cient at 1064 nm. The MaxValue (0.06, 29.2) indicates that the maximum extinction coefficient ratio
between the two wavelengths is 29.2, corresponding to a particle effective radius of 0.06 pm. The

MinValue (1, 0.8) indicates that the minimum extinction coefficient ratio is 0.8, corresponding to a
particle effective radius of 1 pm.

3.3. Retrieval of the Measured Extinction Coefficient Ratios at Two Wavelengths
3.3.1. Theoretical Basis for Extinction Coefficient Retrieval

The Mie scattering lidar equation is given by the following:

Cﬁexp(—ZfZZ0 adz')

P() >

@)

where z represents range; P(z) represents the atmospheric backscattered power received by
the lidar at range z (W); C is the lidar system constant; & denotes the extinction coefficient
of the atmosphere at range z for wavelength A; B is the backscatter coefficient of the
atmosphere at range z for wavelength A.

By multiplying both sides of Equation (7) by the square of the range, taking the
logarithm, and differentiating, the following equation is obtained:

d(In[P(z)z2]) 1dB
e S Sl A VA s
dz B dz . ®)
In this study, the dual-wavelength lidar employs a horizontal detection mode, from
which it can be assumed that the atmosphere is homogeneously distributed. The effective
detection range of the lidar is approximately 3 km. At this range, the atmospheric backscat-
ter coefficient is considered constant, and thus, d8/dz = 0. Therefore, Equation (8) can be
simplified as follows:
_ _1d(n[P(2)z])
=2 & ®
Equation (9) represents the calculation formula for the aerosol extinction coefficient.
In this formula, the logarithm of the echo signal, after being corrected for the square of
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the range In[P(z)z?], is taken, followed by linear fitting. Half of the negative slope of the
fitted curve corresponds to the measured aerosol extinction coefficient at the respective
wavelength. This method is commonly referred to as the slope method.

3.3.2. Implementation Process for Extinction Coefficient Retrieval

The dual-wavelength lidar is capable of simultaneously detecting echo signals of
atmospheric aerosols at two different wavelengths. Before retrieval, background and noise
interference must be removed from the echo signals to reduce detection errors. The effective
detection range of the lidar is then determined based on the signal-to-noise ratio. The echo
signals are corrected for range using Equation (9), followed by a logarithmic transformation.
This process yields two corrected signals at wavelengths of 355 nm and 1064 nm, as shown
in Figure 6A, using real-time data collected by the lidar on 8 November 2022, at 22:35.
Subsequently, within their respective valid detection ranges, the two corrected signals are
linearly fitted, as shown in Figure 6B, to obtain their respective slopes. The slope of the
355 nm signal is —2.3008, and the slope of the 1064 nm signal is —1.0973. The extinction
coefficients for the two wavelengths of the dual-wavelength lidar can then be calculated
from these slopes, denoted as 355 = 1.1504 and w1064 = 0.5487, respectively. Subsequently,
the extinction coefficient ratio for the two wavelengths, denoted as a355/a1964 = 2.0966,
can be obtained.

5Range squared correction signal . Slope method linear fitting
—355 nm In[P(2)z%] —355 nm In[P(2)z%]
—1064 nm In[P(2)z%] —1064 nm In[P(2)2%]

—— 355 nm fitting curve
— 1064 nm fitting curve

0 o O
c
=5
(&]
(o))
T £
~ =
N =
M. ©
T &
(= —_—
— N
N
N,
o
£
-10
-15 ‘ -15
0 1 2 3 4 5 0 1 2 3 4 5
Range (km) Range (km)
(A) (B)

Figure 6. Measured signals of the lidar at two wavelengths. The horizontal axis represents the
horizontal range retrieved by the lidar. The effective detection range of this signal is approximately
3 km, with signals beyond this range considered as noise. (A) The blue line represents the logarithmic
curve of the 355 nm channel’s echo signal after range square correction, and the red line represents the
same for the 1064 nm channel. (B) The green line represents the linear fit of the 355 nm signal within
its valid detection range. Half of the negative slope of this line corresponds to the extinction coefficient
for the 355 nm wavelength, and the black line represents the same for the 1064 nm wavelength.
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At this point, by using the extinction coefficient ratio derived from the dual-wavelength
lidar retrievals, and referring to the corresponding relationship between the extinction
coefficient ratio and the effective particle radius, the real-time effective particle radius of
atmospheric aerosols can be obtained from the lookup table. The data from Figure 6 yields
an effective particle radius of 0.29 um for the aerosols at that moment.

4. Results

To verify the validity and accuracy of the dual-wavelength lidar retrievals results,
the inversion process described in Section 3 is employed to calculate the real-time effec-
tive radius of atmospheric aerosol particles and compare it with the detections from the
particle spectrometer.

4.1. Correction of the Particle Spectrometer Detection Results

As described in Section 2.2, the aerosols detected by the particle spectrometer are
drier than those retrieved by the dual-wavelength lidar, which implies that the aerosols
retrieved by the lidar are considered to be wet aerosols, whereas those detected by the
particle spectrometer are dry aerosols (note: “dry” refers to relative dryness compared
to the ambient air). Therefore, to compare the effective particle radius detected by the
particle spectrometer with the results from the dual-wavelength lidar, it is necessary to
synchronize the results from both instruments under the same relative humidity conditions.
This requires correcting the effective particle radius of the dry aerosols detected by the
particle spectrometer, so that the corrected value corresponds to the same relative humidity
as that of the wet aerosols retrieved by the dual-wavelength lidar. According to the theory
of hygroscopic growth of aerosols, the ratio of the effective particle radii of wet to dry
aerosols has an exponential relationship with relative humidity [12-14]. Thus, once this
relationship is established, the results from both instruments can be synchronized to the
same environmental conditions.

Four time periods of data from all three instruments were selected as sample data
(hereafter referred to as “sample data”): 31 October 2022, 09:30-14:00, 8 November 2022,
22:00-23:59, 12 November 2022, 00:00-05:30, and 4 March 2023, 19:30-23:59, to analyze the
ratio of the effective particle radius of wet to dry aerosols. The effective particle radius
of dry aerosols detected by the particle spectrometer is known, while the effective radius
of wet aerosols detected by the particle spectrometer is unknown. For this analysis, it is
assumed that the effective particle radius of wet aerosols retrieved by the dual-wavelength
lidar is accurate. Therefore, the effective particle radius of wet aerosols measured by the
dual-wavelength lidar is used for the analysis of wet aerosols from the particle spectrometer.

At the same time, the effective particle radius retrieved by the lidar and the effective
particle radius detected by the particle spectrometer for the sample data are compared
by calculating the ratio between the two, and the relationship between the ratio and the
corresponding relative humidity is derived. It is observed from the data in the table that
the relative humidity lies within the range of [0.30, 0.90]. This table represents process
data for the analysis, and due to the large volume of data, we did not display them in the
manuscript. The data are classified and statistically analyzed based on relative humidity
intervals, and the average ratio of effective particle radii for each interval is calculated, as
shown in the bar chart of Figure 7. Meanwhile, the relative standard deviation (RSD) of all
ratios within each interval was calculated to visually reflect the fluctuation of ratios across
different intervals. The results are shown by the line graph in Figure 7. For example, when
the ambient relative humidity (RH) falls within the range of [0.30, 0.32], the mean ratio of
effective particle radii detected by the lidar and the particle spectrometer is 1.124. Within
this RH range, the RSD of all ratios is 6.87%.
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Figure 7. Statistical analysis of coefficients and relative standard deviation (RSD). The horizontal
axis represents the ambient relative humidity (RH) in real-time measurements. The top row of the
horizontal axis indicates the RH intervals, with each interval spanning 0.02. The second row displays the
average ratio of effective particle radii (left vertical axis) obtained from lidar and particle spectrometer
measurements (average of ratios), presented as bar plots. The third row shows the relative standard
deviation (RSD) (right vertical axis) of all effective particle radius ratios within each RH interval,
depicted as a line plot. Bar plot analysis reveals that the mean ratio of effective particle radii follows
an exponential trend with increasing RH. The line plot demonstrates that the RSD values remain
consistently low across all RH intervals, indicating high stability in the detection results. [Note: no
valid effective particle radius ratios were recorded within the RH intervals [0.66, 0.70], [0.74, 0.77],
and [0.84, 0.90]. To maintain data continuity for subsequent analysis, these intervals were merged
with adjacent intervals ([0.64, 0.66], [0.77, 0.78], and [0.82, 0.84], respectively).].

Analysis of Figure 7 was conducted by plotting the mean values of the ratios against
relative humidity on the horizontal axis, with an exponential fitting applied as shown in
Figure 8. The coefficient of determination (R?) for the fitted curve was 0.9230. This indicates
that (1) a correlation exists between the effective particle radii detected by the lidar and the
particle spectrometer in this study, and this correlation can be expressed by an exponential
relationship; (2) the correlation is strong, with a coefficient of determination exceeding
0.92; (3) the results are consistent with the aerosol hygroscopic growth theory, providing
robust scientific support. Therefore, the equation of this fitted curve can be referred to as
the correction coefficient equation, expressed as follows:

y =098 +2.64x33  (x €0.3,09]) (10)

where y represents the correction coefficient for the effective particle radius detected by
the particle spectrometer when transitioning from dry to wet aerosols and x represents the
atmospheric relative humidity, which ranges from [0.3, 0.9].

Thus, the correction formula for the effective particle radius detected by the particle
spectrometer is as follows:

Repp_Corrected = Ropp_Original X y (11)

where R.¢s_Original is the effective particle radius detected by the particle spectrometer,
and R,r_Corrected is the corrected effective particle radius adjusted for relative humidity.

In this study, the effectiveness of the proposed correction scheme is verified using the
sample data. First, the corrected results for the particle spectrometer data are obtained
using the correction formulas (10) and (11). Then, the effective particle radius retrieved by
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the dual-wavelength lidar is compared with the corrected effective particle radius from the
particle spectrometer, as shown in Figure 9. The corresponding R? values are 0.9895, 0.9896,
0.9910, and 0.9912. It can be observed that all R? values exceed 0.98, indicating that the
method of using the particle spectrometer to validate the dual-wavelength lidar retrievals
results is feasible. However, while the sample data validation confirms the feasibility of the
method, it does not prove its universal applicability. Therefore, additional retrieval data,
beyond the sample data, is required for further analysis.

POPS correction factor versus relative humidity
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Figure 8. Relationship between relative humidity and correction factors. The horizontal axis repre-
sents relative humidity, while the vertical axis displays the “Average of Ratios” (red line) derived
from Figure 7. The blue line corresponds to the fitted curve of the “Average of Ratios”. The coefficient
of determination (R?) between these two curves is indicated in the title.
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Figure 9. Correlation of effective particle radius from sample data. The blue line represents the
effective particle radius retrieved by the dual-wavelength lidar, the black line represents the original
effective particle radius detected by the particle spectrometer, the green line represents the corrected
effective particle radius detected by the particle spectrometer, and the red line represents the ambient
relative humidity. The R? value in the title indicates the coefficient of determination between the
effective particle radius retrieved by the lidar and the corrected effective particle radius detected by
the particle spectrometer.
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4.2. Comparison of the Dual-Wavelength Lidar and Particle Spectrometer Detection Results

To further validate the accuracy and general applicability of the dual-wavelength lidar
retrieval results, retrieval data beyond the sample data were analyzed. Specifically, the
particle effective radius retrieved by the dual-wavelength lidar on 5 March 2023, 19:00-23:59,
and 6 March 2023, 00:00-04:00 (hereinafter referred to as the “test data”) was compared
with the particle effective radius from the particle spectrometer, which was corrected
for relative humidity. The correction formulas remained unchanged and continued to
use Equations (10) and (11). As shown in Figure 10, the coefficient of determination (R?)
between the particle effective radius corrected by the particle spectrometer and the dual-
wavelength lidar results for 5 March 2023, and 6 March 2023, were 0.9908 and 0.9909,
respectively, both of which were greater than 0.99. These results not only demonstrate the
general applicability of the verification method proposed in this study but also confirm
that the dual-wavelength lidar retrievals of aerosol particle effective radius are accurate
and reliable. Furthermore, these findings support the assumption made in Section 4.1,

paragraph 2.
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Figure 10. Correlation of particle effective radius for test data. The blue line represents the particle
effective radius retrieved by the dual-wavelength lidar, the black line represents the original particle
effective radius detected by the particle spectrometer, the green line represents the particle effective
radius corrected for relative humidity by the particle spectrometer, and the red line represents the
environmental relative humidity. R? in the title represents the coefficient of determination between
the particle effective radius retrieved by the lidar and the particle effective radius corrected for relative
humidity detected by the particle spectrometer.

5. Discussion

Combining both the sample and test data, Figure 11 presents the comparison of the
particle effective radius retrieved by the dual-wavelength lidar with that detected by the
particle spectrometer, including results before and after correction.

As can be seen from Figure 11, in the selected six months of data, the coeffi-
cient of determination (R?) between the aerosol particle effective radius detected by the
two instruments was greater than 0.83, indicating a very high correlation. This shows
that, under the same environmental conditions, at the same moment, the particle effective
radius retrieved by the dual-wavelength lidar is strongly consistent with that detected by
the particle spectrometer. This further confirms that the dual-wavelength lidar accurately
reflects the actual aerosol particle effective radius in the atmosphere and also demonstrates
that the lidar is operating stably, with reliable and accurate retrieval results.
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Comparison of effective radius of particles detected by Lidar and POPS Comparison of effective radius of particles detected
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Figure 11. Scatter plot of retrieval results from both instruments at the same time. The horizontal
axis represents the particle effective radius retrieved by the dual-wavelength lidar, the vertical axis in
the left plot represents the uncorrected particle effective radius detected by the particle spectrometer,
and the vertical axis in the right plot represents the corrected particle effective radius detected by
the particle spectrometer. Each point corresponds to the particle effective radius at the same time.
The blue line represents the linear regression line for all points, and R? in the title represents the
coefficient of determination for all scatter points. From the right plot, it is evident that the particle
effective radius detected by the particle spectrometer, after correction, closely aligns with the particle
effective radius retrieved by the dual-wavelength lidar, with most points concentrated around the
linear regression line.

6. Conclusions

This study utilizes the OPAC database and the Gamma spectrum distribution model
to invert the extinction coefficient ratio of insoluble aerosols at wavelengths of 355 nm and
1064 nm. The ratio is found to exhibit a monotonically decreasing relationship with the par-
ticle effective radius in the range of [0.06, 1] um. Based on this relationship, a lookup table
was constructed for the extinction coefficient ratio and particle effective radius. Using this
table, coupled with the Mie scattering lidar equation, the inversion algorithm for aerosol
particle effective radius based on dual-wavelength lidar was developed. To validate the
reasonableness of the inversion algorithm, a particle effective radius detection verification
platform was established using an optical particle spectrometer and an automatic weather
station. However, under the same detection environment, the aerosol detected by the
particle spectrometer underwent some drying effects due to the internal environmental in-
fluence of the equipment, which led to discrepancies between the aerosol samples retrieved
by the dual-wavelength lidar and the particle spectrometer. The particle effective radius
detected by the particle spectrometer was corrected based on aerosol hygroscopic growth
characteristics and the relative humidity measured by the automatic weather station. After
comparing the particle effective radius retrieved by the dual-wavelength lidar and the
relative humidity-corrected value from the particle spectrometer, it was found that for
daily data analysis, the coefficient of determination (R?) between the results from both
instruments exceeded 0.98. For data analysis over a period of six months, the coefficient
of determination (R?) between the two instruments was greater than 0.83. These results
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confirm the stable performance of the dual-wavelength lidar system, the rationality and ef-
fectiveness of its inversion algorithm, and its strong environmental adaptability, providing
a solid foundation for future all-weather atmospheric aerosol monitoring.

This study addresses the key technical challenge of rapidly inverting the aerosol par-
ticle effective radius from lidar remote sensing. The developed dual-wavelength lidar
system and its inversion method enable continuous remote monitoring of aerosol micro-
physical properties without the need for complex calibration procedures. This advancement
provides significant support for the study of aerosol morphology, haze formation and dis-
sipation, cloud dynamics, and other microphysical processes, further strengthening the
framework for meteorological forecasting, disaster prevention, and mitigation.

Future work will focus on optimizing the hardware and algorithms of the dual-
wavelength lidar, further improving resolution and sensitivity to promote a more pre-
cise monitoring of aerosol particle size distribution and dynamic changes. Additionally,
the system will be integrated with other atmospheric observation methods for multi-
parameter monitoring, providing more comprehensive data support for regional and global
climate research.
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