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Abstract. This study proposed an inversion method for
atmospheric-aerosol or cloud microphysical parameters
based on dual-wavelength lidar data. The matching charac-
teristics between aerosol and cloud particle size distributions
and gamma distributions were studied using aircraft observa-
tion data. The feasibility of the retrieval of the particle effec-
tive radius from lidar ratios and backscatter ratios was simu-
lated and studied. A method for inverting the effective radius
and number concentration of atmospheric aerosols or small
cloud droplets using the backscatter ratio was proposed, and
the error sources and applicability of the algorithm were an-
alyzed. This algorithm was suitable for the inversion of uni-
formly mixed and single-property aerosol layers or small
cloud droplets. Compared with the previous study, this al-
gorithm could quickly obtain the microphysical parame-
ters of atmospheric particles and has good robustness. For
aerosol particles, the inversion range that this algorithm can
achieve is 0.3—1.7 um. For cloud droplets, it is 1.0-10 pm.
An atmospheric-observation experiment was conducted us-
ing the multi-wavelength lidar developed by Xi’an Univer-
sity of Technology, and a thin cloud layer was captured. The
microphysical parameters of aerosol and clouds during this
process were retrieved. The results clearly demonstrate the
growth of the effective radius and number concentration.

1 Introduction

The vertical characteristics of aerosol and clouds are of great
significance for the study of many scientific issues, such as
the interaction between aerosol and clouds, the mechanism of
atmospheric pollution generation, and so on (Lohmann and

Feichter, 2005; Kulmala et al., 2004; Miffre et al., 2010). The
high-precision detection of aerosol and cloud microphysi-
cal parameters at vertical altitudes is important. At present,
the main methods for obtaining atmospheric-aerosol or cloud
microphysical parameters include in situ observation (He et
al., 2019; Moore et al., 2021; Gao et al., 2022a, b) and remote
sensing observation (Vivekanandan et al., 2020; Johnson et
al., 2009). People can obtain microphysical parameters of
clouds or aerosol at vertical altitudes by mounting in situ ob-
servation instruments on equipment such as airplanes or bal-
loons (Kaufman et al., 1998; Cai et al., 2022), but this method
has a low detection frequency and cannot obtain continuous
observation data with high temporal and spatial resolutions
(Zhao et al., 2018). Lidar, with its advantages of high tem-
poral and spatial resolutions and a high detection sensitivity,
has been widely used in the field of atmospheric detection
and has important application potential in detecting the opti-
cal and microphysical parameters of atmospheric aerosol and
clouds (Vivekanandan et al., 2020; Hara et al., 2018; Siomos
et al., 2017; Kanitz et al., 2013; Dionisi et al., 2018).

The remote sensing detection of aerosol microphysical pa-
rameters mainly uses three-wavelength lidar, which can ob-
tain four or more optical parameters (usually requiring two
extinction coefficients at 355 and 532 nm and three backscat-
ter coefficients at 355, 532, and 1064 nm) for the retrieval of
aerosol microphysical parameters (Veselovskii et al., 2004;
Miiller et al., 1999; Veselovskii et al., 2009). The regu-
larization algorithm (Kolgotin et al., 2023; Veselovskii et
al., 2002), the principal component analysis (PCA) technique
(de Graaf et al., 2013), and the linear estimation algorithm
(Veselovskii et al., 2012) have been used for determining the
aerosol bulk properties. These algorithms do not require the
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assumption of a complex refractive index or aerosol particle
size distribution (APSD); thus, they have been widely stud-
ied, but their applications are limited. The inversion results
are unstable, and there will be good results under certain
spectral types; however, in some cases, the inversion error
is very large. In addition to this, the above methods require
complex lidar hardware systems (Di et al., 2018a; Meskhidze
et al., 2021; Miiller et al., 2014). Therefore, the above algo-
rithms cannot be applied well in most lidar systems (most
lidars in AERONET are dual-wavelength), and it is neces-
sary to establish a more reasonable method for inverting mi-
crophysical parameters. For clouds, there are two methods
used for the detection of cloud microphysical parameters.
The first method is using lidar—radar synergy for cloud mi-
crophysical parameters (Wang and Sassen, 2002; Vivekanan-
dan et al., 2020; Zhang et al., 2021), which can achieve the
retrieval of cloud droplets with large cloud particles. For thin
and sparse clouds or nascent clouds, cloud droplet particles
are usually small and cannot be detected by millimeter-wave
cloud radar, which affects the application of this method. The
second method is to use multiple scattering information in
clouds detected by multi-field-of-view (FOV) or dual-FOV
lidar to retrieve the microphysical parameters of water clouds
(Wang et al., 2022). However, in order to obtain multiple
scattering signals using ground-based lidar, the larger FOV
of a telescope is required, which will greatly affect daytime
detection.

This study proposes an inversion method for atmospheric-
aerosol or cloud microphysical parameters based on dual-
wavelength lidar. This article includes the following parts: in
Sect. 2, we study the APSD and cloud droplet size distribu-
tion (CDSD) measured by airborne instruments and find that
they are basically consistent with the gamma distribution,
and we extract the statistical characteristics of the gamma
distribution parameters. In Sect. 3, the inversion method and
simulation analysis results are presented and described. In
Sect. 4, an atmospheric-observation result obtained using li-
dar is presented. Sect. 5 presents the conclusions and a dis-
cussion.

2 Gamma distribution statistical characteristics of
APSD and CDSD

2.1 Gamma distribution

The particle size distribution (Di et al., 2018a) is the variation
in particle number with particle radius within a certain radius
range (r ~ r+ dr) per unit volume, defined as

() = ‘;—]rv (1)

Here, r is the particle radius, n(r) is the particle size distribu-
tion, and N is the total number of particles per unit volume.
The effective radius (Di et al., 2018a) is an important param-
eter that characterizes the average particle size, defined as
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the ratio of the third-order and second-order moments of the
particle size distribution, as shown below:

rr"'ax 3n (r)dr
f min (2)

Feff = s
¢ frm“" 2n(r)dr’

The most common models for APSD are the Junge distribu-
tion and lognormal distribution. CDSD is usually described
as the gamma distribution or the corrected gamma distribu-
tion (Kolgotin et al., 2023). The gamma function has the ad-
vantages of integrability and recursion of various order func-
tions. In this paper, the gamma distribution is used to describe
APSD and CDSD and is shown as

n(r)dr = are " dr. 3)

Here, a is related to particle concentration; b is a dimension-
less parameter representing shape factor, which is related to
spectral width; and c is a slope parameter.

In mathematics, I"(x) is defined as the gamma function
and is as shown follows:

+00
Mx) = / A
0

Its pth moment of the gamma distribution can be ex-
pressed as

Fmax Tmax b
M, =/ rpn(r)drzf rPar’e”"dr
rmm T'min

——T(p+b+1). (%)

Ye7"dt, (x > 0). “4)
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The effective radius requires second-order and third-order
moments, which are shown as follows:

"max

Ab:f r2n(rydr = 2+b+11‘(2+b+1) (6)
T'min
Tmax

M3=/ rn(r)ydr = 3+b+lF(3+b+1) (7
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Substituting Egs. (6) and (7) into Eq. (2) yields the effective
radius as follows:

M; fr‘““"r3n(r)dr
My frma" 2n(r)dr
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The gamma function has recursion, as shown in the following
formula:

M(x+1)=xI'(x). 9

According to Egs. (8) and (9), the effective radius can be
simplified as

b+3

(10)

Feff=
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2.2 APSDs and CDSDs in the vertical altitude

In order to study the characteristics of APSDs and CDSDs in
the vertical altitude, the APSDs and CDSDs obtained from
aircraft observations by the Hebei Provincial Weather Mod-
ification Office were analyzed (from 2005 to 2006). APSDs
were measured by the PCASP-100X probe, and CDSDs were
obtained by the FSSP-100-ER probe (Di et al., 2018b). The
PCASP-100X is an optical particle counter for measuring
aerosol size distributions from 0.10 to 3.00 um in diameter
in 15 different size bins at a frequency of 1 Hz. The sam-
ple flow volume in the PCASP-100X was set to 1cm’s™!.
FSSP-100-ER is an instrument that measures cloud droplet
size and concentration using light scattering, with the mea-
surement range of 0.5-47 ym.

The obtained APSDs and CDSDs were fitted one by one
using the gamma function, and we statistically analyze these
fitting parameters. In order to minimize the error for all radii,
the minimization problem is solved using the following equa-
tion:

Dmax

/ (log (fin (D)) — log (fited(D)))*dD — min. Y
0

Here, f,, (D) is the actual particle size distribution measured
by the PCASP-100X, frueda(D) is the fitted distribution, D
is the aerosol particle diameter, and D,y is the measured
maximum particle diameter. The goodness of fit R? is used to
represent the difference between the fitting function and the
measured data. The definition of goodness of fit is as follows:

RE—1— M , (12)
21 i =)

where y; is the measured value, y; is the predictive value, and

7y is the mean measured value. The numerator represents the

sum of squared residuals, and the denominator represents the

sum of squared total deviations.

Approximately 3500 sets of APSDs and 2221 sets of
CDSDs were statistically analyzed. Over 95 % of the data
have a high goodness of fit in the gamma distribution. The
goodness of fit of CDSDs is higher than that of APSDs, with
CDSDs showing a goodness of fit of 0.983 and APSDs show-
ing a goodness of fit of 0.856. The parameter a of CDSDs is
significantly larger than that of APSDs, and there are obvious
differences between b and ¢ for clouds and aerosol. The lit-
erature suggests that there is a certain functional relationship
between the gamma parameters b and ¢ of CDSDs (Ding et
al., 2023). Statistical analysis was conducted on the b and ¢
parameters of APSDs and CDSDs, as shown in Fig. 1.

According to Fig. 1, there are remarkable linear relation-
ships between parameters b and c. The fitting functions for
CDSDs and APSDs are as follows:

{ Celoud = 0.33bclouq +0.60

: 13
Caerosol = 2.67Dgerosol + 7.43 (13)
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The linear relationship between the two parameters of
CDSDs is better, with a goodness of fit of 0.948 compared
to the linear goodness of fit of 0.821 for APSDs. According
to the statistical results, the parameter b of APSDs at vertical
heights is mainly distributed in the range of 2—7, and that of
CDSDs is mainly distributed in the range of 2-8.

3 The inversion method for microphysical parameters
of atmospheric aerosols or small cloud droplets

3.1 Inversion algorithm

The first step in this algorithm is the retrieval of the effective
radius. The parameter ¢ in the gamma distribution shown
in Eq. (4) is related to the number concentration. The ratio
Ogr(m,r) (lidar ratio or color ratio) of the two optical pa-
rameters can eliminate parameter a and can be written as

_ g1(A1)
g2(r2)’

Here, m is the complex refractive index of particles, and
g1(11) and g>(X2) are the optical parameters at the two wave-
lengths A1 and A,, respectively. The ratio can also be written
as follows:

Or(@m,r1) (14)

[ 12 Qg (m,r, A rbe~crdr
min

Sy wr2 Qs (m, . k) rbe<rdr”
min

Or(m,r) = (15)

where Q1 and Q; are the extinction efficiency factors or
backscattering efficiency factors at A1 and A,. Using the ef-
fective radius in Eq. (10) instead of parameter ¢, Eq. (13) can
be written as follows:

_ b+3
S a2 Qy (m,r Ay rbe” e dr
i
OR (m»reff) = —b+3r . (16)
[ wr2 Qo (m,r, Ay rbe” e dr
min

According to Eqgs. (11) and (14), if the ratio of optical pa-
rameters monotonically changes with the effective radius, the
effective radius can be obtained from the ratio of optical pa-
rameters, and then parameters b and ¢ can also be obtained
according to Eq. (11). The ratio here can be chosen as the ra-
tio of the backscatter or extinction coefficients of two wave-
lengths (color ratio) or the ratio of the extinction coefficient
of one wavelength to the backscatter coefficient (lidar ratio).

After obtaining b and c, a can be derived from Eq. (15),
written as

[ ar2Qy (m,r, M) arPe="dr
_ min
- T'max 2 b ,—cr
frmm wr-Qq(m,r, A1) rPe=c"dr

A
I g1(A1) . (17
frn‘::" 7r2Qq(m,r, ) rbe=crdr

Then, the number concentration N can be calculated by inte-
grating Eq. (4). The algorithm flowchart is shown below.
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Figure 1. Statistical results of parameter b and c in aerial survey data. (a) Aerosol particles. (b) Cloud droplets.
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Figure 2. The algorithm flowchart for atmospheric-particle microphysical parameters.

The algorithm is described below.

In this algorithm, the first step is to establish a lookup ta-
ble between aerosol and cloud optical parameters and mi-
crophysical parameters. (1) Assuming that aerosol particles
and cloud droplets follow the gamma distributions, we cal-
culate the extinction coefficient and backscatter coefficient
at different laser wavelengths (355 and 1064 nm in this pa-
per) based on the Mie scattering theory. (2) We calculate the
ratio of backscatter coefficients for two wavelengths, which
is the backscatter color ratio, or we calculate the ratio of the
extinction coefficient to the backscatter coefficient, which is
the radar ratio. (3) We change the parameters of the aerosol to
obtain the gamma distributions with an effective radius from
0.2 to 3 um, calculate the optical parameters and correspond-
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ing optical parameter ratios (radar ratio or backscatter color
ratio) for each gamma distribution, and establish the lookup
table for the aerosol effective radius. (4) Similarly to step 3,
we establish the lookup table for cloud drops (effective radii
are from 0.5 to 5 um). After the lookup table is completed,
the microphysical parameters of aerosols or clouds are calcu-
lated based on the lookup tables and lidar detection data. The
specific steps are as follows: (1) the dual-wavelength (355
and 1064 nm) Raman lidar need be selected for the detection
of the atmosphere; (2) the Raman and Fernald methods are
used for the retrieval of optical parameters at multiple wave-
lengths, and the backscatter color ratio or lidar ratio can be
obtained; (3) aerosol and cloud layers are identified based
on lidar echo signals; (4) we retrieve the effective radius of

https://doi.org/10.5194/amt-17-4183-2024
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aerosol or cloud droplets at different heights based on opti-
cal parameter ratios and lookup tables; (5) we calculate the
parameters b and c¢ in the gamma distribution according to
Egs. (13) and (16); (6) we calculate the value of a in the
gamma distribution according to Eq. (17); and (7) we calcu-
late the number concentration according to Eq. (3).

3.2 The simulation

3.2.1 The relationship between lidar ratio, color ratio,
and effective radius

Due to the different complex refractive indices of aerosols
and clouds, we will discuss these separately. Water clouds
are composed of liquid droplets, and so the complex refrac-
tive index of 1.33-1077i was selected. The theoretical re-
lationship curves of a lidar ratio of 355 nm, a lidar ratio of
532 nm, a backscatter color ratio of 355 nm / 1064 nm, and a
backscatter color ratio of 355 nm /532 nm with an effective
radius were calculated and are shown in Fig. 3a to d.

The composition of aerosol is complex, with a large vari-
ation in the complex refractive index, ranging from 1.33 to
1.70 in the real part and from O to 0.05 in the imaginary part.
Assuming the complex refractive index of aerosol is 1.47-
0.002i, Fig. 4a to d, respectively, show the theoretical rela-
tionship curves of aerosol when parameter b is set to 2—7.

The blue boxes in Figs. 3 and 4 refer to the monotonic vari-
ation intervals of aerosol and cloud droplets, respectively. As
shown in the figures, when the complex refractive index is
constant and the parameter b is set to 2-7 or 2-8, the cor-
responding curve trend is consistent. Under a constant com-
plex refractive index, parameter b does not change the trend
of the curve. The change in b has little effect on the curve. If
the color ratio (355 nm / 1064 nm) is selected for the retrieval
of the effective radius, the influence of the value of b on the
results is about 5 % (as shown in Figs. 3c and 4c). If the li-
dar ratio is selected for the retrieval of the effective radius,
the influence of the value of b on the results will be slightly
greater, and it might reach ~ 10 % (as shown in Figs. 3a
and 4a). Within the monotonic interval, the effective radius
of particles can be retrieved from the curves. The monotonic
interval varies with optical parameter. It can be seen that,
whether it is clouds or aerosol, the monotonic range of the
backscatter color ratio is the widest, as shown in Figs. 3c
and 4c. The larger the value of b, the more pronouncedly the
gamma function describes the characteristics of large parti-
cles. Therefore, in the subsequent inversion, b =6 is taken
for cloud droplets, and b = 3 is taken for aerosol.

Considering the laser’s penetration ability, along with the
monotonic range of optical parameter ratios with an effec-
tive radius shown in Figs. 3 and 4, the backscatter ratio of
355nm /1064 nm for the inversion is the optimal choice.
According to Fig. 3c, the effective radius that can be re-
trieved using the backscatter ratio of 355nm /1064 nm is
above 1 um. The optimal inversion range is 1-3.4 um, and
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the maximum inversion radius can reach 10 um. For aerosol
particles, the theoretical retrieval effective radius is above
0.3 um, and the optimal inversion interval is 0.3—1.7 um. The
applicability of this algorithm is limited, and it is applica-
ble for aerosol and small cloud droplets. For aerosol, par-
ticle diameter is usually 0.01 to 10 um, while the effective
particle radius ranges from 0.3 to 1.2 um for urban aerosol.
This is calculated based on ground and aircraft observation
data. Usually, water droplets with diameters larger than 2 ym
are called cloud droplets. Therefore, this algorithm is suit-
able for the detection of urban aerosol and small cloud drops.
The above curves in Figs. 3 and 4 are calculated using Mie
scattering theory and are suitable for spherical particles. The
spherical particles in the atmosphere can be distinguished
from the depolarization ratio.

3.2.2 The influence of complex refractive index on the
backscatter color ratio

When the complex refractive index changes and b is 3, the
backscatter color ratios of the 355 and 1064 nm wavelengths
are shown in Fig. 5ato d.

According to Fig. 5, when the complex refractive index
of particles changes, the color ratio curves will fluctuate,
but they always monotonically decreases from 0.3 to 1 um.
Therefore, if the aerosol composition is stable, the color ratio
curve can well reflect the trend of effective radius variation.

3.2.3 Algorithm verification

The verification of this algorithm is achieved through sim-
ulation. The specific steps are as follows: (1) calculate
the effective radius and number concentration using APSD
and CDSD observed by aircraft and Eq. (8); (2) calculate
the backscatter coefficient at two wavelengths of 355 and
1064 nm, and then calculate the color ratio according to
Eq. (13); (3) according to the color ratio and the algorithm
described in Fig. 2 of Sect. 3.1, the effective radius and num-
ber concentration profiles can be retrieved; and (4) compare
the effective radius and numerical concentration in steps 2
and 4, as shown in Fig. 6, to verify the algorithm inversion.
Figure 6a and b are the true values and inversion results
of the effective radius and number concentration, respec-
tively, of an aircraft observation at vertical altitude. Figure 6¢
and d show the relative errors, respectively. The light-gray-
and light-blue-shaded areas in the figures are cloud layers.
It can be seen that the effective radius and number concen-
tration can be retrieved well using the algorithm. Figure 6
shows that the retrieval error of cloud droplets is relatively
small, within £20 % and 430 % for the effective radius and
number concentration. The errors are +20 % and £40 % for
aerosol. The inversion error of the microphysical parameters
of aerosol particles is larger than that of cloud droplets. The
reasons are that (1) aerosol types are more complex, and the
assumption of a complex refractive index is prone to devia-

Atmos. Meas. Tech., 17, 4183-4196, 2024
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tion, and (2) APSDs are more complex than CDSDs, and the
adaptability to the gamma distribution is relatively low.

3.3 Error analysis of the algorithm

The inversion errors of the effective radius and number con-
centration mainly come from three aspects: (1) error intro-
duced by non-spherical particles, (2) error introduced by the
assumption of a gamma distribution, (3) error introduced
by improper assumption of a complex refractive index, and
(4) error caused by optical parameter inversion deviation.
For urban aerosol and water clouds, the particles are spher-
ical; thus, the error caused by non-spherical particles can be
ignored. The error introduced by the assumption of a gamma
distribution is relatively complex and difficult to accurately
calculate. This study evaluates this error by means of numer-
ical simulation based on APSD and CDSD data obtained by
aircraft observations. Actually, the error presented in Fig. 6
is mainly caused by the assumption of a gamma distribu-
tion. We calculate the optical parameters of over 5000 sets
of APSD and CDSD data, and we retrieve the microphysi-
cal parameters using our algorithm. The calculated standard
deviations between the inversion results and the actual data
are as follows: for aerosols, the standard deviation of the ef-
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fective radius is ~ 10 %, and the standard deviation of the
numerical concentration is ~ 20 %; for clouds, the standard
deviation of the effective radius is 15 %, and the standard de-
viation of the numerical concentration is ~ 20 %.

The deviation introduced by the improper assumption of
a complex refractive index may be the largest term in this
technique. For water clouds, the complex refractive index is
stable, and the deviation caused by it can be ignored. It is
difficult to accurately obtain the complex refractive index of
aerosol, and the deviation caused by the complex refractive
index may reach over 100 %. Figure 6 shows the effect of
the complex refractive index variation on the optical param-
eter ratio. From Fig. 6, it can be seen that, when the real part
of the complex refractive index changes within the range of
0.03 and when the imaginary part changes within 0.01, the
effective radius deviation caused by the complex refractive
index is within a controllable range. After calculation, the
deviation does not exceed 40 %. Furthermore, it can be seen
that, although complex refractive index can lead to a signif-
icant change in the effective radius value, when the aerosol
is constant, its monotonic characteristics remain unchanged,
which means that the evaluation of particle size changes is
reliable.

https://doi.org/10.5194/amt-17-4183-2024
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In order to quantitatively analyze the impact of optical pa-
rameter errors on the effective radius inversion results, the
effective radius errors caused by color ratio error are calcu-
lated when the errors of the backscatter color ratio are £5 %
and 10 %, as shown in Fig. 7.

From Fig. 7a, it can be seen that, when there are errors
of 5% and £10 % in the backscatter color ratio, the in-
version errors of the effective radius of cloud droplets are
within £10 % and 420 %, respectively. According to Fig. 7b,
when there are errors of £5 % and +10 %, the inversion er-
rors of aerosol effective radius are within £20 % and 30 %,
respectively.

Considering the actual inversion ability of lidar, the devi-
ation of the color ratio will reach 10 %. The above errors are
independent of each other. The final evaluation shows that the
mean square deviation of the inversion error of the aerosol ef-
fective radius is less than 45 %, and the standard deviation of
the inversion error of the cloud droplet effective radius is less
than 25 %.

The inversion error of the number concentration comes
from the final superposition of the optical parameter error
and effective radius error, and the error should be slightly
larger than effective radius. In this algorithm, the complex re-
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fractive index needs to be assumed. The physical and chem-
ical properties of aerosol particles and cloud droplet parti-
cles that interact with the cloud are similar, with a com-
plex refractive index similar to that of the cloud. Continu-
ous microphysical-parameter profiles can be obtained by this
algorithm. For the uniformly mixed aerosol layer, it can be
considered to be the case that the complex refractive index
within the layer remains unchanged. Therefore, this algo-
rithm is suitable for the inversion of microphysical param-
eters of uniformly mixed aerosol particles and small cloud
droplet particles.

4 Experiment
4.1 Instrument

A multi-wavelength (355 nm-532 nm—1064 nm) lidar has
been developed by the Xi’an University of Technology
(XUT). A Cassegrain telescope is employed as the optical
receiver, and narrow-band interference filters are utilized as
core filter devices to finely separate the backscatter signals.
The system consists of five detection channels: the two elas-
tic scattering channels at wavelengths of 355 and 1064 nm,

Atmos. Meas. Tech., 17, 4183-4196, 2024
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the nitrogen Raman scattering channel at 387 nm, and the
two polarization channels at 532 nm. Table 1 summarizes the
main system parameters of the lidar system.

The optical parameters obtained from this system are
the backscatter coefficients at 355nm (B355) and 1064 nm
(B1o64), the extinction coefficient of 355 nm (w355), and the
depolarization ratio of 532nm (8532). B3s5 is obtained by
inverting the Mie scattering and Raman channel without
assuming a lidar ratio. Bjges can be inverted by the Fer-
nald method, as described in Wang et al. (2023a) and Li et
al. (2016).

4.2 The experimental observation of cloud layer
4.2.1 The experimental observation

Experimental observations were performed based on the li-
dar of XUT at the Jinghe National Basic Meteorological Ob-
serving Station (34.43°N, 108.97°E) on 16 September 2022
(BJT). The observation experiment lasted for 7 h, with a tem-
poral resolution of 2 min. Figure 8a shows the time-height
intensity (THI) of the Mie—Rayleigh signal at 1064 nm, and
the color bar values in the figure are the logarithm of range-
square-corrected signal (RSCS). Figure 8b shows the temper-
ature and relative humidity profiles obtained from the sound-
ing balloon at 07:15 CST.

According to Fig. 8a, there are signals changing from
weak to strong above the black curve near 3km. After
05:00 CST, the echo signal gradually increased, and the laser
could not penetrate. The red and black lines in the figure
correspond to the lower boundaries of the aerosol layer and
cloud layer of interest, respectively, calculated by the dif-
ferential zero-crossing method. According to the tempera-
ture and humidity profiles shown in Fig. 8b, the tempera-
ture below 3.5 km is higher than 0°, and the relative humid-
ity reaches over 90 % at 3—3.2 km. Therefore, it can be de-
termined that the strong signal appearing near 3 km in the
atmosphere is water cloud.

https://doi.org/10.5194/amt-17-4183-2024

4.2.2 The optical and microphysical-parameter profiles

Figure 9 shows the observed signals of the lidar experiment
near 05:00 CST on 16 September 2022, as well as the re-
trieved optical and microphysical parameters. Figure 9a is
the dual-wavelength RSCS with an enhanced signal in the
cloud, especially at 1064 nm. Figure 9b shows the volume
depolarization ratio profile. The volume depolarization ratio
in aerosol and clouds is less than 0.05, indicating that the de-
tected aerosol and clouds are spherical particles. Figure 9c
show the dual-wavelength backscattering coefficient profiles
at 355 and 1064 nm, while Fig. 9d is the ratio of backscat-
tering coefficients at 355 and 1064 nm, i.e., the backscatter
color ratio (Wang et al., 2023b).

The depolarization ratio of aerosol below the cloud layer
does not change significantly, indicating that aerosol are uni-
formly mixed. Based on the inversion algorithm, the effec-
tive radius and number concentration profiles are calculated,
as shown in Fig. 9e and f, respectively. In the developing pro-
cess of clouds shown in Fig. 8, the aerosol hygroscopicity in-
crease plays an important role. According to Fig. 8b, the rela-
tive humidity reaches 100 % near 3 km, and below 3 km, the
relative humidity is less than 100 %. Therefore, the aerosol
lookup table is used below the cloud base for the retrieval
of aerosol profiles, and the cloud droplet lookup table is used
above the cloud base (gray-shaded area). The effective radius
of aerosol under the cloud layer ranges from 1.1 to 1.3 um,
the concentration fluctuates between 17 and 60 cm~3, and the
values decrease with increasing height. At the cloud base,
the effective radius reaches 1.6 um, and the concentration is
20cm™3. As the height above the cloud base increases, the
effective radius and number concentration both show an in-
creasing trend. The error bars in Fig. 9 represent the uncer-
tainty of the inversion result. The error of the backscatter-
ing coefficient and backscatter color ratio is determined by
the signal-to-noise ratio of the lidar system and the error of
the optical parameter inversion algorithm. The error bar of

Atmos. Meas. Tech., 17, 4183-4196, 2024



4192 H. Di et al.: The retrieval of aerosol and small cloud droplets based on lidar data

Table 1. System parameters of multi-wavelength Raman—Mie scattering lidar.

Instrument

Main instrument parameters

Wavelength of laser ‘

355, 532, 1064 nm

Leibao SGR series Nd: YAG pulsed laser

|
|
|
‘ Light source
|
|
|
|

‘ Pulse width 8.4ns ‘ Repetition frequency 10Hz
‘ Laser divergence angle ‘ < 0.5 mrad
Multi-wavelength Raman—Mie ‘ Cassegrain telescopes
scattering lidar Telescope ‘ Focal length ‘ 2m ‘ Field of view ‘ 0.5 mrad
‘ Aperture ‘ 400 mm
Wavelength 355 nm (Mie channel), 387 nm (Raman channel),
of signal 532 nm (polarization channel), 1064 nm (Mie channel)
‘ Time resolution ‘ 2 min
‘ Distance resolution ‘ 3.75m

Relative humidity (%)
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Figure 8. Lidar and sounding-balloon observations. (a) THI diagram

Temperature (°C)

of RSCS at 1064 nm, observed by lidar at 03:00-10:00 CST on

16 September 2022. (b) Temperature and relative humidity observed by sounding balloon at 07:15 CST on 16 September 2022.

the effective radius represents the uncertainty of the results
caused by optical parameter errors and gamma distribution
assumption errors.

Figure 10 shows the observed signals of the lidar exper-
iment at 07:20 CST on 16 September 2022, as well as the
retrieved optical and microphysical parameters. Compared
with Fig. 9, the RSCS (Fig. 10a) and backscatter coeffi-
cients (Fig. 10c) in the cloud layer increase significantly.
From Fig. 10b, it is clear that the depolarization ratio in-
creases above 3.2km, and this should be caused by multi-
ple scatterings or low signal-to-noise ratios. The effective ra-
dius and the numerical concentration of aerosols under the
clouds in Fig. 10 show little change compared to Fig. 9. The
number concentration in the clouds shown in Fig. 10f has
significantly increased, reaching ~ 2000 cm™3, but the effec-
tive radius did not change obviously (only by about 1-2 pm);
see Fig. 10e. According to Fig. 8b, it can also be observed
that there is a significant inversion layer at 3.2 km; thus, it is
normal for there to be more aerosol accumulation below the
inversion layer.

Atmos. Meas. Tech., 17, 4183-4196, 2024

4.3 The observation results of cloud process

Figure 11 shows the THI of the color ratio. In the region with
cloud, the color ratio is relatively small (about 0.5-2), and
the color ratio of aerosol is relatively large (about 2-7).
Figure 12 shows the changes in the effective radius
and particle number concentration (displayed in logarithmic
form). The observation results can be separated into four
stages, marked as 1, 2, 3, and 4 in Fig. 12. There are no
clouds in regions 1 and 2, but based on the lidar echo signal,
we can see a more obvious signal growth and change pro-
cess. In stage 1, from 03:00 to 04:30 CST, clouds have not
yet formed, but an obvious layer of aerosol at 3.2 km, with
an average thickness of 180 m, can be seen. The effective ra-
dius and number concentration are relatively small, ranging
from 1.2 to 1.5um and from 8.5 to 20.6cm™>. In stage 2,
from 04:30 to 05:06 CST, during which time the echo sig-
nal of the lidar is enhanced, the particle radius increases,
and the effective radius increases to 1.4—1.8 um. The con-
centration range is 13.3-25.6cm™3. In stage 3, from 05:00

https://doi.org/10.5194/amt-17-4183-2024
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to 08:30 CST, cloud droplets are generated, and a cloud layer
appears. The echo signal intensifies sharply, and the effec-
tive radius and number concentration increase significantly,
with the effective radius being 1.5-5.3 ym and the concentra-
tion being 18.7-2853.5 cm™3. Due to the increase in number
concentration, the laser cannot penetrate the cloud layer. In
stage 4, from 08:30 to 10:00 CST, the cloud layer rises, and
the cloud base height increases from 2.5 to 3.27 km. The ef-
fective radius inside the cloud remains unchanged, but the
numerical concentration decreases. At 09:40 CST, the cloud
signal disappeared, possibly due to the cloud leaving the field
of view of the lidar, and thus became unable to be observed.

https://doi.org/10.5194/amt-17-4183-2024

5 Conclusions and discussion

This study proposes a method to estimate the microphys-
ical parameters of atmospheric aerosols and small cloud
droplets using two optical parameters. Assuming a gamma
distribution, the effective radius and number concentration
of aerosol or small cloud droplets can be calculated using
the backscatter color ratios of 355 and 1064 nm wavelengths.
An atmospheric-observation experiment was conducted us-
ing the multi-wavelength lidar, and the effective radius and
number concentration were retrieved. The results indicate
that the algorithm is stable and reliable.

Atmos. Meas. Tech., 17, 4183-4196, 2024
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This algorithm has simple hardware requirements for li-
dar, requiring only two wavelengths to achieve the retrieval
of microphysical parameters. At the same time, the algo-
rithm is simple and can obtain stable data inversion results.
It is suitable for the retrieval of cloud droplet generation pro-
cesses and aerosol with uniform mixing and relatively sta-
ble composition. The limitation of this algorithm is that it
requires assuming the complex refractive index of particles.
The complex refractive index of aerosol varies greatly, and
incorrect assumptions about the complex refractive index can
have a certain impact on the results. Furthermore, this algo-
rithm is not applicable for the retrieval of large particle sizes
(radius > 10 um). To detect larger particle sizes, millimeter-
wave cloud radar and lidar can be used for joint observation.
We will carry out this work in the future.
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