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Abstract. The Cloud-Aerosol Lidar with Orthogonal Polar-
ization (CALIOP) on board the Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation (CALIPSO) satellite
has been widely used in climate and environment studies to
obtain the vertical profiles of atmospheric aerosols. To re-
trieve the vertical profile of aerosol extinction, the CALIOP
algorithm assumes column-averaged lidar ratios based on a
clustering of aerosol optical properties measured at surface
stations. On one hand, these lidar ratio assumptions may not
be appropriate or representative at certain locations. One the
other hand, the two-wavelength design of CALIOP has the
potential to constrain aerosol size information, which has not
been considered in the operational algorithm. In this study,
we present a modified inversion algorithm to simultaneously
retrieve aerosol extinction and effective radius profiles us-
ing two-wavelength elastic lidars such as CALIOP. Specif-
ically, a lookup table is built to relate the lidar ratio with
the /a\ngstr(jm exponent calculated using aerosol extinction
at the two wavelengths, and the lidar ratio is then determined
iteratively without a priori assumptions. The retrieved two-
wavelength extinction at each layer is then converted to the
particle effective radius assuming a lognormal distribution.
The algorithm is tested on synthetic data, Raman lidar mea-
surements and then finally the real CALIOP backscatter mea-
surements. Results show improvements over the CALIPSO
operational algorithm by comparing with ground-based Ra-
man lidar profiles.

1 Introduction

Atmospheric aerosols have important impacts on the phys-
ical and chemical processes in the atmosphere, as well as
the climate system and public health. Optical properties of
aerosols are critical in quantifying their radiative effects in
the Earth’s climate system. Moreover, the vertical distri-
bution of aerosol properties, such as extinction coefficient
and particle size, is one of the key elements to assess cli-
mate effect (IPCC, 2023). Direct aerosol radiative forcing,
which plays an important role in the Earth’s energy bud-
get, is impacted by the vertical distribution of aerosols, espe-
cially that of absorbing aerosols (Goto et al., 2011; Eswaran
et al.,, 2019; Zhang et al., 2022). The vertical profiles of
aerosol optical properties are also essential in estimating the
solar heating rate (Kudo et al., 2016) and in the establish-
ment of aerosol parameterization schemes for satellite re-
mote sensing (He et al., 2016). Although its importance is
widely recognized, aerosol vertical distribution is very dif-
ficult to monitor globally. Using lidar is a major technique
for obtaining the profiles of aerosol properties and has been
used in ground-based and satellite remote sensing systems.
In particular, spaceborne lidar is an effective way to observe
the global distribution of aerosols. The Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) on the CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob-
servation) satellite, the only long-term orbiting spaceborne
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lidar to date, was launched on 28 April 2006. CALIOP is
a three-channel Mie scattering lidar system, which contains
two wavelengths of 532 nm (perpendicular and parallel po-
larization channel) and 1064 nm. It is the first polarization
lidar to provide three-channel elastic backscatter signals of
global atmospheric measurements. The official aerosol re-
trieval algorithm of CALIOP involves three modules, namely
the Selective Iterated BoundarY Locator (SIBYL), the Scene
Classification Algorithm (SCA) and the Hybrid Extinction
Retrieval Algorithm (HERA). HERA requires a lidar ratio
(extinction-to-backscatter ratio of aerosols), which is pro-
vided by the SCA. The SCA uses three CALIOP channels
(532 parallel, 532 nm perpendicular and 1064 nm channels)
to obtain the lidar ratio from the six groups of assumed
column-averaged lidar ratios based on a clustering of aerosol
optical properties measured at surface stations (Winker et
al., 2009).

The lidar ratio is dependent on the chemical composition,
shape and particle size distribution of aerosols, as well as
the lidar wavelength (Burton et al., 2012), which is a crit-
ical parameter required for solving the Mie scattering lidar
equation using the Klett (Klett, 1985) or Fernald (Fernald,
1984) methods. Previous studies have developed algorithms
to determine the lidar ratio iteratively for two-wavelength
Mie scattering lidars. Potter (1987) first introduced the two-
wavelength lidar inversion technique to retrieve the aerosol
transmission with a constant lidar ratio in two independent
wavelengths. Ackermann (1997, 1998) developed an iterative
method to obtain the variable lidar ratio from two-component
(i.e., molecule and aerosol) atmospheres by transcendental
equations. Rajeev and Parameswaran (1998) proposed a new
method using Mie-theory-calculated aerosol optical proper-
ties with a Junge distribution of aerosols to determine the
lidar ratio by iteration. Lu et al. (2011) made an attempt to
improve the two-wavelength lidar inversion by the iterative
method but failed to consider the size distribution of aerosols,
which may introduce uncertainties in the inversion. More-
over, these studies mostly only gave the aerosol extinction
profile without retrieving the vertical distribution of aerosol
size information. The algorithms were also mostly applied to
theoretical data or ground lidar measurements. The applica-
tion to space lidars such as CALIOP is challenging and thus
limited.

In view of the above discussions, this study aims to pro-
vide a modified two-wavelength lidar inversion algorithm to
retrieve the vertical distribution of both the aerosol extinc-
tion and the particle effective radius, avoiding the complex
calculation confronted in the previous two-wavelength lidar
inversion methods. The algorithm is tested on synthetic data
and surface Raman lidar and is finally applied to CALIOP
measurements in order to better demonstrate its operational
feasibility. The paper proceeds with descriptions of the inver-
sion algorithm in Sect. 2. Section 3 presents the application
of the algorithm to the Raman lidar and CALIOP, with an
analysis of retrieval uncertainties provided in Sect. 4. The
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study concludes in Sect. 5 with a brief discussion in the con-
text of relevant lidar algorithms.

2 Description of the lidar inversion algorithm

The modified inversion algorithm retrieves the profiles of the
aerosol extinction and effective radius at two wavelengths by
solving the lidar equation using the Fernald method (Fernald,
1984) with a lookup-table approach in the iteration proce-
dure.

2.1 Solving the lidar equation

For each wavelength with a complete overlap between the
fields of view of the laser and of the receiver, the lidar equa-
tion with calibration and range correction can be expressed
as

P(R)R?
B (R) = % = [Bn (R) + Bp (R)] T (RYT (R), (1)
where
T2 (R) = e 2*R), (2)
R
T (R) = f o (r)dr. 3)
Ro

In Egs. (1)-(3), B’ (R) is the attenuated backscatter coeffi-
cients (calibrated and range-corrected signal) from distance
R; P (R) is the measured signal after background subtrac-
tion and artifact removal from distance R; E( is the aver-
age laser energy for the single shot; £ is the lidar system pa-
rameter; 8 (R) and o (R) are the volume backscatter and
extinction coefficient at range R, respectively; T2 (R) is the
two-way transmittance from the lidar to the scattering vol-
ume at range R; T (R) is the optical depth at range R; and the
subscripts m and p denote the portions of air molecules and
aerosols, respectively.

In order to facilitate calculation, the transmittance of air
molecules Tnz1 (R) is separated from B’ (R) to obtain E (R) as

BB

BTN

“)
As is well known, lidar back scatter signal is also subject to
multiple-scattering effects. These effects are typically small
for low to moderate aerosol loading and are only significant
for optically thick clouds (Winker et al., 2009). Therefore,
we neglect multiple-scattering effects here and consider the
lidar ratio (S (R)) of aerosols to be range dependent in single-
scatter approximation, which can be written as
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In the following, we use the Fernald method (Ackermann,
1998) to obtain the aerosol extinction coefficient at distance
R as

Op (R) = S(R) {E (R)eizfl?os(r)ﬁm(i’)dr |:C _y

R e Ny 178
/ E(r)S(r)e‘szos(’)ﬁ“‘(’)d’dr} —ﬁm(R)}, ©)
R

0

where

o

_ B’ (Ro)
Bp (Ro) + Bm (Ro)

@)

The backscatter and extinction coefficient of air
molecules can be determined with Rayleigh scattering the-
ory, with the observed atmospheric profile (Bodhaine et al.,

10 1999) as

Cs (1) P(R)

om (R, 3) = ==, ®)
T M, (1)

where P(R) and T (R) are the atmospheric pressure (hPa)
15 and temperature (K) at distance R, respectively. Cs (1) and

kv (1) are the atmospheric molecular constants related to the

wavelength A. Hostetler et al. (2006) suggested the values of

Cs (M) and kp,, (A) to be 532 and 1064 nm as Cs (532nm) =

3.742 x 107% (KhPa—' m~1), Cs (1064 nm) = 2.265 x 10~
2 (KhPa~!m™"), kpe (532nm) = 1.0313 and kp, (1604nm)
=1.0302.

Thus, the aerosol extinction coefficient profiles can be ob-
tained by Eq. (6) with an unknown variable of the lidar ra-
tio. The two-wavelength lidar can give two independent pro-
files of attenuated backscatter coefficients at different wave-
lengths, from which the aerosol extinction coefficient pro-
files can be calculated by assuming the lidar ratios at the two
wavelengths.

For two wavelengths (A1 and A,), the ;\ngstrijm exponent
(AE) at distance R is defined as

2

o

3

S

n [aP(R,m]
op(R,A2)
AE(R) = ————————=

M
In I:)‘_Z:I
Because AE is related to particle size distribution, which is
a primary factor determining the lidar ratio, an AE-lidar ra-
tio relationship can be established and used to determine the
ss lidar ratio at each layer, which can then be used to retrieve

aerosol extinction profiles from two-wavelength lidar mea-
surements.

(10)

2.2 Lookup table

By assuming a spherical particle size distribution, the aerosol
extinction coefficients and backscatter coefficients can be
calculated by Egs. (11)—(12):

Fmax

op (M) = Qe (A, r)r’n(r)dr, 1)

Tmin

Tmax

Op (A, r)rr2n(r)dr,

Bp(X) = 12)

T'min

where n (r) represents the volume size distribution of parti-
cles; rmax and rmin are the maximum and minimum of the
particle radius, respectively; and Q¢ (A,r) and Qy, (A, r) de-
note the extinction and backscatter efficiencies of the parti-
cle (the scatter factor of the particle at 180°) with size r at
wavelength A, respectively. The size parameter is defined as
x =2mr/x, where 1 < x < 50 for typical aerosols, and thus
Mie scattering theory (Mishchenko and Yang, 2018) can be
applied.

As the information provided by two-wavelength lidar is
limited, we assume the volume size distribution of aerosols
conform to the lognormal distribution, and the size distribu-
tion is expressed as follows (Deshler et al., 2003; Hara et al.,
2021):

_ (nr—lnrg)?
N e 2(1n.vd)2
9
rinsg/2m

where N is the total particle concentrations and rp and sq are
the median radius and the geometric standard deviation of
aerosol size distribution, respectively. The particle size dis-
tribution is represented by its effective radius (7.) defined as
(Veselovskii et al., 2002; Di Girolamo et al., 2022)

_ Sn@r)r’
Fe = W

For convenient calculation, we assume a constant sq for the
each aerosol type, and the relationship between AE and re
can be established with given r( values.

We choose the six types of aerosols with their parameters
in Table 1, which is consistent with the aerosol classifica-
tion used in the operational algorithm of CALIOP (Winker
et al., 2009). From Table 1, Type 3 denotes the scattering
aerosols and Type 2 shows both strong scattering and absorp-
tion, whereas other types have moderate scattering or are ab-
sorbing. Combining Egs. (5) and (10)—(14), the relationship
between the Angstrﬁm exponent (AE) and lidar ratio (§), as
well as that between AE and the particle effective radius (re),
can be formulated as lookup tables for different refractive in-
dices, as shown in Fig. 1. Note that in Fig. 1, it is easy to
determine S532nm, S1064nm and 7e by the unique AE calcu-
lated from the lidar equation for a fixed aerosol type.

n(r) = 13)

(14)
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Table 1. The aerosols parameters of the lookup table. m, denotes the real part of the refractive index, m; denotes the imaginary part of the
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refractive index and SD is the standard deviation of the lognormal size distribution.

Typel Type2 Type3 Typed4 Type5 Type6
my (532 nm) 1.414 1.517 1.380 1.404 1.400 1.452
m; (532 nm) 0.0036  0.0234 0.0001 0.0063 0.0050 0.0109
my (1064 nm) 1.495 1.541 1.380 1.439 1.400 1.512
mj (1064nm) 0.0043 0.0298 0.0001 0.0073 0.0050 0.0137
SD 14813 1.5624 1.6100 1.5257 1.6000 1.5112
@ » AE— Effective radius Ssazmm = S%anm
’ ’ ’ ' ’ S1064nm = Sfosmm
3 T Solving lidar equation
= —Type1 — —
g o[ Type 2 Extinction coefficient:
5 Type 3 Os532nm~ O1064nm
e Type 4
'% 04k Type 5 | Angstrom exponent : AE |
E 02k Type 6 AE - S Look-up tables
’ AE - r,Look-up tables
%5 o s 1 5 2 25 3 35 4 Lidar Ratio: S&32nm~ Stossnm

Angstrom exponent / AE

—
(=2
-

AE — lidar radio at 532 nm AE — lidar radio at 1064 nm

100 100
E & £ 80
E / \ c
o <
bl ©o
0 60 / g 60
2 / 2
& 40 B 4w
s I g
3 g !
= 20 B 20
0 0
-1 0 1 2 3 4 -1 0 1 2 3 4

Angstrom exponent / AE Angstrom exponent / AE

Figure 1. The lookup tables for (a) AE—effective radius, (b) AE—
lidar ratio at 532 nm and (¢) AE-lidar ratio at 1064 nm. The AE is
calculated using 532 and 1064 nm aerosol extinction coefficients.

2.3 The iterative inversion procedure

After constructing the lookup table, we design the follow-
ing iterative procedure to simultaneously retrieve aerosol ex-
tinction and effective radius profiles. Firstly, we calculate the
extinction coefficients (0532 nm and o1pog4nm) Of two wave-
lengths (532 and 1064nm) from an initial guess of the li-
dar ratios (Sg32 am and S?OG Anm) DY osolving the lidar equation
(Eq. 6), and then we obtain the Angstrom exponent (AE)
through Eq. (10). Secondly, the lookup tables are used to
determine a set of new lidar ratios (8535, and S}yesym)s
which is used to calculate the new 053 nm and 01964 nm and
Angstrom exponent (AE’). This procedure is repeated until
the difference between the updated AE’ and previous AE re-
duces to a very small value (e.g., 1073). The final AE is con-
verted to the effective radius from the AE—r. lookup table,
and the final values of 0532 nm> 01064 nm>» S532 nms 81064 nm and
re are the retrieved results of this layer. The above iterative
algorithm is summarized in Fig. 2.

Angstrom exponent: AE’

Effective radius:

Multiple iterations

_ o
5532nm - 5532nm

S. =S5
1064nm 1064nm

Solving lidar equation

Extinction coefficient:

Os532nm~ O1064nm

| Angstrém exponent : AE |

- S Look-up tables Angstrom exponent : AE’

Yes

Lidar Ratio: St32nm~ Sioeanm

AE - 7, Look-up tables

Output: 7o\ Os32nm -

O1064nm ‘

Figure 2. Schematic of the inversion algorithm (532nm and
1064 nm represent the two different wavelengths, respectively; S
is the lidar ratio; o is the aerosol extinction; AE is the Angstrém
index; re is the particle effective radius; 59 is the initial value of the
lidar ratio; and S’ and AE’ are the lookup values of the lidar ratio
and Angstrbm index, respectively).

Although in theory our algorithm can retrieve the aerosol
extinction and effective radius at each layer, in reality the
measurement noise may cause the inversion of certain lay-
ers to fail to converge. In these cases, we assume that this
layer has the same aerosol type and size distribution as its
adjacent layer, and then these two layers are combined into a
new layer to continue with the inversion.
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Attenuated backscatter coefficient profiles
in different wavelengths

10 T

—532nm
—1064nm

Height (km)

0 0.5 1 1.5 2
Attenuated Backscatter (km'1) %103

Figure 3. The attenuated backscatter coefficient profiles at different
wavelengths using synthetic data.

2.4 Test of the algorithm with synthetic data

For verifying the feasibility of the inversion algorithm, we
first conduct some retrieval tests using synthetic data from
Mie scattering and radiative transfer simulations. We assume
a hypothesized profile of the effective radius and backscatter
and extinction coefficients of the aerosols, and use the U.S.
Standard Atmosphere model of 1976 (National Geophysical
Data, 1992) for molecular scattering, and calculate the at-
tenuated backscatter profiles according to the lidar equation.
We then apply our algorithm to retrieve the aerosol property
profiles from these simulated lidar signals and compare them
with the initial assumptions.

We only present the results for the reflective aerosol
model, and results for other aerosol types are similar. The
simulated attenuated backscatter profiles for the two wave-
lengths are shown in Fig. 3, and the results of our inversion
and their comparison with the assumed profiles are shown
in Fig. 4. It is clearly seen that the results of the inversion
are in good agreement with the assumed profiles. The MAPE
(mean absolute percentage error) values between retrieved
and assumed profiles of the extinction coefficient, average
particle effective radius and lidar ratio are all below 0.1 %,
which proves the validity of the algorithm in theory. Note
that typically, the selection of aerosol type is critical as an
incorrect assumption regarding the aerosol refractive index
will result in divergence of the algorithm and thus yield no
valid retrieval. This also helps us to determine the appropri-
ate aerosol type, i.e., the type that yields the best retrieval
results.

3 Application to real lidar measurements

Before applying our algorithm to CALIOP measurements,
we first use Raman lidar measurements to test its accuracy as

Extinction coefficient at 532 nm Lidar ratio at 532 nm

5

Type 1
== Assumed profile
——Inversion profile

Average particle effective radius
—T T

Height (km)

o 4« N © & o o N ® ©
Height (km)

o 4 N © & o o N ® ©

0 002 004 006 008 0.1 50 55 60 65 70
a, (km) i Ssaznm

Extinction coefficient at 1064 nm Lidar ratio at 1064 nm

5

Height (km)
«
L

Height (km)

A0 2 N ® & o o N ® ©

8

Height (km)
o 4« N © & o o N ® ©

PR S '
04 045 05 055 06 065 50 60 70
Effective radius (um) s

0 002 004 006 008 0.1

a, (km) 1064nm

Figure 4. The result of the inversion algorithm using the synthetic
data shown in Fig. 3.

Raman lidars can directly retrieve aerosol extinction profiles
without assuming a lidar ratio.

3.1 Application to Raman lidar measurements

A Raman lidar (model LR231-D300, Raymetrics S.A.,
Greece) is installed on top of an eight-floor building at the
Peking University site (39°59'N, 116°18’ E; 53 m above sea
level (ma.s.l.)). It can provide the extinction and backscat-
ter coefficients at 532 nm by Raman inversion (Ansmann et
al., 1990) without the need to assume the lidar ratio. To test
our inversion algorithm, we apply it to the elastic backscatter
signals at 532 and 1064 nm and compare the retrieved ex-
tinction profile at 532 nm with that retrieved with the Raman
method. Note that the 1064 nm extinction is estimated using
the Angstrom relationship of Eq. (10) and we assume that
the 532-1064 nm AE equals the 355-532nm AE. We apply
the modified inversion algorithm to the cases of four differ-
ent aerosol types. To facilitate the determination of the initial
value, we use the method of remodeling downward attenu-
ated backscatter from ground-based lidar (Tao et al., 2008)
to reconstruct the Raman lidar measurements at wavelengths
of 532 and 1064 nm, which are shown in Figs. 5a, 6a, 7a and
8a.

We examined four cases in December 2017, as shown in
Figs. 5-8. The cases on 2 and 21 December 2017 both in-
dicate that the extinction coefficient decreases sharply with
altitude, and the maximum values occur near the ground
(Figs. 6b, 7b). The other two cases on 1 and 23 December
show the features of an elevated aerosol layer with maxi-
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Remodeling inversion on 2017-12-01 21GST (Type 3)
(a2)5 Remodeling Backscatter (b35Extlnc\Ion profiles at 532nm 2 5 idar ratio profiles at 532nm 25 Particle radius profile
532nm
+1064 nm|
2 2 2 2
=15 =15 =15 =15
E E E E
< < = <
Y Py Py Y
8 3 $ 3
2 2 2 2
< 1 < 1 < 1 < 1
05 05! 05 05
0 0 0
0 0.005 0.01 o 0.2 04 06 20 30 40 0 0.2 04

Backscatter o (km) Lidar ratio Effective radius (um)
»

Raman This algorithm

Figure 5. (a) Remodeled downward attenuated backscatter profiles
measured by Raman lidar in Peking University (PKU) on 1 De-
cember 2017; (b) the extinction profiles inversed by the modified
inversion algorithm (red) and Raman lidar (blue); (c) the particle
effective radius profiles.

Remodeling inversion on 2017-12-02 21GST (Type 4)
(d)

(a)s Remodeling Backscatter (b)a Extinction profiles at 532 nm (C)a Lidar ratio profiles at 532nm Particle radius profile

532nm
— — -1064nm|
25 25 25
2 2 2
£ B E £
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2 2 2 2
2 2 ] <
1 1 1
05 05 05 {\‘
0 0 0
0 0.005 001 0 05 1 15 0 50 100 0 02 0.4

Backscatter o (km™) Lidar ratio Effective radius (um)
(3

Raman

This algorithm

Figure 6. The same as Fig. 5 but on 2 December 2017.

mum extinction found above the surface. In all four cases,
our retrieval results (red curves) agree well with those re-
trieved by the Raman method, with MAPE less than 30 %
in the extinction coefficient profiles. The lidar ratio profiles
retrieved by our algorithm also agree well with those ob-
tained from the Raman method in some ranges, except spikes
at the highest or lowest point, which may be caused by the
uncertainty of the boundary. The aerosol particle effective
radius slightly increases with altitude, and the peak (corre-
10 sponding to ~ 0.1 um) appears at ~ 0.7 and ~ 1.7km on 1
and 23 December 2017 (Figs. 5d, 8d), respectively. Simi-
lar results were found by Zhang et al. (2009) and Cai et
al. (2022) with aircraft measurements over Beijing and the
Loess Plateau in China, respectively, which are mainly as-
1s sociated with long-range aerosol transport. The variability in
particle effective radius profiles in Fig. 6d is a typical fea-
ture of a low (and stable) PBL (planetary boundary layer),
which results in both particles and water vapor accumulating
near the PBL top, and thus remarkable hygroscopic growth
20 of particle size may occur (Yang et al., 2020). The case for

3
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Remodeling inversion on 2017-12-21 20GST (Type 1)
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Figure 7. The same as Fig. 5 but on 21 December 2017.

Remodeling inversion on 2017-12-23 02GST (Type 5)
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Figure 8. The same as Fig. 5 but on 23 December 2017.

21 December (Fig. 7d) shows a relatively large particle size
below ~ 1.4 km but sharply decreases. This is likely related
to the domination of local pollution and insignificant PBL
temperature inversion (Li et al., 2022; Liu et al., 2009; Zhang
et al., 2009).

3.2 Application to CALIOP measurements

We further apply our algorithm to real CALIOP measure-
ments. To test its performance, we collocate CALIOP pro-
files with those from surface-based Raman lidar measure-
ment within the European Aerosol Research Lidar Net-
work (EARLINET; https://www.earlinet.org/index.php?id=
earlinet_homepage, last access: 4 January 2022) (Matthias et
al., 2004). Aerosol profiles from the Naples (southern Italy;
40.838°N, 14.183°E; 118 ma.s.1.), Evora (south-central Por-
tugal; 38.5678°N, —7.9115°E; 293ma.s.l.) and Warsaw
(east-central Poland; 52.21°N, 20.98°E; 112ma.s.l.) sta-
tions, which have the best match with CALIOP and high
data quality in cloudless sky, are primarily used to validate
the retrieval results. The CALIPSO overpass times for the
chosen cases and the corresponding horizontal distances be-
tween the sub-satellite point and ground-based Raman lidar
site are listed in Table 2.
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Table 2. Information about collocated EARLINET and CALIPSO
cases.

Horizontal

Station Time (UTC) distance (km)
Naples 20 Aug 2006, 01:17:25 0.0708
20 Jun 2007, 01:17:57 0.0808

8 Jul 2008, 01:18:43 0.0690

2 Aug 2008, 01:13:02 1.3246

9 Aug 2008, 01:19:14 0.0807

29 Sep 2009, 01:21:03 0.0778

Evora 5 Apr 2019, 02:47:48 0.0863
13 Jan 2020, 02:54:00 0.0164

18 Mar 2020, 02:55:43 0.0009

Warsaw 15 Aug 2015, 01:19:14 < 0.0001
31 Mar 2020, 01:13:38 0.0177

To compare with the lidar returns measured by
CALIOP (downward-looking) and ground-based Raman li-
dar (upward-looking), we still use the method of remodel-
ing downward attenuated backscatter from ground-based li-
dar (Tao et al., 2008) to reconstruct the downward attenu-
ated backscatter signals for the ground-based Raman lidar.
The attenuated backscatter signals of CALIOP was averaged
for 163 nearby sub-satellite point profiles (CALIPSO ground
track range of about 30 km within 8 s) (Lu et al., 2011; Wang
et al., 2007), obtained from CALIOP level-1B products, to
improve the signal-to-noise ratio.

The attenuated backscatter profiles at 532nm from
CALIOP agree well with those from the Naples Raman li-
dar (NRL), as shown in Figs. 9a, 10a, 11a, 12a, 13a and 14a.
The initial altitude of inversion (the upper boundary of the
aerosol layer) is determined by the variation in the attenuated
backscatter signal and volume linear depolarization ratio at
532 nm. Comparison between our inversion results, CALIOP
operational results and Raman results is shown in Figs. 9c,
10c, 11c, 12¢, 13c and 14c.

The CALIOP operational product only provides retrievals
for three cases considered, namely 20 August 2006 and
20 June and 22 July 2007. In all three cases, the aerosol
extinction profiles of our algorithm (red curve) appear to
have better consistency with Raman lidar results, and our al-
gorithm reduces the mean MAPE between the retrieval of
extinction profiles in CALIOP and Raman lidar from 74 %
(CALIOP operational product) to 37 %. Our algorithm suc-
cessfully corrects the overestimation for the 20 August 2006
and 22 July 2007 cases. For the 20 June 2007 case, the opera-
tional results show a lower peak at ~ 1.7 km and a secondary
peak at ~ 4 km, both of which are absent in the Raman pro-
file, and our results agree well with Raman in both the shape
and the magnitude. In the other three cases, CALIOP does
ss not provide level-2 retrieval results. Our algorithm is able
to perform retrievals, and the extinction profiles agree well
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Figure 9. The 532 and 1064 nm attenuated backscatter profiles mea-
sured by CALIOP (solid black line with circle marker) and NRL
(remodeling, solid black line) on 20 August 2006 in a logarithmic
scale in the horizontal direction (a); panels (b), (¢) and (d) show the
extinction profiles, lidar ratio profiles and particle radius profiles,
respectively, provided by our inversion algorithm (red), CALIOP
operational level-2 product (black) and EARLINET level-2 product
(blue).
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Figure 10. The same as Fig. 9 but on 20 June 2007.

with Raman lidar observations. Our retrievals do show more
fluctuations compared to Raman lidar, possibly due to the
noises in the attenuated backscatter profiles of CALIOP. Be-
cause Raman lidar does not provide retrieval of aerosol ef-
fective radius profiles, we compare the lidar ratio profiles by
our algorithm and the Raman algorithm. Overall, our algo-
rithm produces lidar ratios varying in a relatively small range
around 50, whereas Raman lidar ratios can vary from ~ 10
to 200. Also, the Raman lidar ratios tend to change sharply
at the highest or lowest point, which may be caused by the
inversion errors at the boundary. By removing these spikes,
the differences in the lidar ratio between CALIOP and Ra-
man are obviously reduced. In general, the aerosol particle
effective radius increases with altitude, similarly to Figs. 5d
and 8d, but the fluctuations in the profiles may also be caused
by the noise in the CALIOP measurement.
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Figure 11. The same as Fig. 9 but on 22 July 2007.
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Figure 12. The same as Fig. 9 but on 8 July 2008.

When examining the CALIOP backscatter measurements,
we found that the backscatter signal at 1064 nm is often
stronger than that at 532 nm after 2010, which is unphys-
ical and possibly due to issues such as calibration and li-
dar degradation. As a result, the remodeled backscatter pro-
files of CALIOP appear noisier and do not exactly match
those from Raman lidar for the Evora and Warsaw stations,
which only have collocated measurements in 2019 and 2020
(Figs. 15a, 16a, 17a, 18a, 19a). Our retrieved extinction pro-
files also agree reasonably well with those by Raman lidar
(Figs. 15b, 16b, 17b, 18b, 19b), with the lidar ratio profiles
and aerosol particle effective radius profiles similar to the
cases at Naples. By contrast, the extinction profiles of the
official CALIPSO product show large deviations from the
15 Raman profile with unphysical spikes (Fig. 16b), incomplete

profiles (Figs. 17b, 18b) or no retrievals (Fig. 15b).

3

o

4 Uncertainty analysis

Uncertainties in aerosol extinction and effective radius pro-
files retrieved by our two-wavelength inversion algorithm are
20 mainly due to measurement noise (e.g., the signal statistical
error, the estimations of molecular optical properties), cali-
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Figure 13. The same as Fig. 9 but on 9 August 2008.

Comparison of CALIOP and EARLINET in Naples at 532 nm on 2009-09-29 (Type 4)
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Figure 14. The same as Fig. 9 but on 29 September 2009.

bration errors and assumption errors. In this section, we fur-
ther examine the errors associated with the assumptions in
the algorithm.

First, the single-scattering approximation is used in solv-
ing the lidar equation, as multiple-scattering effects in
aerosol layers are generally small and are currently neglected
for CALIOP (Winker et al., 2009). We limit the application
of our algorithm to clear-sky weather conditions to reduce
this error, but this error is very difficult to quantify.

Second, the errors in the aerosol refractive index, size dis-
tribution and sphericity assumptions in lookup tables can also
introduce errors into solving the lidar equation. The lognor-
mal distribution assumption of the aerosol volume size dis-
tribution may make the algorithm fail to converge in other
actual size distributions. For example, using data generated
by a Junge distribution (a simpler aerosol size distribution),
the algorithm cannot yield valid retrieval results. A similar
outcome is noted for non-spherical particles or aerosol types
significantly different from the assumed type.

Finally, we consider assumption and retrieval uncertainties
to be a perturbation in the lidar ratio and attempt to quantify
their effect on the retrieved profiles. We increase the lidar ra-
tio profiles at 532 and 1064 nm from the lookup tables by
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Comparison of CALIOP and EARLINET in Evora at 532nm on 2019-04-05 (Type 2)
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Figure 15. The 532 and 1064 nm attenuated backscatter profiles
measured by CALIOP (solid black line with circle marker) and the
Evora Raman lidar (ERL) at the Evora station (remodeling, solid
black line) on 20 August 2006 in a logarithmic scale in the horizon-
tal direction (a); panels (b), (c) and (d) show the extinction profiles,
lidar ratio profiles and particle radius profiles, respectively, provided
by the modified inversion algorithm (red), CALIOP level 2 (black)
and EARLINET level 2 (blue).
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Figure 17. The same as Fig. 15 but on 18 March 2020.

Comparison of CALIOP and EARLINET in Warsaw at 532 nm on 2015-08-15 (Type 1)
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Figure 16. The same as Fig. 15 but on 13 January 2020.

410 % before calculating the synthetic attenuated backscat-
ter profiles, which means the synthetic data do not entirely
match the lookup table. The retrieval profiles exhibit mean
MAPE of less than 14 % (in the 10 % case) and 17 % (in the

s —10 % case), indicating that the algorithm is comparatively
robust to noise.

5 Summary and discussion

In this study, we described a modified lidar inversion algo-
rithm to retrieve the aerosol extinction and size distribution
10 simultaneously from two-wavelength elastic lidar measure-
ments. Its major advantage over the operational CALIOP al-
gorithm is that the lidar ratio of each layer is determined it-
eratively by the lidar ratio—AE lookup table. The algorithm
was applied to the ground-based Raman lidar measurements

005 04
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10?2 o
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015 0 100 200 0 05 1
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CALIOP (Official algorithm)

WRL (Raman) |

Figure 18. The 532 and 1064 nm attenuated backscatter profiles
measured by CALIOP (solid black line with circle marker) and the
Warsaw Raman lidar (WRL) at the Warsaw station (remodeling,
solid black line) on 20 August 2006 in a logarithmic scale in the
horizontal direction (a); panels (b), (¢) and (d) show the extinction
profiles, lidar ratio profiles and particle radius profiles, respectively,
provided by the modified inversion algorithm (red), CALIOP level 2
(black) and EARLINET level 2 (blue).

at the PKU site, as well as to CALIOP measurements. The
comparison results indicate that the retrieved aerosol extinc-
tion coefficient profiles using our method with CALIOP at-
tenuated backscatter measurements are in good agreement
with Raman lidar measurements. Characteristics of aerosol
effective radius profiles are also retrieved, which can be used
as a reference for aerosol size information.

In comparison with the iterative method by transcenden-
tal equations (Ackermann, 1997, 1998), our inversion uses
lookup tables to simplify the complex calculation. Cao et
al. (2019) develop a lidar ratio iteration method to invert
the particle size distribution with an assumed Junge distri-
bution, but the method was just used in simple simulation
without actual tests. Although Lu et al. (2011) invert the
aerosol backscatter coefficient profiles from CALIPSO lidar
measurements by the iterative method, they failed to consider
the size distribution of aerosols, which may have introduced
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Figure 19. The same as Fig. 18 but on 31 March 2020.

uncertainties into the inversion. Compared with other modi-
fied CALIOP inversions by combining other measurements,
such as ground-based lidar (Wang et al., 2007), our inversion
is weaker because of the space—time limitations.

s Additionally, this study still bears certain other limita-
tions. The current algorithm is primarily suitable for fine-
mode spherical particles, such as those that cause urban pol-
lution, and considers the change of aerosol size (and thus the
lidar ratio) with altitude due to long-range transport, verti-

10 cal mixing, hygroscopic growth, etc. Non-spherical particles
such as dust will be explored in the next step, possibly by
taking advantage of the depolarization ratio (Gialitaki et al.,
2020; Kahnert et al., 2020; Luo et al., 2022; Luo et al., 2019)
measurement that is not used here. Another drawback is that

15 although the algorithm does not need to assume a lidar ra-
tio, the complex refractive index still needs to be assumed.
As discussed above, the lidar ratio is very sensitive to the
imaginary part and an incorrect assumption may induce er-
rors or even makes the algorithm unable to converge. There-

20 fore, this algorithm is mostly suitable when there is no sig-
nificant change in aerosol type vertically. Finally, the polar-
ization channel of CALIOP may contain additional aerosol
type information but is only used when determining the ini-
tial refractive index (excluding dust) here. We also plan to

25 refine our lookup table by incorporating polarization in order
to improve the accuracy of the retrieval.
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