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Abstract: In order to investigate the equivalent complex refractive index of atmospheric aerosols
near the Earth’s surface, we conducted measurements in the Hefei region from March to April 2022.
These measurements utilized a micro-pulse lidar, an Aethalometer, and a Portable Optical Particle
Profiler. These measurements encompassed aerosol particle size distribution as well as standard
meteorological parameters including temperature, humidity, atmospheric pressure, and wind speed.
Subsequently, this dataset was employed to develop an optimization algorithm for retrieving the
equivalent complex refractive indices of near-surface aerosols. The methodology relies on lookup
tables containing data for extinction efficiency and absorption efficiency factors. It operates on the
premise of aerosol property stability within a defined time frame, utilizing measured extinction
and absorption coefficients as simultaneous constraints during this period to inversely derive both
the real and imaginary parts of the aerosol complex refractive index. Results from the simulation
analysis reveal that the newly optimized retrieval algorithm, which relies on lookup tables, exhibits
reduced sensitivity to instrument errors when compared to single-point constraint algorithms. This
enhancement results in a more efficient and dependable approach for retrieving the aerosol complex
refractive index. Empirical inversion and simulation studies were carried out to determine the aerosol
equivalent complex refractive index in the Hefei region, utilizing measured data. This inversion
process yielded an average complex refractive index of 1.48-i0.017 for aerosols in the Hefei region
throughout the experimental period. Correlation analysis unveiled a positive association between the
real part of the aerosol complex refractive index and the single-scattering albedo (SSA), whereas the
imaginary part displayed a linear negative correlation with the SSA. The mathematical relationship
between the real part and the SSA is y = 0.19x + 0.62, and the corresponding relationship between
the imaginary part and the SSA is y = −5.3x + 0.99. This research offers a novel method for the
retrieval of the aerosol equivalent complex refractive index.

Keywords: aerosol; micro-pulse lidar; Portable Optical Particle Profiler; Aethalometer; complex
refractive index; lookup table

1. Introduction

The system of suspended solid particles and droplets dispersed in the atmosphere is
called atmospheric aerosols. Atmospheric aerosols may originate from natural sources such
as sea waves, desert dust storms, and volcanic activities or from anthropogenic sources
such as fossil fuel combustion and biomass burning [1–3]. Aerosols in the atmosphere
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can affect global and regional climate directly by scattering and absorbing solar radiation,
and indirectly by modifying cloud properties as condensation nuclei [4–7]. The most
significant uncertainty in estimating the impact of aerosols on climate stems from the
uncertainty in determining their geophysical properties, including the complex refractive
index of aerosols (ACRI), which in turn determines their radiative properties. These
uncertainties may be related to effective emissions, spatial distribution of emission sources,
and temporal changes [8].

The ACRI is a crucial parameter driving optical properties and is highly dependent on
the chemical composition of the particles. The ACRI comprises both the real and imaginary
parts, and these components play a significant role in affecting aerosol scattering and
absorption [9–11]. The magnitude of radiative forcing is very sensitive to ACRI, and the
dependence of radiative forcing on its imaginary part is even more pronounced than that
on real part [12]. Therefore, precisely determining the ACRI, especially the imaginary part,
is crucial for inferring the optical properties and the impact of aerosols on the climate.
However, environmental aerosols are usually complex mixtures of different species, and it
is not feasible to calculate the radiative properties of aerosols based on the refractive index
of each component within a group of aerosols. Therefore, the effective ACRI of complex
mixed particles is often used to represent the entire size distribution [13]. Generally
speaking, the aerosol’s equivalent complex refractive index can be obtained using chemical
and optical methods. Effective ACRI (chemical method) is often determined from bulk
chemical compositions and known values of the refractive index of pure components [14].
In contrast, the effective ACRI (optical method) of a mixture is retrieved from its inherent
optical properties and might produce the same (or very similar) optical properties as the
intrinsic values under the same particle shapes [8].

In recent years, many studies have been conducted on measuring ACRI. Volume-
weighted averaging (VWA), a method for determining the equivalent ACRI of an aerosol-
based on chemical properties, was chosen because the ACRI is highly correlated with the
chemical properties of the aerosol [14–16]. In addition to using chemical methods to deter-
mine aerosols’ equivalent refractive index, studies have been conducted to determine the
equal complex refractive index using optical techniques applying a spheroidal dust model
to derive ACRI from photometer observations of the sun with AERONET (Aerosol Robotic
Network) data [17]. With the assumption of spherical particles and chemical homogeneity
of aerosol samples, effective ACRI can be retrieved based on simultaneous measurements
of size distributions, scattering and absorption coefficients [18–22]. Another study com-
pared ACRI derived from different techniques and found only some reasonable agreement,
with the rest of the imaginary part of the spectrum varying widely [23]. Despite the mul-
titude of studies on ACRI, further research is essential to enhance our comprehension,
particularly focusing on comprehensive measurements incorporating Mie scattering theory
and aerosol characteristics.

This paper presents an optimized algorithm for retrieving the optical equivalent
complex refractive index. This method is based on the Mie scattering theory. It uses the
joint measurements of near-ground aerosol microphysical and optical properties obtained
through a micro-pulse Lidar (MPL), a Portable Optical Particle Profiler (POPS), and an
Aethalometer to iteratively invert the equivalent complex refractive index of near-surface
aerosols. In Section 2, the instruments and measurement principles employed in the
experimental process are detailed. Section 3 provides a detailed overview of the algorithm’s
specific approach, sensitivity analysis, and reliability assessment for retrieving the ACRI.
Section 4 encompasses the results and discussion.

2. Experimental Site and Instrument Introduction

In March and April 2022, a collaborative observational experiment was carried out
to investigate aerosol optical and microphysical properties. This experiment utilized a
POPS, an MPL, and an Aethalometer and took place at the Atmospheric Optics Center,
situated on Hefei Science Island in the western suburbs of Hefei, under the jurisdiction of
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the Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences (refer to
Figure 1). More specifically, the POPS and the Aethalometer were placed about 12 m above
the ground for measurements, and the MPL was placed about 9 m above the ground for
horizontal measurements. The horizontal distance between the MPL, the Aethalometer,
and the POPS was maintained at about 50 m, which ensured that the data were consistent
in both the temporal and spatial dimensions.

Figure 1. The red pentagram in the picture represents the experimental site.

2.1. Portable Optical Particle Profiler

The Portable Optical Particle Profiler (POPS) [24] manufactured by Handix, serves as
an optical instrument employed for the measurement of aerosol particle size distributions.
The POPS utilizes an internal pump to intake ambient air and sheath gas into the optical
cavity of the instrument. The instrument’s measurement range extends from 130 nm to
3 µm, providing a diameter resolution of about 5%. The POPS typically operates using
16 channels, and the radius of these channels are detailed in Table 1. The instrument is
calibrated using standard particles composed of polystyrene microspheres with a refractive
index of m = 1.615 + 0.001i.

Table 1. Binning radius of POPS (nm).

Bin 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Lower 115 125 135 150 165 185 210 250 350 475 575 855 1220 1530 1990 2585

Upper 125 135 150 165 185 210 250 350 475 575 855 1120 1530 1990 2585 3370

2.2. Micro-Pulse Lidar

The radar employed in this study is an MPL developed independently by the Anhui
Institute of Optics and Fine Mechanics, Chinese Academy of Sciences [25]. The lidar system
is primarily composed of three key components: a laser emission unit, a receiving unit,
and a signal detection and acquisition unit. It boasts a spatial resolution of 30 m and can
detect objects at altitudes of up to 30 km [26]. The laser emission unit is equipped with a
532 nm Nd:YAG laser and an optical beam expander. It incorporates a 5× beam expander,
which effectively reduces the laser’s scattering angle from 2.0 mrad to 0.4 mrad. This
adjustment enables fine-tuning of the telescope’s receiving field to 0.5 mrad, consequently
minimizing daytime sky background radiation and enhancing the system’s detection signal-
to-noise ratio. The optical receiving unit primarily captures the backscattered light signals
and directs them into distinct detection channels according to their respective wavelengths.
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This unit comprises a receiving telescope, a pinhole optical stop, and various subsequent
optical pathways, among other components.

Presently, inversion algorithms for the extinction coefficient of the MPL primarily
encompass the slope method [27], the Klett method [28], and the Fernald method [29].
Since this paper requires the utilization of near-surface aerosol extinction coefficients
and seeks to minimize the influence of radar blind spots, horizontal lidar detection is
implemented, and the slope method is applied for calculating the horizontal extinction
coefficient. Equation (1) illustrates the lidar equation [25]:

P(r) = P0Cr−2β(r)exp(
∫ r

0
σ(r)dr) (1)

In the equation, P0 represents the lidar’s emission power (W); C represents the system
constant of the lidar; β(r) denotes the backscatter coefficient (km−1sr−1) at distance r; and
σ(r) represents the extinction coefficient (km−1) at distance r. Taking the logarithm of both
sides and differentiating with respect to r in Equation (1), we obtain Equation (2):

dln[P(r)r2]

dr
=

1
β

dβ

dr
− 2α (2)

where α represents the extinction coefficient (km−1) of aerosol.
In this study, the assumption of horizontal atmospheric homogeneity implies 1

β
dβ
dr = 0.

Consequently, a least-squares linear regression is performed for variables dln[P(r)r2] and r,
with half of the slope of the regression curve representing the near-surface atmospheric
extinction coefficient.

2.3. Aethalometer

The Aethalometer (AE33) [30,31] employs a differential transmission approach, con-
tinually gathering particles from the filter for light attenuation measurements. This device
determines the black carbon aerosols’ concentration utilizing their light absorption prop-
erties at 370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm, and 950 nm wavelengths,
along with the transmitted light’s attenuation data. The main absorbing aerosol species
are black carbon (BC) [32], mineral dust (primarily from the desert) [33,34], and the ab-
sorbing component of organic aerosols [35]. Due to the mixture of aerosol species, it is
usually impossible to clearly distinguish aerosols into different aerosol classes [36]. Studies
have shown that excluding some particular weather conditions (e.g., sand, dust, etc.),
the contribution of black carbon aerosols to the light absorption of aerosols is generally
more than 90% to 95% [37]. No special weather conditions, such as sand or dust, occurred
during the experimental period of this paper, so the absorption coefficients measured by
the Aethalometer were taken as the total absorption coefficients in the data processing.

Light absorption by BC is generally considered to vary weakly with wavelength, and it
is shown that there is an approximate λ−1 variation between 0.4 and 1.0 µm [38,39]. Given
the proximity of the 532 nm band to the 520 nm band, this paper assumes the absorption
coefficient of the 520 nm band as an approximation for the 532 nm band. Additionally, we
present the formula to compute the absorption coefficient by applying the Aethalometer:

σaerosol(λ, t) = Saerosol(λ) < Caerpspl(t) > (3)

where Caerpspl represents the aerosol mass concentration, derived from the observations
of the Aethalometer, and Saerosol(λ) signifies the specific absorption cross-section of the
aerosol, adopting values recommended by the instrument manufacturer: 13.14 (λ = 520 nm).
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3. Inversion Algorithm and Analysis of Experimental Results
3.1. Introduction to Algorithms

The refractive index comprises two unknowns: the real and the imaginary parts.
Therefore, two known quantities are essential to restrict the inversion. Since the real part of
the complex refractive index is connected to scattering and the imaginary part is linked to
absorption [21], the algorithm’s overall design utilizes the extinction coefficient (=scattering
+ absorption) determined by the MPL and the absorption coefficient measured by the
Aethalometer as known values. It then employs the aerosol particle spectra measured by
the POPS to determine the real and imaginary parts of the equivalent complex refractive
index of the aerosol based on the theory of MIE scattering.

The POPS measures the aerosol concentration in each particle size channel. The ex-
tinction coefficient σext, scattering coefficient σsca, and absorption coefficient σabs of the
aerosol can be calculated using the Mie scattering theory. The corresponding formulas can
be expressed as follows [40,41]:

σext =
∫ r2

r1
πr2Qext(m, r, λ)n(r)dr (4)

σsca =
∫ r2

r1
πr2Qsca(m, r, λ)n(r)dr (5)

σext = σsca + σabs (6)

where the extinction efficiency factor and backscattering efficiency factor of the aerosol
particles are represented by Qext(m, r, λ) and Qsca(m, r, λ), respectively; m = nr − ini
denotes the complex refractive index of the aerosol particles; nr stands for the real part of
the refractive index; ni signifies the imaginary part of the refractive index; r is the radius
of the aerosol particles; λ is the wavelength of the light; and n(r) denotes the spectral
distribution of the aerosol particles.

To enhance computational efficiency, we constructed a lookup table for calculating
extinction and scattering efficiency factors for various particle sizes and values of real and
imaginary parts. The wavelength is 532 nm, and particle sizes are based on the POPS’s
aerosol size binning. The real and imaginary parts of the refractive index refer to the actual
aerosol situation. The range of the real part is 1.3–2.0 with a step size of 0.01, and the
range of the imaginary part is 0.001–0.1 with a step size of 0.001. Based on the calculated
look-up table and the measured spectral distribution of the particle sizes of the POPS,
the correlative extinction and absorption coefficient lookup tables are computed based on
Equations (4)–(6).

Once the look-up tables for extinction and absorption coefficients have been obtained,
the least-squares method can be employed to minimize the error between the measured
and theoretically calculated values of these coefficients to determine the optimal value
for the complex refractive index. Theoretically, using two known numbers to solve for
two unknowns is possible. Specifically, using the extinction and absorption coefficients
at a given time during a coordinated observation, it is feasible to solve for the real and
imaginary parts of the refractive index at that moment in time through the least-squares
error method (single-point constraint method). Considering the inherent instrumental
observation errors, this paper assumes that the aerosol source remains relatively stable
for a certain period, indicating that the refractive index of the aerosol remains constant
during this interval. The multi-point constraint method is adopted, which employs multi-
point observation (N = 600) during this period to restrict the solution of the real part of
the refractive index and the imaginary part (two unknowns) to minimize the impact of
observation errors. The instrument has a resolution of 1 s, where N = 600 corresponds to a
duration of ten minutes. The error function is defined as follows:
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χ2(n, k) =
1
N

Ni

∑
i=1

[(
σext,measured − σext,calculated

σext,measured

)2

i
+

(
σabs,measured − σabs,calculated

σabs,measured

)2

i

]
(7)

where χ2(n, k) represents the sum of squares of the fraction difference of extinction co-
efficient and absorption coefficient to their actual measured values, N is the number of
measurements used in the retrieval, σext,measured represents the extinction coefficient of
near-surface aerosols obtained from horizontal measurements using MPL, σext,calculated
denotes the extinction coefficient of the aerosol calculated using different combinations
of complex refractive indices combined with Mie scattering theory, σabs,measured denotes
the absorption coefficients of aerosols measured using an Aethalometer, and σabs,calculated
denotes the absorption coefficients of aerosols calculated using different combinations of
complex refractive indices combined with Mie scattering theory.

In summary, the flowchart of the inversion algorithm is shown in Figure 2. Figure 3
depicts the graphs of extinction and absorption coefficients based on aerosol particle sizes
measured by the POPS on 1 April 2022, where Rr and Ri represent the real and imaginary
parts, respectively. From Figure 3 left, it is evident that there is a positive correlation
between the extinction coefficient and the real part of the refractive index overall. When
the imaginary part is less than or equal to 10−2, the extinction coefficient is primarily
determined by the real part of the refractive index. It is essentially unaffected by the
imaginary part. When the imaginary part is greater than or equal to 10−2, the extinction
coefficient is still mainly influenced by the real part of the refractive index. However, it
begins to demonstrate the effects of the imaginary component. As shown in Figure 3 right,
the absorption coefficient exhibits a steadily increasing trend along with the complex refrac-
tive index’s real and imaginary parts. The real part moderately influences the absorption
coefficient and is significantly influenced by the imaginary part. In conclusion, employing
a method that uses a single variable constraint to invert either the real or imaginary part
of the complex refractive index will result in errors. This is because the extinction and
absorption coefficients are affected and changed by more than one variable. This indirectly
verifies the advantage of using two variable constraints to invert the complex refractive
index of aerosols.

Figure 2. Flow chart of the inverse equivalent complex refractive index algorithm.
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Figure 3. (left) The trend of extinction coefficient with complex refractive index; (right) the trend of
absorption coefficient with complex refractive index.

3.2. Simulation Analysis

Since measuring the complex refractive index of aerosols in real-time and synchronously
in the external field is challenging, this paper analyses and verifies the algorithm’s feasibil-
ity and reliability through simulation experiments. The purpose of the sensitivity study is to
simulate possible sources of errors, including measurement errors of the MPL, Aethalome-
ter, and POPS, in order to quantify the errors in the inverted near-ground atmospheric
aerosol complex refractive index.

A study found that the aerosol complex refractive index obtained through inversion
methods is very sensitive to uncertainties in the size distribution of particles [42]. In our
simulation experiments, we initially considered errors from POPS measurements and
compared previous inversion methods that use a single-point constraint. The specific steps
of the simulation analysis are illustrated in Figure 4. Considering that the actual complex
refractive index of atmospheric aerosols is unknown, we assume as a computational
prerequisite that the real and imaginary parts of the complex refractive index of aerosols
are constant over a specific time (Rr = 1.5 and Ri = 0.05). We use the particle number
concentration data measured by POPS as input and calculate the extinction and absorption
coefficients at the time, denoted as extreal and absreal , respectively, using Formulas (4)–(6).
We then input extreal and absreal into the lookup table and use the least squares method
to find the smallest χ2. The corresponding complex refractive indices are denoted as
Rr−inversion and Ri−inversion. Finally, we analyze the error between the assumed actual
complex refractive index and the inverted equivalent complex refractive index.This article
employs particle number concentrations measured by the POPS between 13:00 and 19:00
on 25 February to simulate a continuous period. The retrieval of the equivalent refractive
index from the lookup table uses a multi-point constraint method, while a single-point
constraint method is used concurrently for the inversion process.

Figure 5 shows box plots of the variation in the real and imaginary parts (the top
and bottom edges of the box represent 75% and 25%, respectively, and the line in the box
represents the median; the top and bottom represent the maximum and minimum values
obtained from the inversion), which were obtained by using MATLAB’s random number
function to add a random error of 1% to 10% to the raw number concentration of particles
measured by the POPS and then inverted using the single-point constraint (blue line) and
multi-point constraint methods (red line), where (a) and (b) represent the range of variation
and error of the real and imaginary parts of the aerosol complex refractive index obtained
by inversion using the two methods, respectively. From the Figure 5, with the increase in
the instrumental error, the variation range of the inversion results of the two methods show
a gradually increasing trend. It can also be seen that the inversion of the real part of the
aerosol equivalent complex refractive index using multi-point constraints has a smaller
error than that obtained by using single-point constraints, e.g., when the instrumental error
of the POPS is at 5%, the relative maximum error ratio (RMER) of the real part obtained by
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using multi-point constraints and single-point constraints are 2% and 2.7%, respectively,
and the RMER for the imaginary part is 10% and 12%, respectively. The formula is shown
in Equation (8). It can be seen that the inversion using multi-point constraints is more
advantageous than single-point constraints and can better eliminate part of the interference
from the error of the instrumental observation data.

RMER = max(
|Rinversion − Rreal |

Rreal
∗ 100%) (8)

Figure 4. Flowchart of the simulation analysis.

Figure 5. POPS with random errors of 1% to 10% added to obtain box plots using single-point
constraint and multi-point constraint inversion methods, respectively. (a) The range of variation in
the real part of the complex refractive index obtained by inversion; (b) the range of variation in the
imaginary part of the complex refractive index obtained by the inversion.
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We further simulate the case where the MPL, the Aethalometer, and the POPS have
measurement errors individually or simultaneously. The simulation experiment is set
up with seven possible combinations of (1) particle spectra only, (2) extinction coefficient
only, (3) absorption coefficient only, (4) extinction coefficient and absorption coefficient,
(5) extinction coefficient and particle spectra, (6) absorption coefficient and particle spectra,
and (7) all three instruments introduce errors. The simulation process is similar to Figure 4,
except that the errors of the corresponding instruments are added according to different
combinations in the simulation process; meanwhile, the errors of the instruments are all
taken as 10% to check the performance of the algorithm in this paper when the instrument
errors are large.

Figure 6 shows the box plots of the real and imaginary parts of the complex refractive
index obtained using this paper’s algorithm for different combinations of cases when the
instrumental errors are all considered to be 10%. From Figure 6, the RMER in the real part
obtained by inversion is calculated to be 4%, and the RMER in the imaginary part is 20%
when only the random measurement error of the particle spectrum is considered (case 1).
Considering that the only random error in the extinction coefficient measurement is 10%,
the inversion yields an RMER of 4.3% in the real part and 8% in the imaginary part (case 2).
When the random error of the absorption coefficient measured by the Aethalometer is 10%,
the inversion yields essentially no error in the real part and 16% in the imaginary part
(case 3). When the random errors of both extinction and absorption coefficient measure-
ments are 10%, the inversion yields less than 5% error in the real part and 24% RMER in
the imaginary part (case 4). When the errors of extinction coefficient and particle spectrum
measurements are 10%, the inversion yields an RMER of 8% in the real part and 28% in
the imaginary part (case 5). When the errors of the absorption coefficient and particle
spectrum measurements are 10%, the inversion yields an RMER of 4.7% in the real part
and 24% in the imaginary part (case 6). When the random errors of all three instrumental
measurements are 10%, the inversion yields an RMER of 8.7% in the real part and 34% in
the imaginary part (case 7). In summary, the sensitivity study shows that the real part of
the inversion is relatively insensitive to instrumental errors, with an overall error of less
than 8.7% when an instrumental error of 10% is considered. In contrast, the imaginary
part is relatively more sensitive to instrumental measurement errors. Figure 6 shows that
when all three instruments bring a 10% error, the real and imaginary parts of the refractive
index obtained using the algorithm produce a larger error range. In actual measurements,
the measurement error of the POPS is around 5% [24], and the instrumental errors of both
the MPL and Aethalometer are less than 10% [9], so the errors of the imaginary and real
parts obtained from the actual measurement inversion should be much smaller than those
in Figure 6.

3.3. Analysis of Inversion Results from Experimental Observations

This paper applies the algorithm to the measured data from March to April 2022 in the
Hefei area for aerosol equivalent complex refractive index inversion. Due to the instability
of the instrument during the experiment and the weather, data from 28 March to 4 April
were selected for analysis after screening the experimental data for a total of one week (the
quality of the MPL horizontal measurement data on 31 March was poor, so they were not
used). Figure 7 shows the meteorological variations during the test period. From Figure 7a,
we can see that each day, the temperature rises from around 6:00 to reach a maximum
value around 14:00 and then starts to fall (except for the 31st of March), while the relative
humidity (RH) varies in the opposite direction to the temperature. Figure 7b shows that
wind speeds were generally low during the experiment, with maximum wind speeds not
exceeding 3 m/s.
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Figure 6. (top) The range of variation in the real part obtained by inversion for different combinations
of instrumental errors (the upper and lower sides of the blue line represent the 75 percentile and
25 percentile, respectively, and the red line represents the median). (bottom) The range of variation
in the imaginary part obtained by inversion for different combinations of instrumental errors.

Figure 7. Changes in temperature, humidity (a), and wind speed and direction (b) over time during
the test period.

Figure 8 compares the extinction coefficient (σext,measured) measured by the MPL and
the extinction coefficient (σext,calculated) corresponding to the smallest χ2 obtained using
Equation (7). It can be seen that the range of variation in the extinction coefficient for one
week is 0.1 to 1.2 km−1. The extinction coefficient increased gradually from noon on March
30 to the early morning of the next day, reaching a high of around 1.2 km−1. This indicates
severe pollution on that day. Figure 9 shows that the coefficient of determination (R2)
between the extinction coefficient obtained using the method provided in this study and
that measured by the MPL is 0.998. The root mean square error (RMSE) is 0.0075 km−1.
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Figure 8. Comparison of extinction coefficients obtained from MPL measurements and inversion
algorithms (the black scattered points (Measured) in the figure represent the change curve of the
extinction coefficient measured by the MPL during the measurement period, and the red solid line
(Sim) is the change curve of the extinction coefficient obtained from the lookup table by employing
the methodology proposed in this study).

Figure 9. Fitting of measured and simulated values of extinction coefficients using Mie scattering theory.

Figure 10 shows the comparison graph between the absorption coefficient (σabs,measured)
observed by the Aethalometer and the absorption coefficient (σext,calculated) obtained when
the minimum χ2 is calculated using the lookup table. The change range of the absorption
coefficient is from 0.01 to 0.08 km−1. Figure 11 fits the actual measurements of the absorp-
tion coefficient and the simulated values calculated using Mie scattering theory, finding
that their R2 value is 0.991, and the RMSE is 2 × 10−4 km−1. The correlation and error
analysis shows that the extinction and absorption coefficients retrieved using the inversion
algorithm have minimal errors and high correlations with the measured values.

Figure 12 demonstrates the changes over time in the equivalent complex refractive
index of near-ground aerosols during the measurement period, as provided by the al-
gorithm in this paper. The figure shows significant fluctuations in the real part of the
complex refractive index of aerosols. The real part of the refractive index varied from 1.3
to 1.96 and the imaginary part from 0.005 to 0.041, with mean values of 1.48 and 0.017
for the real and imaginary parts, respectively. A study found that the average complex
refractive index in the summer in the Hefei region was 1.5 − i0.016, the average aerosol
complex refractive index in Xinjiang in December 2015 was 1.5− i0.01, the average complex
refractive index in Tianjin region in the summer of 2011 was 1.5 − i0.017, and the average
complex refractive index in Xiamen region in December 2006 was 1.52 − i0.008 [21]. Mea-
surements of aerosols in the Paris region revealed an average complex refractive index of
1.51(±0.2)− i0.017(±0.003) at a wavelength of 532 nm [9]. Based on multi-wavelength
backscattering and extinction measurements performed by a lidar system, the wavelength-
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independent complex refractive index of the aerosol was derived as 1.56 − i0.009 [43].
These research results show good consistency with the complex refractive index obtained
by inversion through the algorithm in this study. In addition, it can be seen from Figure 12a
that the partial real part obtained by the inversion is close to 1.3. Some studies also reported
some unreasonably low values (real part less than 1.3) and gave possible explanations, such
as inaccuracies in the retrieval method, non-analyzed biogenic particles, or non-spherical
particles [44].

To verify the accuracy of the obtained near-surface aerosol equivalent refractive indices,
the real and imaginary parts of the ACRI were correlated against the single-scattering
albedo (SSA), respectively, as shown in Figure 13. A higher SSA indicates a stronger
scattering ability of aerosols. Conversely, a lower SSA suggests a stronger absorption ability
of aerosols.

Figure 13a shows the relationship between the real part of the effective refractive
index of aerosols and the SSA obtained by the inversion algorithm in this study. Generally,
the real part corresponds to scattering, and an increase in the real part indicates enhanced
scattering, corresponding to a larger SSA. It can be observed from the figure that there
is a relatively strong positive correlation between the real part of the aerosol refractive
index and SSA. The relationship between the real part and SSA was obtained by fitting as
(R2 = 0.36, RMSE = 0.032):

y = 0.19x + 0.62 (9)

Figure 13b depicts the relationship between the imaginary part of the aerosol equiv-
alent complex refractive index and the SSA. Generally, an increase in the imaginary part
indicates enhanced absorption, leading to a smaller SSA. It is evident from the graph
that there exists a strong linear negative correlation between the inverted refractive index
imaginary part and SSA. Through fitting, a functional relationship between the two is
determined as follows (R2 = 0.64, RMSE = 0.024):

y = −5.3x + 0.99 (10)

In summary, the correlation analysis reveals a positive correlation between the real
part and SSA and a good negative correlation between the imaginary part and SSA, which
implies that the ACRI inversion method presented in this paper is valid or, at the very least,
self-consistent.

Figure 10. Comparison of absorption coefficients obtained using the Aethalometer and using the
algorithm (the black scatter points (Measured) in the figure represent the variation curve of the
absorption coefficient measured by the Aethalometer during the observation period, and the red
solid line (Sim) represents the change curve of the absorption coefficient obtained using the algorithm
proposed in this study).
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Figure 11. Fitting of measured and simulated values of absorption coefficients using Mie scatter-
ing theory.

Figure 12. Complex refractive index of the aerosol during the measurement period obtained based
on a look-up table optimization algorithm. (a) Evolution of the real part over time; (b) evolution of
the imaginary part over time.

Figure 13. (a) Correlation analysis of the real part and SSA obtained by inversion; (b) Correlation
analysis of the imaginary part and the SSA obtained by inversion.
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4. Conclusions

The microphysical and optical properties of near-surface aerosols were measured
jointly by an MPL, Aethalometer, and POPS near Dongpu Reservoir in the western suburb
of Hefei from the end of March to the beginning of April 2022. The equivalent complex
refractive index of the aerosols in Hefei was obtained based on the Mie scattering iterative
algorithm, and the conclusions are as follows:

(1) The reliability of the optimization algorithm for aerosol equivalent complex refractive
index inversion was simulated. The results show that, compared with the single-point
method, the multi-point constraint method is less sensitive to instrumental errors, can
better eliminate the interference of some errors from the instrumental observation data,
and the inversion results have better reliability than those of the single-point method.

(2) According to the retrieval results, the mean value of the equivalent refractive index of
the aerosols observed during the test period is 1.48 − i0.017.

(3) The correlation between the real and imaginary parts of the aerosol refractive index
and SSA was analyzed. The results show a positive correlation (y = 0.19x + 0.62)
between the real part and the SSA and a negative correlation (y = −0.53x + 0.99)
between the imaginary part and the SSA.
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