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The algorithm of microphysical parameter profiles of aerosol and
small cloud droplets basedon the dual wavelength Lidar data
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Abstract. This study proposed an inversion method of atnmosphere aerosol or cloud microphysical parameters based on dual
wavelength lidar data. The matching characteristics between aerosol/cloud particle size distribution and Gamma distribution

were studied using aircraft observation data. The feasibility of particle effective radius retrieval from lidar ratio and backscatter
ratio was simulated and studied. A method for inverting the effective radius and number concentration of atmospheric aerosols
or smell cloud droplets using backscatter ratio was proposed, and the error sources and applicability of the algorithm were
analyzed. This algorithm was suitable for the inversion of uniformly mixed and single property aerosol layers or small cloud
droplets. Conpared with the previous study, this algorithm could quickly obtain the microphysical paraneters of atmosphere
particles and has good robustness. For aerosol particles, the inversion range that this algorithm can achieve was 0.3-1.7 pm.
For cloud droplets, it was 1.0-10 um An atmosphere observation experiment was conducted using the multi-wavelength lidar
developed by Xi‘an University of Technology, and a thin cloud formetion—process—layer was captured. The microphysical
paraneters of aerosol and cloud during this process were retrieved. The results clearly dermonstrate the growth of effective

radius and number concentration.
Key words: Lidar; Effective radius; Gamma distribution; Aerosol; Cloud

1 atructionIntroduction

The vertical characteristics of aerosol and cloud are of great significance Br the study of many scientific issues, such as the
interaction between aerosol and cdoud, the nechanism of atmospheric pollution generation, and soon (Lohmann and Feidhter,
2005, Kulmala et al, 2004; Miffie et al, 2010). The high-precision detection of aerosol and cloud micoophysical paramet ers
at vertical altitude is inportant. At present, the nain methods for obtaining atmosphere aewsol or cloud microphysical
paraneters include in-situ observation (He et al., 2019; Moore et al, 2021; Gao et al., 2022a; Gao e a., 2022b) and remote
sensing obsavation (Vivekanandan et al, 2020; Johnson et al, 2009). People can obtain micophysical paraneters of doud or
aerosol atvertical altitudes by mounting in-situ observation instruments on equipment such as airplanes or balloons (Kaufman
et al, 1998, Cai et al, 2022), but this method has a low detection fequency and camnot obtain continuous observation data
with high temporal and spatial resolution (Zhao et al., 2018). Lidar, withits advantages of high temporal and spatial resoluti on
and high detection sensitivity, has been widely used in the feld of amosphere detection, and has important application potential
in detecting optical anSbd miaophysical parameters of amosphere aerosol and doud (Mvekanandan et al., 2020; Hara et al.,
2018; Sionos e al, 2017; Kanitz et al., 2013; Dionisi et al,, 2018).

The remote sensing detection of aerosol er—eloud microphysical pammeters mminly uses three wavelength lidar which can
obtain four or more optical parameters (usually requiring two extinction coeficients @355 nm&532 nm and three backscatter
coefficients @ 355 nm&532 nn& 1064 nm) fr the retrieval of aerosol micophysical parameters (Veselovskii et al, 2004;
Miiller et al., 1999; Veselovskii etal, 2009). The regularization algorithm (Kolgotin et al, 2023; Veselovskii e al., 2002), the
principal conponent amalysis (PCA) technique (Martin et al, 2013), and the linear estimation algorithm (Veselowvskii e al.,
2012) have been used for detemining the aerosol bulk poperties. These algorithms do not require the assunption of compl ex
refactive index or aerosol particle size distribution (AP SD), sothey have been widely studied, but their applications are limited.

The inversion results are unstable, and there will be good results under certain spectral types; however insome cases, the
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inversion eror is very laige. Not only that, the above methods require the conplex lidar hardware systems (Di et al., 2018a;
Meskhidze et al, 2021; Miller e al. 2014). Therefore, the above algorithms cannot be well applied in nost lidar systems
(nost lidars in AERONET are dual wavelength), and it is necessary to establish a more reasonable nethod ©r inverting

microphysical paraneters.For_clouds. there are two methods used fr the detetion of doud miaophysical parameters. The

(

R . TR [ UFiE RGB(237,0,0))

)

frst method is using lidar/radar synergy fr cloud microphysical parameters (Wang et al.. 2002 Vivekandan et al.. 2020: Zhang

etal. 2021), which can achieve the retrieval of cloud dwoplet with large cloud paticles. For thin and sparse clouds or nascent

clouds, cloud droplet particles are usually small and cannot be detected by millimeter wave doud radar which affects the

application of this method. The second nethod is to use nultiple sattering inbrmation in clouds detected by multi feld of

view (FOV) or dual ROV lidar to retrieve micophysical parameters of water clouds (Wang et al. 2022). However, in order to

obtain multiple scattering signals using ground-based lidar, the larger FOV of telescope is required. which will greatly affect
daytine detection.

This study proposes an invesion method of atmosphere aerosol or cloud micophysical parameters based on dual
wavelength Lidar. This article mainly indudes the Hllowing parts: in Section 2, we studied the APSD and cloud droplet size
distribtion (CDSD) measured by airborne instrunents and ©und that they are basically comsistent with the Gamma

distribution, and extract the statistical characteristics of their Ganma distribution parameters; In Section 3, the inversion
method and simulation analysis results were presented and described; In Section 4, an amosphere observation result by lidar

was presented; Section S is the condusion and discussion.

2 Gammadistribution statistical characteristics of APSD and CDSD
2.1 Gammadistribution

The partide siz distibution (Di et al, 2018a) is the variation of particle number with particle radius within a certain
radius range r~-tdr per unit volune defined as
dN
n(r)=— )
=4
here, risthe particle radius, 7(r) isthe partide siz distribution, Nis the total number of particles per unit volune The effective
radius (Di et al, 2018a) isan important parameter that characterizes the average partide size defined asthe mtio of the third

order and second-order moments of the partide size distibution, as shown bedow

™ r3n(r)dr
— ‘[rmin Q) 0))

_[:m” r2n(r)dr

min

The nost common models ©r APSD are Junge distribution and lognormal distribution. CDSD usually described as Gamma
distribution or correted Gamma distribution (Kolgotin et al, 2023). The Gammma finction has the advantages of integmbility
and recursion of various order finctions. In this paper, the Gamma distribution is used to describe APSD and CDSD, and

shown as

n(r)dr=ar®e dr (43)

B | ies TGy isdefined G nction—_and i &1l

 md
7

+00
x=1 -t
—f e tdt o0 8

FAVAY
AT

AM_MWS%MW 7y

n(r)dr=ar®edr 4

here, a is related to particde concentration, b isa dimensionless parameter representing shape fitor, which is related to

spectral width, and ¢ is a slope paraneter.
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In mathematics, I'(x) isdefined as Ganma fundtion, and s as Hllow

r)=["t%"dt. 0 @ - (BRBEEX )
-Its p-th monent_of Gamma distribution can be expressed as e (w0 Sl MATGOE: 1 )
-J' rPn(r)dr —J' rPar’e “dr = MH = _r(p+b+1) Q)
The effctive radius requiles second-order and third-oer noments, which are
—j“ rin(ndr = 55 £(2+b+1) ©
—J r’n(r)dr =— = I"(3+b+1) Q]
Substituting Eq. (6) and Eq. (7) intoEq. @) yields the efective radius as follow
fmax 3
LMy [ rn(rydr _17@+b+l) ®
Y J'r'“” r2n(rydr ¢ 7(2+b+1)
The Gamma finction has recursion, a shown in the Hllowing bHrmula
T (x+1) =xI(x) (©)
According toEq. ®) and Eq. (9), the effective radius can be sinplified as
b+3
== (10)
2.2 APSDs and CDSDs in the \ertical altitude
In order to study the characteristics of APSDsand CDSDs in the vertical altitude, the APSDs and CDSDs obtained from
aircraft observations by the Hebei Provincial Weather Modification 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- .- (B Ml - FHRHIE: e Ui (RGB (237, 0,0)) )
100X is an optical particle counter for measuring aerosol size distribution from 0.10 um to 3.00 um in diameter in 15
different size bins with a frequency of 1 Hz. Thesample flow volume in the PCASP-100X was set to 1 cm® s™*. FSSP-
100-ER is an instrument that measure cloud droplet size and concentration using light scattering, with the measurement
range of 0.5-47 um.
The—number i A affective—radius—and nﬁml B ter B filas—were. Skeulated—based n—those—ARSDs—and
DSps—Fit tThe obtained APSDs and CDSDs_ware fitted, one by one using Gammn_function, and statistically analyze thes (B R FAPI: FE UHE (ROB(237, 0,0)) )
fttmtg' parameters. . Jn oider to minimize the error_at all radius, the minimizaion problem_is solved using the Bllowing [Emﬁgﬁgé &(1123’:(23(7%(‘)1}6))) Times New Roman, AR : ]
equation
[ BB 4k (BRIA) Times New Roman, THAHIf ]
Dy ) FL e Xt (RGB (237, 0, 0))
| (log(fm(D))—log(fmed(D))) dD — min an (R R FHHE: fE Ui R6B(237,0,0) )
0 N ]
here, fm(D) i the actual particle size distribution measured by the PCASP-100X, fritea(D) is the fitted distribution, D is (ki - I 5k IS (RGB(237, 0,0)) )
the aerosol particle diameter, Dmax is the measured maximum particle diameter. The goodness of fit R? is used to represent (B - TR B U (RGB(237,0,0)) )
the difference between the fitting function and the measured data. The definition of goodness of fit isas follows::
> (-0 ) (HRBEEXK )
R =1_% ®» LRI 1 U (RGB(237, 0,0)) )
>i(v-y) - FIRBEL: 15 X (RGB (237, 0,0)) )
. TR e U (RGB(237, 0,0
where fvf is th::j mgs(:r:]d Va%,;f.dis thé predictive value, _ ;isthen;mnn;awre:] ;/alue The numeraor represents the : ;ﬁ;z 2;;222;&;237, ) 0;; %
sum of squared residuals, and the dénominator represents the sum Of squared total deviations. . ez
sum of squared res1 s, and t lenomi nator esent-s t sum of squared tot: : eviations. - s S : e B (RGB (237, 0,0)) ]
~3500 sets of APSDs and 2221 sets of CDSDs were statistically analyzed. Over 95% of the data have a high goodness of fit ATt B P (RGB (23T, 0.0)) )
in the Ganma distribution. The goodness of fit of CDSDs is higher than that of APSDs, with CDSDs of 0.983 and APSDs of s B [ E L HiS (RGB (237, 0,0)) ]
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0.856. The parameter a of CDSDs are significantly larger than that of APSDs, and there are obviousdifferences of b and c for
cloud and aerosol. The literature suggests that there is a certain functional relationship between the Gamma parameters b and
c of CDSDs (Dinget al., 2023). Statistical analysis was conducted on the b and c parameters of APSDs and CDSDs, as shown

in Fig. 1.

Parameter b

Parameter b

26 T T = 35— T T T
@ (b)
244 g 204
224 g
o o 2549
s 20 15
g g
S 18- 1 § 204
< < .
o . o
164 aerosol 154 3
scatter point ' 3 scatter point
144 —— c=267b+7.43 | v — ¢=0330+060
R?=0.821 109 % - R?=0.948
12 T T T T T T T
2 4 5 6 7 3 5 7

Figure 1. Statistical Results ofparameter b and cin aerial survey data. (a)Aerosol particles, (b)cloud droplets.
According to Fig. 1, there are theremarkable linear relationships between parameter b and c. The fitting functions for
CDSDs and APSDsare as follows

cloud

Conoeet = 2.670,, 00, +7.43

aerosol

Cau = 0.330,,,, +0.60
(13)

The linear relationship between the two pamneters of CDSDs isbetter witha goodness of fit 0f 0.948, and a linear goodness
of fit of 0821 ©r APSDs. According to the statistical results, the parameter b of APSDs at vertical height ismainly distributed
in the range of 2-7, and CDSDs is mainly distributed in the range of 2-8.

3. The Inwersion method for microphysical parameters of atmosphere aerosols or small cloud droplets
3.1 Inwersion algorithm

The first step in this algoithm is the retrieval of the eféctive radius. The parameter a in Gamma distibution shown in Eq.
(4) isrelated to number concentration. The raio Ogr(m, r) (lidar mtio or color ratio) of the two optical paraneters can eiminate

paraneter @ and can be written as
OR (m’ r) :% (]4)

here, m is the complex refactive index of paticles, gi(41) and g(42) are the optical parameters at two wavelengths Ai and A2,

respectively. It can also be written as follows

J'rm“ ar’Q,(m,r, A,)r’edr
O, (m,r) = S (15)
R x5
L ar’Q,(m,r, A,)r’e dr

where Qiand Q2are the extintion eficiency fictor orbackscattering effciency fictor at i and A2. Using the effective radius
in the Eq. (10) instead of parameter ¢, the Eq. (13) can be written as fllows

b+3
jr”“ ar’Q,(m,r, A)re " dr
O (M, 1) === 6)

b+3
T

Irr”” ar?Q,(m,r, A,)r' * dr

min

According tothe Eq (11) and Eq. (14), ifthe ratio of optical parameters monotoni cally changes with the efective iadius, the
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effective radius can be obtained fom theratio of optical parameters, and then parameters b and c can also be obtained according

to Eq (11) The ratio here can be chosen as the ratio of backscatter or extinction coefficient of two wavelengths (color ratio)

or the ratio of extinction coefficient of one wavelength to backscatter coefficient (lidar ratio).

Afer obtaining b and ¢, a can be derived fom the Eq. (15), written as

and then, the number concentration N can be calculated by integrating the Eq. (4). The algorithm fowchart is shown below

jrm” 7r’Q (m,r, A )ar’e *"dr
I,

min

9,(4)

min

C

Assuming that the particle size )

spectrum follows Gamma distribution

l Mie scattering theory

The ratio of two optical
parameters

I

The Look-Up-Table between effective radius
and the ratio of two optical parameters

Jhe algorithm

er mr’Q (m,r, A)redr .frr”” ar’Q (m,r, 4,)re *dr

CDuaI-wnvclenglh Raman-Mie I.idar)

Data inversion

| Aerosol Optical parameters |

|

’ The ratio of two optical parameters

Look up the table

|

I

Effective radius I

Calculate Gamma distribution
parameters: a, b and ¢

I

I Number concentration I

( Microphysical parameters ofacmso@

Assuming that the particle size
spectrum follows Gamma distribution

| Dual-wavelength Raman-Mie lidar

Raman-Mie method
and Fernald method

The ratio of optical parameters

v

Optical parameters of
aerosol or cloud

Look up Table for aerosol and
cloud

v

The ratio of two optical
parameters

o

Effective radius

-

!

Calculate Gamma distribution
parameters: a.bandc

.

Number concentration

Figure 2. the dgorithm flowchart for amosphere paticle microphysical parameters.

is described as Hllows:

In_this_algorithm, the first step is to estzblish a lookup table between aerosol/doud optical parameters and

microphysical parameters.

D, Assuming that aeresd partides and doud droplets follow the Gamma_distributions

LRI e T (RGB (237, 0, 0))
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calculate the extinction coefficient and badkscatter coefficient at different laser wavelengths (355nm and 1064nm in this

paper) based on the Mie satteting theary: 2) Calaulate the ratio of backscatter coefficients Hr two wavelengths, which
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152 is the backscatter olar ratio. or clailate the ratio of extinction oefficient tobackscatter ccefficient. which i the radar

153  ratio: 3),Change the pammeters of the aerosol to obtain the gamma distributions with effective_radius fom 0.2 um to3 %#&i}ﬁé?ﬁi: (BRIA) Times New Roman, “FAAifh: ]
154 caculate the optical meters and oorrespondin tical meter raics (radar ratio or backscatter clor raio B X6 ReB@37.0,0)
N . . ) . | #EHRM ik (BRIA) Times New Roman, dEJNFA,
155 br _each Gamma distribution, and esteblish the lo table for aerosol effctive radius; 4) Similar to the step 3 EARBI . [ E XE (RGB (237, 0,0))
156 establish the lookup table Hr cloud drops (effective radius are fom 0.5 um to5 yum). Afer the lookup table is conpleted
57 the microphysical parameters of aerosols or clouds are calculated based on the lookup tables and [iDAR detedion data.

158  The specific steps are as follows: 1) the dud-wavelength (355 nm and 1064 nm) Raman LiDAR need be selected for
159 the detection of atmosphere; 2) Raman and Fendd methods are used fr the rerieval of optical meters a multi-
160  wavdengths, and the backscatter oolor ratio o lidar ratio can be obtained : 3) aewsd and cloud layas are identifed
161 based on lidar echo signals; 4) Retrieve the effective radius of aerosols ar cloud droplets at different heights based on
162 optical parameters ratios and lookup tables; 5) Calculate the parameters band ¢ n the Gammna distribution according to
163 bBrmulas ,(13), and (10} 6) Caculate the value of a in the Ganma_distribution according tothe Eq(17), 7) Calculae the
164  mumber concentration according tothe Fq,(3),

D AR (BRIN) Times New Roman, ARJNAH,
]

sk (BRIN) Times New Roman, JRJMAH,
D EHM

165 3.2 The simulation :ggi: (BRik) Times New Roman, dARMIH,
1

166 3.2.1 The relationship between lidar ratio, color ratio, and effective radius L FAREIE: B
D AR B

DR (BRIA) Times New Roman, JEJNAH,
A

167 Due to the diffrent complex refactive indices of aerosols and clouds, we will discuss them separately. Water clouds are

168  conposed of liquid droplets, the conplex refactive index of 1334107 was seleded. The theoretical relationship curves of
169 lidar ratio of 355 nm, lidar ratio of 532 nm 355/1064 nm backscatter color ratio, 355532 nm backsaatter color atio with
170 effective radius were calculated and shown in Fig 3(a) to 3(d).
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173 Figure3. The theoretical relationship curves ofcolour ratio or lidar ratio with effective radius, m=1.33-0.107i. (a) Lidar ratio 0355 nm,
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(b) lidarratio 0f532nm, (c) theratio ofbackscatter coefficients (355/1064 nm), (d) theratio ofbackscatter coefficients (355/532 nm).
The conposition of aerosols is conplex, with a large variation of complex refactive index, ranging fom 133 to 1.70 in the
rea part and Oto 005 inthe imaginary part. Assuming the complex reffactive index of aerosols is 1.47-00021i, Fig. 4(a) to 4(d)

respectively show the theoretical relationship curves ofaerosol when parameter b is set to 2-7.
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Figure4. The theoretical relationship curves ofcolour ratio or lidar ratio with effective radius,m=1.47-0.002i. (a) Lidar ratioof355nm,
(b) lidarratio 0532 nm, (c) theratio ofbackscatter coefficients (355/1064 nm), (d) theratio ofbackscatter coefficients (355/532 nm).
The blue boxes inFgues 3 and 4 refr to the nonotonic variation intervals of acosols and cloud droplets, respectively. As

shown in the fgures, when the conplex refractive index is constant and the parameter b is set to 2-7 or 2-8, the coresponding

curve trend is consistent. Under a constant conmplex refactive index, parameter b does not change the trend of the curve. The

change of b has little efect on the curve. If the color ratio (355 my1064_nm)_is selected Br_the retrieval of efective radius, ... (R - AT 115 Ui (ROB(237, 0,0))

the influence of'b value on the results is about 5% (as shown in Figure 3¢ and 4c). If'the lidar ratio is selected for the retrieval

of effective radius. theinfuence ofb value on the results will be slightly greater, and itmight reach ~10% (as shown in Figure

3a,and 4a). Within the monotonic interval, the efctive mdius of particles can be retrieved fom the curves. The monotonic A R AT B U (RGB(237, 0, 0))

interval varies with optical parameter. Itcan be seen that whether it is clouds or aerosols, the monotonic mnge of the backscat ter Ui R . AT E S SUFIE (RGB (237, 0,0))

color ratio is the widest, as shown in Fig. 3¢) and Fig. 4(c). The larger the value of b, the nore pronounced the Gamma
finction desaibes the characteristics of large particles. Therefore, inthe subsequent inversion, 56 is taken for doud droplets,
and b=3 Pr aerosols.

Considering the lasa's penetration ability, and the monotonic range of optical parameter ratios with efiective radius shown
in Fig 3 and Fg. 4, the backscatter ratio of 355 nmi1064 nm Hr the inversion is the optinal choice. According to Fig 3(c),

the efetive mdius that can be retrieved using backscatter ratio of 355 nm'1064 nm isabove 1 pm. The optimal inversion WRRIE: Tk 10 ﬁ% FEHiL: B EO
[ (RGB(237,0,0)),  9iifi (B[

range is1-3.4 pm, and the mximum inversion mdius can reach 10 pm. For aerosol partides, the theoretically retrieval effctive

radius is above 03 pm, the optimal inversion interval is 0.3-1.7 pm. The applicability of this algorithm is limited, and itis . { AT ARSI H e U5 (RGB(237,0,0))

] WA TR 10 B, FARFIG: H e UFi
_lelcable br_aerosols and smull cloud dwoplets. For aerosols nan%cleA diameter is usually 001~10 pm, while the effective REBE37.0,00).  DeiE ()
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3.2.2 The influence of complex refractive index on the backscatter color ratio

When the conplex refractive index changes and b is 3, the backscatter color ratios of the 355 nm and 1064 nm wavelengths
are shown in Fig. 5(a) to 5(d)
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Fgure 5. The colorratio withdiferent conplex refiactive indices.(a)Aerosol withdiffrent real part of complex reffactive index (real

part <1.50), (b)acrosol withdiferent inaginary part of complex refractive index (real part <1.50), (c)aerosol with difBrent real part of
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According to Fig. 5, when the conplex_refractive index of particles changes, the color ratio_curves will fluctuate, butthev

always monotonically decreases from 0.3 ym to 1 pmw TIRE

figieviR
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stable, the color ratio curve can well reflect the trend of effective radius variation.

if the aerosol conposition is
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3.2.3 Algorithm \erification ,
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Jhe verification of this aluorlthm is achieved through simulation Jo—verify the algorithmdescribed in-the above section.

ation—The sneuﬁc steps are_as follows: 1) Calculate the
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backscatter coefficient at two wavelengths of 355 nmand 1064 nm_and then calculate the color ratlo accorqu to the Eq. (13).
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3) According to the color ratio and the algorithm described in Figure 2 of Section 3.1, the effective radius and_nunber

concentration profiles can be retrieved; 4) Conpare the effective radius and nunerical concentration in steps 2) and 4), as

shown in Fig,6, to verify the alqorlthm inversion.

b R B R B B T T T T T T T T T T

(©
: - - = - Inversion
Y value 3
|—— True value
- - Inversion q
value B
True value| ',

0 T T R B R B B T T T T L B B |
0 5 10 15107 10* 10° 10° -40-20 0 20 40  -40-20 O 20 40

Effective radius (um) Number concentration Relative error of Relative error of number
(cm™) effective radius (%) concentration (%)

T T T
b) (@)
- - - - Retrieved values|  §
— Initial values B

T T T T T
0 5 10 15102 10* 10° 108 40 20 0 20 40 -40 -20 0 20 40

range (km)

range (km)

Effective radius (um) Number concentration Relative error of Relative error of number
(cm®) effective radius (%)  concentration (%)

Figure6. Simulationand verification ofthealgorithmwith aircraft data. (a) effective radius, (b) number concentration, (c) effective radius
error, (d) number concentration error.

Fgure 6(a) and 6(b) are the true values and inversion mesults of the effective radius and nunber concentration of an aircra ft
dbservation at vertical altitude, respectively Fgure 6(c) and 6(d) show the relative arors, respectively. The light gray and light
blue shaded areas in the figues are cdoud layes. It can be seen that effective radius and number concentration can be well
retrieved using the algorithm. Figue 6 shows that the retrieval eror of cloud droplets is reatively small, within £20% and
430% for efective mdius and number concentration. The arors are £20% and #40% ®r aerosol. The inversion eror of
miaophysical paraneters of aerosol particles is larger than that of cloud droplets. The reasons are: 1) aerosol types ae more
conplex, and the assumption of complex refactive index is prone todeviation; 2) APSDs is nore conplex than CDSDs, and
the adaptability to Gamma distribution is relatively low.
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3.3 Error analysis of the algorithm

The inversion erors of effective radius and number concentration mainly come from three aspects: 1) error intoduced by
non-spherical particles; 2) error introduced by the assumption of Gamma distribution; 3) aror introduced by inproper
assunption of conplex refactive index 4) error caused by optical parameter inversion deviation

For uban _aerosols _and water_clouds, their paticles are spherical

be_ignaed The error introduced by the assumption of Gamma distribution is relaivdy complex and dificult to
calaulate. This study evaluates this error by numerical simultion based on APSDs and CDSDs data by aircraft
cbservations. Adualy, the errar presented in Fig. 6is mainly caused by the assunption of Gamma distribution Calcul ate

accuratel

optical parameters of over 5000 sets of APSDs and CDSDs data. and rdrieve the miaophysical paameters wsing our
algorithm. The calculated standard deviations between the inversion resuls and the adual daa are: Hr aercsols, the

standard deviation of the efective radius is ~10%, and the standard deviation of numerical concentration is ~20%; For
clouds, the standard deviation of the efective mdius is 15% and the standard deviation of numescal concentration i
~20%

The devigion introduced by improper asumption of complex refactive index may be the hrgest ferm in this

technique. For water douds. the complex refactive index is stable and the deviation caused by it can be ignored. It is

difficult to acurately obtain the complex refactive index ofaerosols, and the deviation caused by the complex refractive

index may reach over 100%. Figure 6 shows the effect of conplex refactive index varidion on the optical paramet er
ratio. From Figure 6. itcan be seen that when the real pat of the conmplex refactive index changes within the range of
0.03 and the imaginary patt changes within 0.01, the effective radivs deviation caused by the complex refactive index
is within a cortrollable range. After caculation, the deviaion does nat excead 4(0P%. And it can be seen that although
complex refractive index can lead to the signifcant change of the effective radius value, when the aersol is constant.

its monotonic characteristics remain uchanged. which mears that the evaluation of particle size changes isrelisble

he—§ hree—facto have been—d od ealie ad—th cction—H es—on—theinversion—erro atrod
_me B S 4 2 o g —aAd Sl oy = = d

paraneters—In order o quantitatively analyze the impact of optical pammeter errors on the efective radius inversion results,
the efedive mdius erors caused by color ratio error were calculated when they are +5% and +10% and shown in Fig 7.

so_the eror _caused by non-spherical paticles can .

(@ 30 . . : . (b) 30 —————
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- 5% | g - 450 ,
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Backscatter color ratio Backscatter color ratio

Fgure 7. Errors in efective radius in Look-Up-Table when there are £5% and +10% errors in the backscatter colorratio. (a)Cloud
droplets, (b)acosol particl es.

From Fig. 7 (a), it can be seen that when there are errors of #5% and #10% in the backscatter color ratio, the inversion errors
of theeffective radius of cloud droplets are within #10% and #20%, respectively. According to Fig. 7(b), when there are errors
of #5% and #10%, the inversion errors of aerosol effective radius are within #20% and 30%, respectively.

Cansidering _the actna inversion _ability of LiDAR, the deviation of color rafio will reach 10%. The above aros_aret:.

independent of each othe: The fiml evauation shows tha the mean square deviaion of the inversion eror of aemsol
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effective radius isless than 45% and the standad deviation of the inversion error of cloud droplet effective radius is less
than 25%. ,
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The inversion error of number concentration comes from the final superposition of optical paraneter error and effective<~-~-~-~-»--~-~--[%ﬁ»iﬁm; gtk EATGERE 1 FR

radius error, and the error should be slightly larger than effective radius. In thisalgorithm the conplex refractive index needs
tobe assumed. The physical and chemical properties of aerosol particles and cloud droplet particles that interact with the cloud
are similar, witha conplex refractive index similar to that of the cloud. Continuous microphysical parameter profiles can be
obtained by thisalgorithm For the uniformly mixed aerosol layer, itcan be considered that the conplex refractive index within
the layer remains unchanged. Therefore, this algorithm is suitable for the inversion of microphysical parameters of uniformy
mixed aerosol particles and small cloud droplet particles.

4 Experiment
4.1 Instrument

A nulti-wavelength (355 nm/532 nnY1064 nm) lidar has been developed in Xi‘an University of Technology (XUT). A
Cassegrain telescope is employed as the optical receiver, and narrowband interference filters are utilized as core filter devices
to finely separate the backscatter signals. The system consists of five detection channels: the two elastic scattering channels at
the wavelength of 355 nmand 1064 nm, the nitrogen Raman scattering channel at 387 nm and the two polarization channels
at 532nm Table 1 summarizes themain system paraneters of the lidar system

Tablel.Systemparameters of multi-wavelength Raman-Miescattering Lidar.

Instrument Main instrument parameters
Wavelength of laser 355 nm, 532 nm, 1064 nm
Leibao SGR series Nd: YAG pulsed laser
Light source Pulse width ' 8.4ns Repetition frequency ' 10 Hz
Laser divergence angle < 0.5 mrad
y Cassegrain _telescopes

Muét;n\;va{anv_il/leir;gth Telescope Focal length 2m | Field of view ! 0.5 mrad
Scattering Lidar Aperture 400 mm

355 nm (Mie channel), 387 nm (Raman channel),

Wavelength of signd 532 nm (Polarization channel), 1064 nm (Mie channel)

Resolvable—time T imeresolution 2 min {0 R - PRI S U (ROB(237,0,0)) )
Minimum-resolvable-Ddistance 3.75m (B maRny : I e LI (RGB(257,0,0)) )
resolution ' [ WA 70k (P30 TR GRIE), (h30) ]
L (h )
—The optical parameters obtained from this system are the backscatter coefficients at 355 nm (8sss)and 1064 nm (B1064), TR A | g (RGB(237,0,0)) )

extinction coefficient of 355nm (a3ss), depolarization ratio of 532 nm (Js32). B3ss is obtained by inverting the Mie-scattering
and Ramen channel without assuming lidar ratio. B1064 can be inverted by the Fernald method, as described in Wang et al
(2023a) and Li et al (2016).

4.2 The experimental observation of a-cloud ;generation—processlayer

4.2.1 The experimental observation

Experimental observations were performed based on the lidar of XUT at the Jinghe National Basic Meteorological
Observing Station (34.43<N, 108.97 E) on Septerrber 16, 2022 (BJT). The observation experinent lasted for 7 hours witha
time resolution of 2 minutes. Figure 8(a) 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 RSCS. Figure 8(b) are the tenperature and relative humidity profiles
obtained from the sounding balloonat 7:15am
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BO3 Figure8. Lidar gnd sounding balloon observations-a+-6-3:00-10:00-September16-2022(CST). (a) THIdiagramof RSCS,at 1064 nm s EAREIE . [ X (RGB (237, 0,0)) ]
B04 observed by lidar-at-1064-amat 03:00-10:00 September 16, 2022(CST), (b) temperatureand relative humidity pbserved by sounding D PREE  EE UFE (RGB(237, 0,0)) )
B05 balloonat 07:15 September 16, 2022. LRI e L (RGB (237, 0, 0)) )
306 According to Fig. 8(a), there are signals changing from weak to strong above the black curve near 3 km After 5:00, the
BO7  echo signal gradually increased and the laser could not penetrate—suggesting-that-this-should i
BO8  The red and black lines in the figure correspond to the lower boundaries of the aerosol WA TR (b0 Rk, 10 B, ARSI A
BO9  respectively, calculated by differential zero crossing nmethod., According to the te JEXIE (R68(237,0,0))

310 Fig. 8(b), the tenperature below 3.5 km is higher than 0°C, and the relative humidity reaches over 90% at 3 km3.2 km. [%E%m T (R0 K 10 B, FHEE: B ]
311 Therefore, it can be determined that the strong signal appearing near 3 km in the atmosphere is water cloud.

312 4.2.2 The optical and microphysical parameter profiles

313 Fgure 9 shows the observed sigmals ofthe lidar experiment near 5 o'clock on September 16, 2022, as well as the retrieved
314  optical and micophysical parameters. Figure 9(a) isthe dual wavelength RSCS with enhanced signal in the cloud, especially
315 at 1064 nm Hgure 9(b) shows the volume depolarization ratio profle. The volume depolarization ratio inaerosols and clouds
316 is less than 0.05, indicating that the detected acrosols and clouds are spherical particles. Figure 9(c) show the dual wavelength
317 backscattering coeffcient profles at 355 nm and 1064 nm, while Fig 9(d) is the ratio of backscattering coefficients at 355 nm
318 and 1064 nm ie, backscatter color ratio (Wang et al., 2023b).
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Figure9. Lidar observation resultsat 05:00-05:02 September 16, 2022(CST). (a)D ual-wavelength RSCSs, (b)depolarizationratio,
(c)backscatter coefficients, (d)backscatter colorratio, (e)effectiveradius, (fjnumber concentration.
The depolarization ratio of aercsols below the cloud layer does not change significantly, indicating that aerosols are
wibrmly mixed. Based on the nversion algorithm, the effective radius and number concentration profiles are calaulated, as

shown in Fg. %e) and 9(¥, respectively. Jn the process of cloud shown in Figure 8. the aerosol hygroscopicity increase plays ... [ #HBRARN

& VB
an important role. According to Figure 8b, the relative humidity reaches 100% near 3km, and below 3km_the relative humidity JE X (R68(237,0,0))

wik: (RS0 Kk, 10 B, FREE: H ]

is less than 100%. Therefore, the aerosol lookup table is used below the doud base oOr the retrieval of acrosol profles, and the & X i (RGB (237, 0, 0))

....,.,...-[ﬁ#&ﬁm: S0k (B30 KK 10 B, FhHE: B ]

cloud doplet lookup table is used above the cloud base (gray shaded area). The effective radius of aerosols under cloud layer
ranges fom L1 to 13 pm and the concentration fuctuates between 17and 43060 an®, and the valwes decrease with increasing
height. At the doud base, the effective radius reaches 1.6 pm and the concentration is 20 an®. As the height above the cloud

base increases, the effective radius and number concentration both show an inareasing trend. Jhe error bars inFig. 9 represent

(#
&, 10 5, JEIH, AR A FTE

the uncertainty of theinversion result. The aror of backscattering coefficient and backscatter color ratio is determined the (RGB(237, 0, 0))

WM TR (BRI Times New Roman, (H130) R ’

signal-to-noise ratio of the LiDAR system and the error of the optical parameter inversion algoritim. The error bar of the

Criors.

Figure 10 shows the observed signals of the lidar experinent at 7:20 on September 16, 2022, as well as the retrieved optical«- (BRI Gk W% 1 2R

and micophysical parameters. Compared with Figure 9, RSCS (Fig 10(a)) and backscatter coefficients (Fig 10(c)) in the
cloud layer increases significantly. From Hg. 10(b), the depolarization ratio increases above 32 km, and it should be caused
by multiple scatering or low sigmal-to-noise ratio. The effective radius and numerical concentration of aerosols under the
clouds in Fig. 10 show litle change compared to Fig. 9. The number concentration in the clouds shown in Fig. 10() has
significantly increased, reaching ~2000 ont®, but the effctive radius didn’t change obviously, about 1-2 um, see Fig. 10(e).

Agoording toFig 8 (b). it can also be observed that there is a significant inversion layer at 3.2 km, so itis normal _Hr_there to A R AT B U (RGB(237, 0, 0))

be more aerosol accumulation below the nversion layer.
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4.3 the observation results of cloud process

Figure 11 shows the THI of color ratio. In the region with cloud, the color ratio is relatively smell, about 0.5-2, and the

color ratio of aerosols is relatively large, about 2-7.
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Fgure 11 Inversionresults of backscatter color ratio at 03:00-10:00 September 16,2022 (CST).
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(aE fective radius, (bynunber concentration.
Fgure 12 shows the changes of effective radius and paticle number concentration (displayed in logarithmic ©rm). The<’
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observation results can be separated intofour stages, marked with “1/2/3/4” in Fig 12._Jhere are no clouds in regions 1 and 2, .
but based on thelidar echo signal we can see a more obvious signal growth and change process., Stage 1: From 03:00 to 04:30, .

WA Tk 10 B TR A UG
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AN TR e UFE (RGB(237,0,0))

£louds have not yet Hroed, but an obvious layer of aerosol at 32 km withan average thickness of 180 m can be seenyvhich
isthee ceof cloud—formmation areis-an o i e—thickne 80—m—and tThe effective

4[%4@5&9@: FR 10 By, TG 5 P
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= 2 4 ‘.. = Sk

s the early stace of cloud formatic hereis an aerosol lave 2 km with anaverage thickness o 0
radius and nurber concentration are relatively small, ranging fiom 12 to 1.5 ym and from 85 an®-20.6 cnf . Stage 2: 04:30- [ WA : A [ UHE (RGB(237, 0,0))
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05:06, during which the echo signal of the lidar is enhanced, the particles radius increase, and the effective radius incaeases to
14-1.8 pm The concentmtion range is 133 cm >-256 cni’. Stage 3: Fom 05:00t008:30, gloud droplets generated and cloud

--------- [ WHRW: =
(RGB(237, 0, 0))

K10 B, FABIE: HEXHIE

layer,appeared the—cloud-laye—hideens, tThe echo sigml intensifies shaply and the efective radius and nurber concentration ]

increase significantly, with the effective radius of 1.5-53 pm and the concentration of 18.7 cn’-2853.5 oni’. Due to the
increase of number concentration, the laser camnot penetiate the cdoud layer. Sage 4 From 0830 to 10:00, the cloud layer
rises and the cloud base height inareases fom 2.5 km to327 km The effective radius inside the cloud emains unchanged,
but the numerical concentration decareases. At 9:40, the doud signal disappeared, possibly due tothe cloud leaving the field of

view of lidar and unable to be observed.

5. Conclusion and Discussion

This study proposes a nethod to estimate the microphysical parameters of amosphere aerosols and small cloud droplets <

wsing two optical parameters. Assuming Gamma distribution, the efective radius and number concentration of aerosols or
snall cloud droplets can be calculated using the backscatter color ratios of 355nm and 1064nm wavelengths. An atmosphere
dbservation experiment was conducted using the multi-wavelength Lidar, and the effctive radus and nunber concentration
were retrieved. The results indicate that the algorithm is stable and reliable.

This a gorithm has sinple hardware requirements or lidar, equiring only two wavelengths to achieve the retrieval of
microphysical paraneters. At the same tine, the algorithm issinple and can obtain stable data inversion results. It is suitable
br the retrieval of cloud droplet generation process and acrosol with uniform mixing and relatively stable composition. The
limitation ofthis al gorithm is that itrequires assuming thecomplex refractive index of particles. The complex refactive index
of acosols varies greatly, and incorrect assumptions about theconplex refactive index can have a certain inpact on the results.
Farthernore, this algorithm is not applicable ©r wetrieval of large particle sizes ¢adius>10 pm). To detect larger particle sizes,
millimeter wave doud radar and lidar can be used fr joint observation. We will carry out this work inthe future.
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