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Abstract. The extinction-to-backscattering ratio, popularly known as lidar (light detection and ranging) ratio of
atmospheric aerosols is an important optical property, which is essential to retrieve the extinction profiles of
atmospheric aerosols. Lidar satellite observations can provide the global coverage of atmospheric aerosols along
with their vertical extent. NASA’s Cloud-Aerosol Lidar with Orthogonal Polarisation (CALIOP) on-board Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) is the only space-based platform
available so far, that provides the vertical profiles of extinction due to atmospheric aerosols. A physics-based
theoretical approach is presented in the present paper that estimates lidar ratio values for CALIPSO aerosol
models, which can be used as inputs to determine the extinction profiles of aerosols using CALIPSO data. The
developed methodology was also qualified by comparing it with the lidar ratio values derived using AERONET
datasets. Lidar ratio for CALIPSO aerosols models were estimated in the range of 38.72 sr to 85.98 sr at 532 nm
whereas, at 1064 nm lidar ratio varied between 20.11 sr to 71.11 sr depending upon the aerosol type and their size
distributions.

Aerosols are compositions of various particles and thus the presence of water vapour in the atmosphere can affect
the optical properties of the aerosols. Thus, the effect of relative humidity on lidar ratio was studied using Optical
Properties of Cloud and Aerosols software tool (OPAC) aerosol models, which are the standard aerosol models
against the cluster classified AERONET and CALIPSO aerosol models. Water soluble particles contribute
substantially in clean continental, clean marine, tropical marine and desert aerosol models and are hygroscopic in
nature. Hygroscopic sulfate particles dominate the Antarctic aerosols during summertime. In presence of relative
humidity between 0 — 80%, the lidar ratio values were observed to decrease from 53.59 sr to 47.13 sr, 53.66 sr to
47.155sr,53.70 sr to 47.16 sr and 55.32 sr to 48.78 sr at 532 nm for clean continental, clean marine, tropical marine
and desert aerosols, respectively, whereas lidar ratio gradually increased from 47.13 sr to 51 sr, 47.15 sr to 51 sr,
47.16 sr to 51 sr and 48.78 sr to 51.68 sr, respectively for these aerosol models when relative humidity was
between 80 — 99%; due to constituent hygroscopic particles. In case of Antarctic aerosols, the lidar ratio was
observed to increase from 57.73 sr to 97.64 sr due to hygroscopic sulfate particles that backscattered heavily in
presence of water vapour at 532 nm. The soot particles dominate the polluted continental and polluted marine
particles causing an increase in lidar ratio over corresponding clean counterpart. Similar results were observed at
1064 nm for OPAC aerosol models.

1 Introduction:

The light detection and ranging (lidar) measurements are considered appropriate to retrieve the range-resolved
values of vertical backscatter and extinction profiles of tropospheric aerosols. The single scattering lidar equation

is solved in order to determine extinction and backscatter profiles of aerosols, which depends on the ratio of
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extinction-to-backscatter coefficient, known as lidar ratio. Thus, estimation of lidar ratio is essential to solve the
lidar equation and important in the study of climatic impact of aerosols.

Many researchers have reported the lidar ratio estimation as a part of retrieval of extinction and backscatter profiles
of tropospheric aerosols using ground as well as satellite data. Takamura et al. (1994) derived lidar ratio combining
the measurements from lidar, sunphotometer and optical particle counter. Lidar ratio can be directly estimated
using the Raman lidar. Ansmann et al. (2002) demonstrated that the lidar ratio retrieved using Raman lidar can be
used to retrieve extinction profiles of the aerosols using elastic backscatter lidar. The National Aeronautics and
Space Administration’s (NASA’s) Cloud-Aerosol Lidar with Orthogonal Polarisation (CALIOP) on-board Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) launched in 2006 is the only available
source of satellite data to retrieve vertical profiles of tropospheric aerosols. CALIOP is an elastic backscatter lidar
(Hunt et al. 2009) that records the backscattered photon counts due to tropospheric aerosols and the vertical
extinction and backscatter profiles of aerosols are retrieved solving the single scattering lidar equation (Young
and Vaughan 2009). This retrieval process uses a look-up table approach for lidar ratio in order to solve the lidar
equation. The lidar ratio selection scheme used for CALIOP-CALIPSO products is based on cluster analysis of
aerosol measurements using data recorded at several AERONET network stations spread across the globe (Omar
et al. 2009, Young and Vaughan 2009). Thus, a novel theoretical approach is presented in this paper to retrieve
the lidar ratio for CALIOP-CALIPSO aerosol models.

The lidar ratio depends on two optical properties viz. extinction coefficient and backscattering coefficient and
thus, it depends on the incident wavelength, refractive index and the size distribution of the aerosols. In real
atmospheric conditions, aerosols exhibit different shapes and sizes and are composed of various kinds of
compounds. In addition to this, various aerosol components are affected due to variations in relative humidity.
Thus, it is essential to study the variations in lidar ratio due to different atmospheric conditions for various
compositions of aerosols. Salemink et al. (1984) reported a linear increase in the lidar ratio when relative humidity
was increased from 40% to 80% during a field experiment details of which are not mentioned in the paper.
Ackermann (1998) has reported a numerical study of lidar ratio with respect to variations in relative humidity for
Nd:YAG wavelengths for continental, maritime and desert aerosol models where author has considered some
hypothetical cases for number mixing ratios of the aerosol components. He has established a non-linear
relationaship between relative humidity and lidar ratio. Zhao et al. (2017) used Mie theory and k-Kohler theory
to study the influences of aerosol hygroscopic growth on lidar ratio and used in-situ data collected during a field
campaign to establish a relationship between lidar ratio and relative humidity. Dusing et al. (2021) has also
established a non-linear relationship between lidar ratio and relative humidity for Central European aerosols using
in-situ data. Optical properties of aerosols are important to study the radiation balance of the Earth and climate
change. Optical Properties of Cloud and Aerosols (OPAC) software tool facilitates with the dataset of optical
properties of the aerosols and clouds and a program to extract these datasets. The standard global aerosol models
are considered in OPAC as given in d’ Almeida et al. (1991) and Hess et al. (1998). Component mixing in aerosols
is based on particle number densities, which are independent of relative humidities in OPAC. However, this will
affect the aerosol lidar ratio.

Several authors have reported different lidar ratio values for different aerosol models using a variety of
methodologies. d’Almeida et al. (1991) have reported values of 16-22 sr for clean marine and desert models at

ruby wavelength when lidar ratio was estimated as ratio of extinction coefficient to phase function at 180°. They
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have reported a value up to 80 sr for Antarctic aerosols at ruby wavelength. Anderson et al. (2000) have showed
a variation of 8 to 95 sr in lidar ratio values for polluted continental model at 532 nm using nephelometer data.
Omar et al. (2009) have reported lidar ratio values for desert, smoke, clean continental, polluted continental, clean
marine and polluted dust aerosols at 532 nm and 1064 nm varying between 20-70 sr using AERONET data. These
values are reported with 30% uncertainty and are selected as lidar ratio in CALIPSO-V1 operational algorithms.
The lidar ratios for polluted dust aerosols are updated to 55 sr and 48 sr at 532 nm and 1064 nm, respectively, in
CALIPSO-V3 operational algorithm whereas lidar ratio for clean continental aerosols is updated to 53 sr at 532
nm in CALIPSO-V4 operational algorithm (Kim et al. 2018). Lopes et al. (2013) have reported a regional study
in Brazil about lidar ratio selection algorithm for CALIPSO data only at 532 nm using AERONET sun
photometers. They have reported the similar values for all aerosol models as used in CALIPSO-V1 algorithm by
Omar et al. (2009) except for polluted dust in which case the lidar ratio value is updated to 55 sr. Li et al. (2022)
have assessed CALIPSO-V4 lidar ratio selection algorithm by retrieving lidar ratios as combination of CALIPSO
columnar attenuated backscatter and Synergised Optical Depth of Aerosols (SODA) algorithms. This study has
ignored clean continental aerosols and has proposed elevated smoke and dusty marine aerosol models with lidar
ratios of 47 sr and 32 sr, respectively; during night at 532 nm.

The present study reports a theoretical approach for estimation of lidar ratio from various sources, such as aerosol
models reported by Hess et al. (1998) (OPAC aerosol models), Omar et al. (2005 and 2009) for wavelengths 532
nm, 673 nm and 1064 nm (CALIPSO and AERONET aerosol models). The variation in lidar ratio with respect to
relative humidity was also studied at Nd:YAG wavelengths using OPAC (Hess et al. 1998) aerosol models. Hess
etal. (1998) have reported aerosol models as composition of various components contributing to different aerosol
types whereas Omar et al. (2005 and 2009) have reported aerosol models in terms of contribution from fine and
coarse particles i.e. in terms of aerosol sizes. As mentioned earlier, theoretical approach for lidar ratio estimation
using Mie theory is still a gap area for CALIPSO and OPAC aerosol models and thus, this study attempts to
provide a physics based theoretical approach covering all types of aerosol models over the varying lidar ratio
values based on in-situ measurements.

The paper is organised into five sections. The first section presents the introductory literature review and
motivation behind this study. The second section outlines the data used in this study. The detailed methodology
and Mie theory for lidar ratio estimation is presented in the third section of this paper. The results are discussed

in the fourth section whereas the concluding remarks are listed in the fifth section of this paper.

2 Input Data:

The lidar ratio depends on aerosol size distribution, refractive index and incident wavelength. The inputs used in
this study are the aerosol models provided in d’ Almeida et al. (1991), Ackermann (1998), Hess et al. (1998), and
Omar et al. (2005 and 2009).

Table 1 and 2 present the CALIOP-CALIPSO aerosol models and cluster classified AERONET aerosol models,
respectively; defined in Omar et al. (2009 and 2005) at 532 nm, 673 nm and 1064nm. These data include the
refractive indices (in terms of real part (m,) and imaginary part (m;)) for each of the component aerosols along

with the size distribution of the aerosol in terms of median radius (rm) and standard deviation (o).
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Omar et al. (2005) have reported aerosol refractive indices at 673 nm and have classified aerosols through cluster
analysis in six different categories numbered 1-6 viz. desert dust, biomass burning, rural, industrial pollution,
polluted marine and dirty pollution using AERONET data. The desert dust and polluted marine (i.e. category 1
and category 5) aerosol models represent the categories of aerosols originated from the natural sources whereas
the biomass burning, continental pollution and dirty pollution (i.e. category 2, 4, and 6) aerosol models represent
the aerosols emanating from the anthropogenic sources. Rural background aerosol model (i.e. category 3)
represent those aerosols which are observed in relatively clean atmosphere.

The category 1 aerosols have fine fraction by volume of 0.22 indicating that coarse particles dominate the volume
of this category. The median radius and geometric standard deviation for the fine mode is of 0.12 pm and 1.48,
respectively; for this category. The refractive index of this category of aerosols is considered to be 1.45 — 0.0036i
as reported in table 2. The sites considered for these category of aerosols are either desert regions, close to desert
regions or the sites where desert dust has been observed as a result of long-range transport. The category 2 aerosols
have fine fraction by volume of 0.33 whereas median and geometric standard deviation for the fine mode is 0.14
pm and 1.56, respectively. Category 2 aerosols are dominated by coarse mode particles which have a median
radius and geometric standard deviation of 3.73 um and 2.14, respectively. Category 1 and category 2 aerosols
have single scattering albedo values of 0.94 and 0.82, respectively which are estimated using Mie theory presented
in this paper. These single scattering albedo values are consistent with those reported by Omar et al. (2005).
Category 3 aerosols are characterised by low optical depth values as they are originated from clean atmosphere.
These aerosols have fine fraction by volume of 0.38 indicating dominance of coarse particles. The median radius
and geometric standard deviation for the fine mode is of 0.13 pum and 1.50, respectively. The refractive index for
this category of aerosols is considered to be 1.45 —0.0092i. The single scattering albedo value is observed to 0.89
for category 3 aerosols. The category 4 aerosols are found in urban centres or near urban centres and are dominated
by the natural pollutants such as sulfate particles (Omar et al. 2005). The refractive index for these category of
aerosols is considered to be 1.41 — 0.0063i which is representing the natural pollutants comprising category 4
aerosols. The size distribution of category 4 aerosols is described by a median radius and geometric standard
deviation for fine mode of 0.16 um and 1.53, respectively. The median radius and geometric standard deviation
for coarse mode is of 3.55 um and 2.07, respectively. The single scattering albedo for these category of aerosols
is estimated to be 0.93.

The category 5 aerosols are observed at islands or at coastal regions. The fine fraction by volume is of 0.26 and
size distribution is described by a median radius and geometric standard deviation for fine mode of 0.17 um and
1.61, respectively. The refractive index for these category of aerosols is considered to be 1.39 — 0.0044i. These
optical properties are resulted in the single scattering albedo of 0.94 for polluted marine aerosols. The category 6
aerosols are similar to category 4 aerosols with a high imaginary part of refractive index. The refractive index of
category 6 aerosols is considered to be 1.41 — 0.0337i which resulted in low single scattering albedo of 0.68. The
low single scattering albedo indicates that these are the aerosols with mostly carbon element in it (Omar et al.
2005). The size distribution of these category of aerosols is described by a median radius and geometric standard
deviation of 0.14 um and 1.54, respectively. The more details about these six categories of aerosols can be found
in Omar et al. (2005).
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The theoretically derived lidar ratios were compared with lidar ratio derived using AERONET data for three
different stations classified for each of the above-mentioned six categories. The details are discussed in results
section of this paper.

Table 3, 4 and 5 collectively report the OPAC aerosol models. These aerosol models are defined in terms of their
size distribution with respect to relative humidity, refractive indices at 532 nm and 1064 nm and composition of
aerosol types in terms of number mixing ratio (). The lognormally distributed aerosol components were
considered in this study. The relative humidity was varied from 0% to 99% with intermediate steps at 50%, 70%,
80%, 90% and 98%. The details about OPAC aerosol models can be found in Hess et al. (1998).

3 Computation of Lidar Ratio using Mie Theory:

In this study, the aerosols were assumed as homogeneous isotropic spheres scattering the electromagnetic
radiation incident upon them. These scattering phenomenons are modelled using Mie theory, which is discussed
in Bohren and Huffman (1983) and Vermote et al. (2006) and many other authors. The lidar ratio, which is defined
as the ratio of extinction coefficient to backscattering coefficient, is derived in the present study using the Mie
theory equations. The computational equations are presented here briefly, for the ready reference.

The Mie parameter (x) for an aerosol with refractive index, m = m, — im;; is defined as

=2 (1)
where r is the aerosol particle radius in micron and A is the wavelength in micron. Here m is the refractive index
with real part m,. and imaginary part m;.

Two complex functions S;(x,m,0) and S,(x,m,8) related to amplitude of scattered radiation that are

perpendicular and parallel to the plane of scattering with scattering angle 8, respectively, can be defined as

follows.
5106,m,0) = ity E2 D [, (3, m)1my (c056) + by (x, m)Ty (c050)] and @
S,(c,m,0) =Y, ;2(213 [ay, (x, m)T,,(cosO) + b,,(x, M), (cosh)], ?3)

where, the complex functions a,,(x, m) and b, (x, m) are given by

Wi (mx)Wp () —mWy, (mx) Wi, (x)
Wi (mx)&n (X)—mWp (mx) &, (x)

a,(x,m) = and 4

m¥y, (mx) ¥y ()= Wn (ma)¥, (x)
mW¥y, (mx) &n (x)—Wp (mx)&p (x) '

(®)

which are defined in terms of Ricatti-Bessel functions W,,(z = x or mx) and &,,(z = x or mx). Ricatti-Bessel

b,(x,m) =

functions are evaluated using their logarithmic derivatives details of which are provided in Vermote et al. (2006).
In order to compute the complex functions S; (x,m, 8) and S,(x, m, 8), the functions m,, and 7, are computed
using associated Legendre polynomials. The functions m,, and t,, are the functions of scattering angle 6. These
can be computed using the recurrence relations

N, 41 (cos8) = (2n + 1)cosOm,, (cosd) — (n + 1)m,,_,(cosB) and (6)
Tpe1(cosO) = (n + 1)cosOm, 1 (cosd) — (n + 2)m, (cosh). @)

which are initialised with 7, (cos8) = 0, m;(cos8) = 1, and 7,(cos8) = cos6.
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Using these quantities, the extinction efficiency (Q.(4,r,m)), dimensionless angular-scattering intensity
efficiency (M;;(4,7,m,8)), the scattering efficiency (Qgcq(4,1,m)), and backscattering efficiency

(Qpack (A, r,m)) can be computed as

ge(Arm) 2

Qe(Ar,m) = =5= = S ¥, (2n + DRela, (x,m) + by(x, m)], ®)
M (4, r,m,0) = i [S1(x,m, 0)S;(x,m, ) + S;(x,m, 0)S;(x,m, )], 9)
Quca(A,r,m) = Z4EI = L5 (2n + 1)@, G, m)a; (6, m) + by (x, )by, (x, m)] and (10)
Qpace(7,m) = =181 (2, m, 180°)|2 = 4My; (A,7,m, 180°), (11)

where r is the particle radius, g, (4, r, m) is the extinction cross section and g,., (4, 7, m) is the scattering cross
section.

Thus, the lidar ratio can be computed as

LR = Nro_ 5%10{)000 Qe(Armymr?n(r)dr . (12)
Dr Zi=1 fo QpackArm)nr2n(r)dr

The single scattering albedo can be computed as

Wy = Zﬁlfow QscaArmpmrin(r)dr 13)

Z?’ilfow Qe(A,rmpmr2n(r)dr
In this study, an aerosol is considered as mixture of its constituent components. And each of the component is

lognormally distributed with median radius rn and standard deviation . Thus,

_ UNiot _ In? (r/rm)
n(r) = V2rrin(o) exp [ 2in%2g¢ 1 (14)

where p is the number mixing ratio (i.e. normalised number particle concentration) and Ny is the total number
density of the aerosol component.
The relative humidity influences the refractive index of the hygroscopic aerosol components and the effective

refractive index is

To,i
m,i

)3, (15)

where m,, is the refractive index of the water, m, ; is the refractive index of the dry particle of component i and

m; =m,, + (mO,i —-my) <

10, 1S the median radius of the dry particle of component i.

The theory presented above is with the assumption of homogenous spherical isotropic aerosol particles, which
simplifies the computation of lidar ratio. However, if the particles are not homogenous and anisotropic then the
above theory may cause errors as the scattering phase function will differ to address the anisotropy. Moreover, if
the particles are nonhygroscopic especially when the particles are large as compared to the incident wavelength

then the above theory fails (Ackermann 1998).

4 Results and Discussion:
4.1 Lidar Ratio for AERONET and CALIPSO Aerosol Models defined in terms of particle sizes:

The aerosol models defined in terms of particle size by Omar et al. (2005 and 2009) were used to estimate the
lidar ratio for aerosol models used in operational algorithms of CALIOP-CALIPSO. Omar et al. (2005) used
cluster analysis for AERONET data to define the aerosol models at 673 nm. Table 6 shows the lidar ratio estimated

using the Mie theory for each of the six clusters defined by Omar et al. (2005). The maximum lidar ratio of 48.87
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sr was observed for dirty pollution type of aerosols whereas the minimum of 28.76 sr was observed for desert dust
kind of aerosols. The lidar ratios at 532 nm are mostly discussed in literature (Ackermann 1998, Anderson et al.
2000, Omar et al. 2009, Lopes et al. 2013 and Kim et al. 2018 and 2022) and scanty literature is available for lidar
ratios at 673 nm. Moreover, these aerosol models are derived using AERONET data. Thus, the estimated lidar
ratios at 673 nm were compared with those of the AERONET data.

The data for three different stations for each of the category was selected and aerosol lidar ratio was computed
using equation (12) as a multiplier of 4x. Tables 7-12 show the statistics of the lidar ratio for different AERONET
stations belonging to different categories. The daily averages of the lidar ratios were obtained using the
AERONET single scattering albedo and phase function values and were compared with the Mie theory estimated
values. The Mie theory estimated values were observed to comply with the observed values of lidar ratios using
AERONET data as the theoretically estimated values were lying in between the minimum and maximum of the
daily lidar ratio values. The differences in the theoretical values estimated using Mie theory and those observed
using AERONET data were primarily due to the refractive indices of the different aerosol types present at the
different AERONET stations. Omar et al. (2005) had classified the different aerosol types mentioned in section 2
using cluster analysis and the geographical location of these AERONET stations was also considered to be an
important factor while classification. Thus, the composition of the aerosols observed over a period of time varied
resulting in the variation of the refractive indices. The theoretically computed lidar ratios were based on the
refractive index of the centre of the cluster analysed using AERONET data before 2002 (Omar et al. 2005) whereas
the AERONET stations data used in this study spanned over 1998 to 2021 leading to the differences in the
refractive indices of the aerosol types. The shape of the aerosol particles, their size distribution and their particle
density present in the atmosphere may be the secondary reasons for the differences between the theoretically
estimated values of lidar ratio using Mie theory and the lidar ratio computed using AERONET stations data which
needs further investigation.

The aerosol models derived using the cluster analysis by Omar et al. (2005) and their respective lidar ratios were
used in lidar ratio selection and feature detection algorithm of CALIOP-CALIPSO (Young and Vaughan 2009).
These aerosol models and their respective lidar ratios used in operational algorithms of CALIOP-CALIPSO are
specified in Young and Vaughan (2009). These lidar ratios were subsequently updated in the V3 and V4 CALIOP-
CALIPSO operational algorithms (Kim et al. 2018). The basis for lidar ratio selection algorithm for CALIOP-
CALIPSO operational products has been the cluster analysis using the AERONET data and thus, the lidar ratios
were estimated using Mie theory, which gives the physical basis for the lidar ratio selection algorithm.

Figure 1 and 2 show the distribution of extinction and backscattering coefficients for CALIPSO aerosol models
at 532 nm and 1064 nm; respectively. The particle sizes were varied from 0.01 um to 5 um and the cut-off radius
for fine particles was taken to be 1 pum for all CALIPSO aerosol models except clean marine aerosols in which
case the fine particle radius cut-off was 0.6 um. The maxima of extinction and backscattering coefficients at 532
nm and 1064 nm, for all aerosol models except clean marine aerosols was observed between 0.07 um to 0.4 pm.
In case of all aerosol models, it was observed that the contribution from fine particles was more in magnitude
compared to that from coarser particles at 532 nm and 1064 nm except the clean marine model. In case of clean
marine aerosols at 1064 nm, the coarser particles were observed to contribute significantly in magnitude to the

extinction coefficient as compared to fine particles producing lidar ratio value of 71 sr.
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Table 13 shows the lidar ratio values estimated for the CALIPSO aerosol models specified in Omar et al. (2009)
and its comparison with the lidar ratio values selected in various versions of CALIOP-CALIPSO operational
algorithms. It was observed that the lidar ratio values estimated using Mie theory in present study comply with
the lidar ratio values reported in literature for CALIPSO operational algorithms. Omar et al. (2006) reported that
the lidar ratio for dust aerosols vary between 10 sr to 146 sr when AERONET stations data was classified using
cluster analysis. However, the lidar ratio value for dust aerosols proposed in this study at 1064 nm is lower than
that used in the CALIPSO V4 operational algorithm. In case of desert dust particles at 1064 nm the variation up
to 31 sr was allowed in CALISPO V4 operational algorithm, whereas the present study proposed lidar ratio value
of 20 sr for desert dust aerosols at 1064 nm. The desert dust lidar ratio at 1064 nm proposed for CALIPSO aerosol
model was observed to be consistent with OPAC desert aerosol model in which case lidar ratio was observed to
be centred on 23 sr. These results for desert aerosols at 1064 nm comply with those reported by Ackermann (1998)
where dry desert aerosol lidar ratio was lying just under 20 sr. The results for OPAC aerosol models are discussed
in detail in the subsequent section. The dust aerosol lidar ratio values at 532 nm and 1064 nm was defined using
discrete-dipole approximation (DDA) technique in CALIPSO operational algorithm initially (Omar et al. 2009).
The DDA technique considers the non-sphericity of the dust particles (Kalashnikova and Sokolik 2002), whereas
Mie theory is quite applicable to spherical homogeneous particles. Thus, the lidar ratio value at 1064 nm was
observed to be underestimated using Mie theory, which was also reported by Cattrall et al. (2005). Shin et al.
(2018) have reported that the dust lidar ratio at 1020 nm was centred at 44 sr, 40 sr, 54 sr, 36 sr, and 35 sr at Gobi,
Arabian, Saharan, Great Basin and Great Victoria deserts, respectively. The dust lidar ratio at 1064 nm has thus
showed a large variation temporally and geographically, and thus encouraging the utility of proposed value of
dust lidar ratio for retrieval of aerosol optical properties using CALIPSO data.

The lidar ratio proposed for clean continental model at 532 nm in CALIPSO V4 operational algorithm was 53 +
24 sr, allowing the variation up to 77 sr. The Mie theory estimate for clean continental model at 532 nm was
centred on 85 sr considering the refractive index of the centre cluster as provided in Omar et al. (2009). This lidar
ratio value for clean continental aerosol model was observed to be consistent with those reported in literature.
Omar et al. (2006) have reported that the clean continental lidar ratio value varied between 10 sr to 149 sr when
estimated using AERONET stations data and Nehrir et al. (2011) have reported the variation in clean continental
lidar ratio of 55 — 95 sr at 532 nm observed at Bozeman, Montana. The high value of lidar ratio at 532 nm for
clean continental aerosols was observed due to high absorption by fine sub-micron (particles with radius < 0.5
um) particles. The variation in refractive index will also affect the lidar ratio value, which was evident when
compared to OPAC aerosol models where the lidar ratio of clean continental aerosols was centred on 53 sr. Similar
results were observed in case of clean marine aerosols at 532 nm.

The theoretically proposed value in the present study for clean marine aerosols at 532 nm was 57.31 sr. The
absorption by the fine particles at 532 nm leads to the high value of lidar ratio. The theoretically estimated lidar
ratio for clean marine aerosols at 532 nm was observed to be consistent with that reported in the literature. Masonis
et al. (2003) have measured the clean marine aerosol lidar ratio as 60.1 sr at 532 nm during Shoreline Environment
Aerosol Study (SEAS) experiment. Dawson et al. (2015) have reported a variation of 10 — 90 sr in the lidar ratio
of clean marine aerosols. Li et al. (2022) reported the median value of lidar ratio for clean marine aerosols of 60
sr at 532 nm. Li et al. (2022) have measured a peak value of 55 sr at 532 nm over Bay of Bengal. CALISPO

operational V3 algorithm allowed variation up to 68 sr in lidar ratio of clean marine aerosols at 1064 nm whereas
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the present study estimated the value of 71 sr for clean marine aerosols at 1064 nm. This high lidar ratio value for
clean marine particles at 1064 nm was due to scattering by coarse super-micron (particles with radius > 0.5 pum)
particles, which was observed to be consistent as reported in Masonis et al. (2003). Thus, the Mie theory estimated
lidar ratio values can provide the physical basis for the CALIPSO operational algorithms and can be used as look-
up table to derive the vertical extinction and backscatter particulate profiles using satellite data.

The theoretical approach proposed in this study to estimate lidar ratio for CALIPSO aerosol models was further
validated through estimation of single scattering albedo at 673 nm for the aerosol models classified using
AERONET data as described in table 2. The single scattering albedo values for AERONET aerosol models viz.
Category 1 to Category 6 were estimated using the above presented Mie theory as 0.94, 0.82, 0.89, 0.93, 0.94 and
0.68, respectively. The single scattering values at 673 nm for these AERONET aerosol models viz. Category 1 to
Category 6 were reported by Omar et al. (2005) as 0.93, 0.80, 0.88, 0.92, 0.93 and 0.72. The comparison between
the theoretically estimated and literature reported single scattering albedo values showed the percent absolute

difference between 1.06% to 5.56%, which validates the proposed Mie theory for estimation of lidar ratio.

4.2 Lidar Ratio for OPAC Aerosol Models Defined in terms of Constituent Components:

The lidar ratios were also estimated when aerosol models were specified in terms of different constituent
compositions as used in OPAC. The aerosol models viz. clean continental, average continental, polluted
continental, urban, clean maritime, maritime tropical, polluted maritime, desert, arctic and antarctic were used in
the present study to estimate the lidar ratio using Mie theory. The number mixing ratios as specified in OPAC
software by Hess et al. (1998) were used in the present study to define the size distribution of aerosols. The relative
humidity causes an increase in size of a hygroscopic particle such as water soluble, sea salt and sulfate particles.
Thus, the backscattering and extinction profiles of these particles are significantly affected.

Figure 3 shows the variation in backscattering coefficient of the continental and maritime aerosols at 532 nm and
1064 nm. The backscattering coefficient of continental and maritime aerosols were observed to increase when
relative humidity was increased from 0% to 99%. The increase in backscattering with relative humidity was
considerably higher in clean continental and clean maritime aerosols as compared to polluted continental, urban
and polluted maritime aerosols at 532 nm and 1064 nm. Clean maritime and tropical maritime aerosols were
observed to have equivalent backscattering coefficients due to their equivalent composition of water soluble and
sea salt particles.

Figure 4 shows the variation in backscattering coefficients of the desert, arctic and antarctic aerosol models at 532
nm and 1064 nm. The Antarctic aerosols showed a sharp and significant increase in their backscattering
coefficients at 532 nm and 1064 nm. The increase in backscattering coefficients was observed to be more at 1064
nm compared to 532 nm. According to Figure 6 (c), both wavelengths show an increase in lidar ratio, but 532 nm
has a more significant increase than 1064 nm. In addition, the lidar ratio values are lower at 1064 nm than at 532
nm. Increase in backscattering coefficient with relative humidity at 532 nm and 1064 nm will cause increase or
decrease in lidar ratio with respect to relative humidity depending upon the rate at which the extinction and
backscattering coefficients are increasing or decreasing.

The variation in lidar ratios of continental and maritime aerosol models with reference to relative humidity at 532
nm and 1064 nm is as shown in Figure 5. The lidar ratio showed an increase in values for polluted continental and

polluted maritime aerosols over the clean continental and clean maritime aerosols. This increase was mainly
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observed due to greater contribution of soot particles in the polluted aerosols. Soot particles are sub-micron
absorbing particles. Thus, with increasing number mixing ratio of soot particles in the polluted aerosols as
compared to clean aerosols, the extinction coefficient increases leading to increase in lidar ratio values of polluted
aerosols. An increase in lidar ratio values was observed at 532 nm and 1064 nm when relative humidity was
increased from 80% to 99% in all types of continental and maritime aerosols, primarily due to increase in the size
of water soluble particles. The decrease in lidar ratio when relative humidity was increased from 0% to 80% was
observed due to decrease in lidar ratio of the water soluble particles which are hygroscopic in nature. This decrease
was primarily due to significant decrease in the imaginary part of the refractive index of water soluble component
due to relative humidity. The decrease in the imaginary part of refractive index of water soluble particles leads to
decrease in absorption As a result, the rate at which extinction coefficient increases is either less than or equivalent
to the rate at which backscattering coefficient increases. This results in the decrease in lidar ratio of aerosols when
RH is increased from 0 to 80%. The increase in lidar ratio from 80% to 99% is primarily due to increase in size
of water soluble particles. Continental and Maritime aerosols are dominated by water soluble particles as defined
in OPAC and thus an initial decrease and a gradual increase in lidar ratio values was observed at 532 nm and 1064
nm when relative humidity was increased from 0% to 99%.

The lidar ratio values of the clean continental model and clean maritime aerosol models at 532 nm and 1064 nm
where observed to be centred around 53 sr to 51 sr with varying relative humidity. This is mainly because of the
composition of aerosol models as defined in OPAC. In both, clean continental and clean maritime models, water
soluble particles were dominant which are smaller in size as compared to the sea salt particles. However, in OPAC
the number mixing ratio of sea salt particles which are coarser particles, is very low as compared to finer water
soluble particles; which is not the case in CALIPSO clean marine aerosol model. In CALIPSO clean marine
model, though coarser particles are more in proportion their contribution to the backscattering and extinction
coefficient was observed to be less in magnitude as compared to the fine particles at 532 nm. Thus, the resulting
lidar ratio values for CALIPSO aerosol model were centred on 57 sr at 532 nm, which was consistent with the
results for OPAC clean maritime aerosol model.

The urban aerosols showed a significant increase in the lidar ratio values at 532 nm and 1064 nm compared to
other continental aerosols. The dry urban aerosols showed a lidar ratio of 74.88 sr and 61.73 sr at 532 nm and
1064 nm, respectively; whereas dry clean continental aerosols exhibited the lidar ratio of 53.59 sr and 23.9 sr at
532 nm and 1064 nm, respectively. This significant increase in lidar ratio values of urban aerosols is primarily
due to scattering soot particles. Insoluble particles hardly have any impact on lidar ratio values of urban and
continental aerosols due to their very small composition. Similar results were observed when polluted maritime
particles were compared to the clean maritime particles.

The variation in lidar ratios of desert, arctic and antarctic aerosols with respect to relative humidity is as shown in
Figure 6. The lidar ratio values at 532 nm were observed to be greater than those at 1064 nm values for desert and
antarctic aerosols. The dry desert dust lidar ratio at 532 nm was observed to be 55.32 sr. This result comply with
the values for desert dust lidar ratio at 532 nm reported in literature by Muller et al. (2007), Omar et al. (2009),
Kim et al. (2018) and Li et al. (2022). The lidar ratio values showed a decrease with relative humidity except the
lidar ratio values of antarctic aerosols at 532 nm and 1064 nm. The model of arctic aerosols that is used in the

present study is for spring season when the arctic aerosols are mainly the soot particles. Thus, a decrease in lidar
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ratio values with relative humidity was observed in arctic aerosols as it was in polluted continental and urban
aerosols at 1064 nm.

The lidar ratio of dry Antarctic aerosols was observed to be 57.73 sr at 532 nm and 20.90 sr at 1064 nm. The
summertime model of Antarctic aerosols as defined in OPAC was used in the present study where the Antarctic
aerosols are dominated by the sulfate particles (d’Almeida et al. 1991, Hess et al. 1998). Sulfate particles are
hygroscopic in nature with significant large sizes as compared to water soluble particles. The imaginary part of
refractive index of sulfate particles in considerably small as compared to water soluble particles at 532 nm and
1064 nm. Thus, a sharp increase in lidar ratio of sulfate particles was observed when relative humidity was

increased from 0% to 99% as opposed to continental, maritime and desert aerosol models.

5 Conclusions:

This paper presented a complex theoretical approach for estimating lidar ratio through Mie theory using CALIPSO
and OPAC aerosol models. The lidar ratios were estimated at three wavelengths viz. 532 nm, 673 nm and 1064
nm. Mie theory estimated lidar ratios at 673 nm were compared with AERONET data-derived lidar ratios at 675
nm and Mie theory estimated lidar ratios at 673 nm were observed to lie between the minima and maxima of the
AERONET data-derived lidar ratios at 675 nm. Mie theory estimated lidar ratio values for CALIPSO aerosol
models were in good agreement with those reported in literature for CALIPSO operational algorithm. Thus,
theoretically estimated lidar ratios for CALIPSO aerosol models may be used in future for CALIPSO operational
algorithms. CALIPSO aerosol models were specified in terms of number mixing ratio of the fine and coarse
particles instead of component particle type and fine particles were observed to have more significant contribution
towards extinction and backscattering coefficient despite their low mixing ratio as compared to coarse particles.
Thus, Mie theory derived lidar ratio values provide the physical basis for the lidar ratio selection algorithm for

derivation of vertical extinction and backscatter particulate profiles using CALIPSO data.

The dependence of lidar ratio with relative humidity was analysed using OPAC aerosol models including Arctic
and Antarctic aerosols where each aerosol type was identified with the corresponding number mixing ratio of the
component particles. The lidar ratio was observed to decrease when relative humidity was increased from 0% to
80% and a gradual increase in lidar ratio was observed when relative humidity was increased further to 99%. This
phenomenon is the result of dominance of hygroscopic water-soluble particles constituting clean continental, clean
marine, tropical continental and desert aerosols. The increase in number mixing ratio of soot particles showed an
overall increase in the lidar ratio values of polluted continental, urban and polluted marine aerosols over clean
continental and clean marine particles. The soot particles dominate the urban aerosols and arctic aerosols, which
are non-hygroscopic fine particles. Thus, a decrease in lidar ratio of urban and arctic aerosols was observed with
respect to relative humidity and an increase in the backscattering coefficient of urban and arctic aerosols was
observed with relative humidity due to contribution from the hygroscopic water-soluble particles that grows in
size in presence of water vapour in the atmosphere. In case of Antarctic aerosols, the lidar ratio was observed to
increase with respect to relative humidity due to hygroscopic sulfate particles that backscattered heavily in

presence of water vapour.

The method presented in this study to estimate the lidar ratio using Mie theory is valid only for spherical, isotropic,

non-hygroscopic particles and thus there can be possible errors occurring in the lidar ratio values especially when
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the aerosols are anisotropic and hygroscopic in nature. Thus, there is future scope for the present study to extend

it to theoretical estimation of lidar ratio in case of hygroscopic and anisotropic non-homogeneous particles.
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516 Maritime Aerosols at 532 nm and 1064 nm.
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521 Arctic Aerosols and (c) Antarctic Aerosols at 532 nm and 1064 nm.
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(a) Variation in Lidar Ratio w.r.t. Relative Humidity at
532 nm for Continental Aerosols Model

Variation in Lidar Ratio w.r.t. Relative Humidity at
1064 nm for Continental Aerosols Model
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(b) Variation in Lidar Ratio w.r.t. Relative Humidity at Variation in Lidar Ratio w.r.t. Relative Humidity at
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526 Figure 5: Variation in Lidar Ratio w.r.t. Relative Humidity for (a) Continental Aerosols and (b) Maritime
527 Aerosols at 532 nm and 1064 nm.
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(a) Variation in Lidar Ratio w.r.t. Relative Humidity at (b) Variation in Lidar Ratio w.r.t. Relative Humidity at
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(c) Variation in Lidar Ratio w.r.t. Relative Humidity at
532 nm and 1064 nm for Antarctic Aerosols
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531 Figure 6: Variation in Lidar Ratio w.r.t. Relative Humidity for (a) Desert Aerosols and (b) Arctic Aerosols and
532 (c) Antarctic Aerosols at 532 nm and 1064 nm.
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Table 1: Physical and Optical Properties of CALIPSO Aerosol Models (Omar et al. 2009)

Aerosol

Dust
Smoke

Clean
Continental

Polluted
Continental

Clean Marine

Polluted Dust

Mr 532

1.414
1.517

1.380

1.404

1.400
1.452

mi 532

0.0036
0.0234

0.0001

0.0063

0.0050
0.0109

Mr,1064

1.495
1.541

1.380

1.439

1.400
1.512

Mi, 1064

0.0043
0.0298

0.0001

0.0073

0.0050
0.0137

I'm/fine

(pm)
0.1165
0.1436

0.20556

0.1577

0.1500
0.1265

Gfine

1.4813
1.5624

1.6100

1.5257

1.6000
1.5112

I'm,coarse

(pm)
2.8329
3.7260

2.6334

3.5470

1.2160
3.1617

Gcoarse

1.9078
2.1426

1.8987

2.0650

1.6000
1.9942

Wfine

0.223
0.329

0.050

0.531

0.025
0.241

Table 2: Physical and Optical Properties of AERONET Aerosol Models at 673 nm classified using Cluster
Analysis (Omar et al. 2005)

Aerosol

Category 1

Category 2

Category 3

Category 4

Category 5

Category 6

Mr,673

1.4520
1.5202
1.4494
1.4098
1.3943
1.4104

Mi673

0.0036
0.0245
0.0092
0.0063
0.0044
0.0337

I'm,fine

(pm)
0.117
0.144
0.133
0.158
0.165
0.140

Ofine

1.482
1.562
1.502
1.526
1.611
1.540

I'm,coarse
(jum)
2.834
3.733
3.590
3.547
3.268
3.556

Ocoarse

1.908
2.144
2.104
2.065
1.995
2.134

WUfine

0.22
0.33
0.38
0.53
0.26
0.49

Table 3: Size Distribution of Aerosol Components for Models used in OPAC for Different Relative Humidities
(d’Almeida et al. 1991 and Ackermann 1998)

Component

Water Soluble
Insoluble
Soot
Mineral (nuc.)
Mineral (acc.)
Mineral (coa.)

Mineral
(trans.)

Sea Salt (acc.)
Sea Salt (coa.)
Sulfate

I'm

(jum)
(0%)

0.0212
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.2090
1.7500
0.0695

I'm

(pm)
(50%)

0.0262
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.3360
2.8200
0.0983

I'm

(pm)
(70%)

0.0285
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.3780
3.1700
0.1090

I'm

(pm)
(80%)

0.0306
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.4160
3.4900
0.1180

18

I'm

(pm)
(90%)

0.0348
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.4970
4.1800
0.1350

I'm

(pm)
(95%)

0.0399
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.6050
5.1100
0.1580

I'm

(jum)
(98%)

0.0476
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.8010
6.8400
0.1950

I'm

(nm)
(99%)

0.0534
0.4710
0.0118
0.0700
0.3900
1.9000

0.5000

0.9950
8.5900
0.2310

2.239
2.512
2.000
1.950
2.000
2.150

2.200

2.030
2.030
2.030



544

Table 4: Refractive Indices of the Aerosol Components for the OPAC Aerosol Models used in this study

545 (d’Almeida et al. 1991 and Ackermann 1998)
Component Mr 532 Mi 532 Mr,1064 Mi, 1064
Water Soluble 1.530 5.64 x 10’ 1.520 1.64 x 10
Insoluble 1.530 8.0x 103 1.510 8.00 x 10°®
Soot 1.750 4.46 x 101 1.760 4.43 x 101
Mineral 1.530 6.33x 107 1.530 4.30x 103
Sea Salt 1.500 1.12x 10® 1.470 1.95 x 10
Sulfate 1.430 1.00 x 10 1.423 1.50 x 10°¢
Water 1.333 1.61x10° 1.326 1.39x 10°
546
547 Table 5: Composition of Aerosol Models used in OPAC (Hess et al. 1998)
Aerosol Types Components Number Mixing Ratio pi
Clean Continental Water soluble 1.000
Insoluble 0.577 x 104
Water Soluble 0.458
Average Continental Insoluble 0.261 x 10*
Soot 0.542
Water Soluble 0.314
Polluted Continental Insoluble 0.120 x 104
Soot 0.686
Water Soluble 0.177
Urban Insoluble 0.949 x 10
Soot 0.823
Water Soluble 0.987
Clean Maritime Sea Salt (acc.) 0.132x10?
Sea Salt (coa.) 0.211x10°%
Water Soluble 0.983
Tropical Maritime Sea Salt (acc.) 0.167 x 10!
Sea Salt (coa.) 0.217 x 10
Water Soluble 0.422
. Sea Salt (acc.) 0.222 x 1072
Polluted Maritime Sea Salt (coa.) 0.356 x 10
Soot 0.576
Water Soluble 0.870
Mineral (nuc.) 0.117
Desert Mineral (acc.) 0.133x 10?
Mineral (coa.) 0.617 x 104
Water Soluble 0.197
Arctic Insoluble 0.152 x 10°°
Sea Salt (acc.) 0.288 x 103
Soot 0.803
Sulfate 0.998
Antarctic Sea Salt (acc.) 0.109 x 1072
Mineral (trans.) 0.123x 10°®
548
549
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550

551  Table 6: Lidar Ratio (in sr) estimated using Mie theory for Omar et al. (2005) Aerosol Models

Aerosol Desert Dust Biomass Rural Industrial Polluted Marine | Dirty Pollution
Model (Category-1) Burning (Background) Pollution (Category-5) (Category- 6)
(Category -2) (Category-3) (Category-4)
673 nm 28.68 46.92 36.27 44.20 45.18 48.87
552
553 Table 7: Lidar Ratio (in sr) Comparison between Theoretical values estimated using Mie Theory and In-situ
554 values using Category-1 AERONET Data
Site/Year 2017 2018 2019 2020 2021 Mie Theory
Estimate
Kanpur 53.67 47.32 50.31 54.12 50.46 28.68
Min. 36.06 21.31 30.76 32.03 29.41
Max. 92.52 78.92 86.23 83.53 79.75
1998 1999 2004 2005 2006
Bahrain 47.82 37.00 40.79 37.66 34.88 28.68
Min. 37.40 28.32 31.43 27.78 27.68
Max. 69.67 81.69 53.60 64.40 45.83
2017 2018 2019 2020 2021
Banizoumbou 49.96 52.04 50.98 49.88 51.12 28.68
Min. 27.80 29.08 37.20 32.10 41.83
Max. 65.81 67.73 70.83 70.75 72.14
555
556 Table 8: Lidar Ratio (in sr) Comparison between Theoretical values estimated using Mie Theory and In-situ
557 values using Category-2 AERONET Data
Site/Year 2001 2002 2003 2004 2005 Mie Theory
Estimate
Abracos Hill 52.95 53.89 51.87 50.52 55.30 46.92
Min. 44,99 41.63 32.30 44.24 39.87
Max. 60.44 66.43 63.01 57.72 65.54
2016** 2017 2018 2019 2020*
Skukuza 38.47 49.37 43.01 44.04 63.24 46.92
Min. 19.14 32.50 34.98 28.56 63.24
Max. 49.70 101.24 52.74 68.14 63.24
2014 2015 2016 2017 2018
IMS Metu 54.47 42.50 51.24 58.80 49.26 46.92
Erdemli
Min. 22.54 27.64 31.90 35.90 27.83
Max. 69.72 61.70 73.60 75.06 67.43
558 *Only single data value is available
559 **The data has an outlier. Without outlier the value of LR is 43.30 sr.
560
561
562
563
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566
567
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569
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572

Table 9: Lidar Ratio (in sr) Comparison between Theoretical values estimated using Mie Theory and In-situ

values using Category-3 AERONET Data

Site/Year 2002 2003 2005 2006 2009* Mie Theory
Estimate
Konza EDC 52.25 43.95 54.47 39.38 47.83 36.27
Min. 39.64 32.40 37.32 38.32 35.30
Max. 64.46 73.75 85.26 40.45 58.52
2012 2017 2018 2020 2021**
Sevilleta 44.47 48.17 42.10 58.52 53.53 36.27
Min. 34.65 37.09 31.75 33.45 27.39
Max. 56.64 57.99 56.59 78.83 72.29
2015 2017 2018 2020 2021
Rimrock 46.45 49,98 47.41 47.43 47.65 36.27
Min. 37.53 35.03 29.97 39.36 33.47
Max. 52.55 60.36 57.35 58.93 63.86

*Only two data values are available
**The data has an outlier. Without outlier the value of LR is 50.40 sr.

Table 10: Lidar Ratio (in sr) Comparison between Theoretical values estimated using Mie Theory and In-situ

values using Category-4 AERONET Data

Site/Year 2009 2012 2013 2014 2015 Mie Theory
Estimate

Mexico City 54.44 56.86 56.99 64.40 63.40 44.20
Min. 23.16 37.61 39.66 47.48 36.68
Max. 87.92 77.17 91.83 81.93 99.16
2003 2004 2005 2006 2007

Moscow MSU 55.28 57.45 53.84 43.03 49.61 44.20

MO

Min. 46.25 43.76 37.77 30.15 33.79
Max. 68.83 71.03 77.44 55.44 68.28
2015 2016 2017 2018 2019

GSFC 59.15 55.56 53.15 58.07 52.68 44.20
Min. 39.82 47.01 50.18 40.18 40.04
Max. 67.93 60.78 55.15 68.84 61.79

Table 11: Lidar Ratio (in sr) Comparison between Theoretical values estimated using Mie Theory and In-situ

values using Category-5 AERONET Data

Site/Year 2002 2003 2011* 2012 2013 Mie Theory
Estimate
Arica 62.45 69.22 67.68 73.63 62.94 45.18
Min. 44.66 52.14 67.68 69.62 41.86
Max. 90.27 86.74 67.68 76.62 77.02
2004 2005 2007 2008 2009
La Parguera 47.91 51.00 45.00 47.64 46.38 45.18
Min. 45.70 48.91 37.10 45.12 39.01
Max. 50.72 56.92 51.73 50.99 52.49
2013 2014 2015 2016 2017
Ascension 54.55 55.31 59.29 52.54 70.73 45.18
Island
Min. 43.57 50.08 36.15 41.35 48.15
Max. 67.64 62.07 7413 67.57 92.67

*Only single data value is available
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573 Table 12: Lidar Ratio (in sr) Comparison between Theoretical values estimated using Mie Theory and In-situ

574 values using Category-6 AERONET Data
Site/Year 2017 2018 2019 2020* 2021 Mie Theory
Estimate
Dalanzadgad 52.80 41.68 47.58 37.85 47.43 48.87
Min. 39.46 32.05 41.55 37.85 38.27
Max. 66.15 51.32 50.77 37.85 56.60
2016** 2017 2018 2019 2020*
Skukuza 38.47 49.37 43.01 44.04 63.24 48.87
Min. 19.14 32.50 34.98 28.56 63.24
Max. 49.70 101.24 52.74 68.14 63.24
2014 2015 2016 2017 2018
IMS Metu 54.47 42.50 51.24 58.80 49.26 48.87
Erdemli
Min. 22.54 27.64 31.90 35.90 27.83
Max. 69.72 61.70 73.60 75.06 67.43
575 *Only single data value is available
576 **The data has an outlier. Without outlier the value of LR is 43.30 sr.
577
578 Table 13: Lidar Ratio (in sr) for Aerosol Models in CALIPSO Operational Algorithm
Wavelength/ Dust Smoke Clean Polluted Clean Polluted
Aerosol Model (Biomass Continental Continental Marine Dust
Burning)
Omar et al. (2009) CALIPSO V1 (based on in-situ measurements)
532 nm 40 70 35 70 20 65
1064 nm 55 40 30 40 45 30
Lopes et al. (2013) CALIPSO LR Selection Algo. Evaluation (Mean = S.D.)
532 nm 40 £ 20 70+ 28 35+16 70+ 25 20+ 6 55+ 22
Kim et al. (2018) CALIPSO V3 Operational Algo. (based on in-situ measurements)
532 nm 40 £ 20 70+ 25 35+16 70+ 25 20+ 6 55+ 22
1064 nm 55+ 17 30+14 30+17 30+14 45 + 23 48 + 24

Kim et al. (2018) CALIPSO V4 Operational Algo. (based on in-situ measurements)
532 nm 44 +9 70+ 25 53+24 70+ 25 23+5 55+ 22
1064 nm 44 + 13 30+14 3017 30+14 23+5 48 + 24

Li et al. (2022) CALIPSO LR Selection Algo. Evaluation using SODA (Mean + S.D.)

532 nm (D) 42 +19 45+ 17 - 45+ 17 33+15 52 +19
532 nm (N) 37+13 57+18 - 57 +18 33+16 51 +18
In-house Derived in this study using Mie Theory
532 nm 38.72 63.37 85.98 64.73 57.31 48.22
1064 nm 20.11 33.68 31.98 26.44 71.11 25.56
579
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