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Abstract

Currently most of experiments pursuing comprehensive characterization of atmo-
sphere include coordinated observations by both lidar and radiometers in order to
obtain important complimentary information about aerosol properties. The passive ob-
servations by radiometers from ground are mostly sensitive to the properties of aerosol5

in total atmospheric column and have very limited sensitivity to vertical structure of
the atmosphere. Such observations are commonly used for measuring aerosol optical
thickness and deriving the information about aerosol microphysics including aerosol
particles shape, size distribution, and complex refractive index. In a contrast, lidar ob-
servations of atmospheric responses from different altitudes to laser pulses emitted10

from ground are designed to provide accurate profiling of the atmospheric proper-
ties. The interpretation of the lidar observation generally relies on some assumptions
about aerosol type and loading. Here we present the GARRLiC algorithm (Generalized
Aerosol Retrieval from Radiometer and Lidar Combined data) that simultaneously in-
verts co-incident lidar and radiometer observations and derives a united set of aerosol15

parameters. Such synergetic retrieval is expected to result in additional enhancements
in derived aerosol properties because the backscattering observations by lidar add
some sensitivity to the columnar properties of aerosol, while radiometric observations
provide sufficient constraints on aerosol type and loading that generally are missing in
lidar signals.20

GARRLiC is based on AERONET algorithm for inverting combined observations by
radiometer and multi-wavelength elastic lidar observations. It is expected that spec-
tral changes of backscattering signal obtained by multi-wavelength lidar at different
altitudes provide some sensitivity to the vertical variability of aerosol particle sizes. In
order to benefit from this sensitivity the algorithm is set to derive not only the vertical25

profile of total aerosol concentration but it also differentiates between the contributions
of fine and coarse modes of aerosol. The detailed microphysical properties are as-
sumed height independent and different for each mode and expected to be derived as
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a part of the retrieval. Thus, the GARRLiC inversion algorithm retrieves vertical distri-
bution of both fine and coarse aerosol concentrations as well as the size distribution,
complex refractive index and single scattering albedo for each mode.

The potential and limitations of the method are demonstrated by the series of sensi-
tivity tests. The practical outcome of the approach is illustrated by applications of the al-5

gorithm to the real lidar and radiometer observations obtained over selected AERONET
site.

1 Introduction

Atmospheric aerosols are known to be important part of the complex physical-chemical
processes that impact Earth climate. Such impacts take their effects both on global10

and regional scales (e.g. D’Almeida et al., 1991; Charlson et al., 1992; Hobbs, 1993;
Pilinis et al., 1995; Ramanathan et al., 2001; Forster et al., 2007; Hansen et al., 2011).
Being common atmosphere pollutant aerosols also have influence on population health
(e.g. Jones, 1999; Harrison and Yin, 2000) and ecological equilibrium (e.g. Barker and
Tingey, 1992).15

In order to estimate these impacts large variety of methods for monitoring atmo-
spheric aerosols were developed. Among others remote sensing methods, both active
and passive, proved to be fruitful and convenient. A number of developed and launched
space instruments (e.g. Bréon et al., 2002; Winker et al., 2007) provide global monitor-
ing of aerosol properties (e.g. King et al., 1999; Kokhanovsky et al., 2007). Observa-20

tions by ground-based instruments generally provide more detailed and accurate infor-
mation about aerosol properties (e.g. Nakajima et al., 1996; Dubovik and King, 2000)
but cover only local area nearby the observation site. In order to obtain such data
at extended geographical scales, the ground-based observations are often collected
within observational networks employing identical instrumentation and standardized25

data processing procedures. At present there is a number of global and regional net-
works conducting both passive and active ground-based observations. For example,
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global AERONET (Holben, 1998) and South-Eastern SKYNET (Nakajima et al., 2007)
networks of sun-photometers, as well as, a variety of lidar networks including regional
EARLINET (Bösenberg, 2000), ADNET (Murayama et al., 2001), MPL-Net (Welton
et al., 2002), ALiNe (Antuña et al., 2006), Cis-LiNet (Chaikovsky et al., 2006b) and a re-
cent global lidar network GALION (Bösenberg and Hoff, 2007) have been established5

during two last decades. Aerosol data collected by these networks provide valuable
aerosol information that is widely used for validating satellite observations (e.g. Remer
et al., 2002, 2005; Schuster et al., 2012; Hasekamp et al., 2011; Yoon et al., 2011;
Kahn et al., 2010; Ahmad et al., 2010) and constraining aerosol properties in climate
simulation efforts (e.g. Kinne et al., 2003, 2006; Textor et al., 2006; Koch et al., 2009).10

Despite of the achieved progress in aerosol remote sensing the limited accuracy in
the knowledge of aerosol properties remains one of the main uncertainties in climate
assessments (Forster et al., 2007; Hansen et al., 2011). The expected improvements
in the ground-based aerosol monitoring are associated with two kinds of efforts: (i) en-
hancement of the observation completeness by employing a variety of complimentary15

observational techniques and (ii) improvement of the accuracy of derived aerosol in-
formation. For example, the number of extensive multi-instrumental aerosol campaigns
have been organized (e.g. Ramanathan et al., 2001; Müller et al., 2003; McKendry
et al., 2007; Papayannis et al., 2005; Holben et al., 2011). In addition, the number of
permanent monitoring sites equipped with several instruments is continuously increas-20

ing (e.g. Takamura et al., 1994; Waquet et al., 2005; Müller et al., 2004; Ansmann
et al., 2010). In these regards, the columnar properties of aerosol derived by the pho-
tometers and aerosol vertical profiles provided by the lidars are clearly complimentary
pieces of information about aerosol both important for climatic studies. Specifically, the
columnar properties are important for direct aerosol forcing estimations both on global25

and regional scale (Pilinis et al., 1995; Costa et al., 2004). On the other hand vertical
structure of the aerosol is needed for accounting of the indirect effects like influence on
cloud formation (McCormick et al., 1993; Bréon, 2006). The importance of obtaining
simultaneous information about both columnar and vertical aerosol properties is rather
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evident for scientific community, and, a substantial number of sites within ground-based
networks conducting co-incident lidar and photometric measurements have been es-
tablished.

In addition, the accumulation of a variety of complementary data is not the only
positive effect. It also helps to improve the accuracy of the obtained data and derive5

qualitatively new aerosol characteristics. Indeed, processing of both passive and active
remote measurements rely on a set of several assumptions. For example, retrievals of
aerosol columnar properties from passive methods use an assumption of the vertical
distribution of aerosol. The uncertainties in this assumption may have a notable effect
on the retrieval result, especially in cases of polarimetric observations. Retrievals from10

active sounding, on the other hand, deal with relatively limited information from the
altitude profiles of the spectral backscattering and usually rely on assumptions about
aerosol columnar properties. For example, information about aerosol type is usually
used for constraining the lidar ratio that defines relation between aerosol backscatter
and extinction. Combined with known boundary conditions, this provides missing in-15

formation and allows quantitative interpretation of lidar signals and retrieval of vertical
profiles of aerosol backscatter and extinction (Klett, 1981, 1985). Commonly lidar ratio
is chosen using a priori climatological data sets. For example, processing of lidar ob-
servations from CALIPSO space-borne platform relies on the lidar ratio climatological
models derived by cluster analysis from entire database of AERONET retrievals (Omar20

et al., 2005). However, inconsistencies in the chosen lidar ratio directly propagate into
derived results and may strongly affect the lidar retrievals (Sasano et al., 1985; Ko-
valev, 1995). The most reliable and therefore preferable approach is to define lidar ratio
using co-incident measurement by developing enhanced lidar capabilities or by obtain-
ing missing information from another instruments (Ferrare et al., 1998a; Gobbi et al.,25

2003). For example, enhancement of lidar observation can be achieved by employ-
ing lidar systems registering combined elastic-Raman signals (Ansmann et al., 1992;
Ferrare et al., 1998a,b; Turner et al., 2002), using slope methods (Gutkowicz-Krusin,
1993; Sicard et al., 2002; Pahlow et al., 2004) or by conducting high spectral resolution
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lidar observations (Shipley et al., 1983; Liu et al., 2002; Hair et al., 2008). Usage of
approaches with non-elastic observations result in significant enhancement of the in-
formation contents in backscattering observations, which allows derivation of aerosol
extinction profiles and even estimations of aerosol microphysical properties without a
priori constraints on aerosol type or loading (Müller et al., 1999, 2005; Veselovskii et al.,5

2004). However, lidar systems with non-elastic capabilities are rather complex and of-
ten require special observational conditions (e.g. non-elastic signal is very weak dur-
ing day time). Therefore, bulk of monitoring of vertical aerosol variability is conducted
by conventional lidars and the constraining of aerosol type is done using co-incident
airborne measurements by nephelometers (Hoff et al., 1996; Adam et al., 2004) or10

spectrophotometers (Marenco et al., 1997) or using ground-based measurements by
sun-photometers (Waquet et al., 2005). The straightforward constraining of the lidar
retrievals using values of total aerosol optical thickness (AOT) is a common way of uti-
lizing co-incident sun-photometer measurements for improvement of lidar observations
processing (Fernald et al., 1972; Fernald, 1984). In addition, several more sophisti-15

cated approaches of combining two types of measurements were proposed recently
for exploring additional sensitivities in both lidar and photometric observations. Such
methods are usually aimed not only at improving accuracy of the retrieved aerosol
characteristics, but rather at retrieving qualitatively new aerosol information. For exam-
ple, the most common lidar products include vertical profiles of extinction or/and con-20

centration of aerosol that are derived using lidar ratio fixed under some assumptions
about aerosol type. Co-incident data from sun-photometer provide the required infor-
mation about aerosol type. However, aerosol type may change vertically, for example,
when background aerosol is mixed with layers of transported aerosols as those from
desert dust or biomass burning aerosols. Ground-based radiometric data have practi-25

cally no sensitivity to vertical variability of aerosol; they can only provide some indica-
tion of possible aerosol mixtures. On the other hand, spectral (sensitive to variations
of aerosol sizes) and polarimetric (sensitive to particle shape) lidar measurements can
trace rather clear qualitative picture of aerosol vertical mixing. Utilization of such lidar
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data in a combination with co-incident radiometric data allows some quantitative de-
scription of vertical distribution of aerosol mixtures.

Generally information about sizes and composition of aerosol particles obtained from
radiometers is used for defining a number of different aerosol components and their
detailed properties (size distributions, complex refractive index and particle shape).5

Then lidar data are fitted using optical properties of these assumed aerosol compo-
nents by searching for their vertical mixing that provides the best match of lidar data.
For example, studies by Chaikovsky et al. (2002, 2004, 2006a, 2012); Cuesta et al.
(2008) used the measured spectral dependence of backscatter and extinction to derive
vertical distribution of two optically distinct aerosol modes assuming that only concen-10

trations of the each aerosol mode can change vertically. The size distributions and
complex refractive indices of each aerosol component were fixed using the aerosol re-
trievals from AERONET radiometers. In the LiRIC (Lidar-Radiometer Inversion Code)
algorithm (Chaikovsky et al., 2012) assumed two mono-modal fine and coarse aerosol
components with size distributions obtained by dividing AERONET derived distribu-15

tion into two using the minimum in the range of sizes from 0.194 µm to 0.576 µm as
a separation point. The complex refractive index for both modes was assumed the
same and equal to the one retrieved by AERONET. Cuesta et al. (2008) used more
complex procedure. First, the AERONET size distribution was decomposed into log-
normal mono-modal distributions. Then both bi-modal size distributions of each mode20

and complex refractive indices were defined using available ancillary data. Ansmann
et al. (2011) used measured depolarization profiles in order to derive vertical distri-
bution of spherical and non-spherical aerosol components with size distributions and
complex refractive indices fixed from modelling.

The GARRLiC (Generalized Aerosol Retrieval from Radiometer and Lidar Combined25

data) approach proposed in this paper pursues even deeper synergy of lidar and ra-
diometer data in the retrievals. Indeed, the methods described above are aimed at
enhanced processing of lidar data and do not include any feedback on aerosol colum-
nar properties. At the same time, some additional sensitivity to columnar properties
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of aerosol compared to radiometric data is provided from lidar measurements. For
example, the radiometric observations from ground do not include observation in back
scattering direction. In addition, radiation field observed by the radiometers, in par-
ticular its polarimetric properties, has some sensitivity to aerosol vertical distribution
but using this sensitivity is practically impossible without relying on independent infor-5

mation about vertical variability of aerosol. Therefore, the approach proposed here is
aimed to take an advantage from all sensitivities in lidar and radiometric data to both
vertical and columnar aerosol properties.

2 The GARRLiC algorithm concept

Both LiRIC and GARRLiC algorithms use positive heritage of the AERONET retrieval.10

For example, several key elements of statistically optimized inversion approach de-
signed for AERONET by Dubovik and King (2000) were adapted in LiRIC. In addition,
LiRIC uses the identical to AERONET model of aerosol microphysics. At the same
time, LiRIC takes its roots from earlier lidar retrievals adopting some elements of the
AERONET retrieval. In this regard, GARRLiC was created by direct modification of15

AERONET and PARASOL algorithms adapting them for inclusion of lidar data. The ap-
proach for treating lidar data strongly relies on LiRIC heritage. Therefore, below we will
review the key aspects of all these algorithms that are used in the GARRLiC design.

The AERONET operational retrieval is implemented successfully for more than a
decade by the algorithm described by Dubovik and King (2000). It had been tested20

(Dubovik et al., 2000), improved and upgraded over time. For example, the following
new modelling aspects has been included: (i) accounting for particle non-sphericity in
aerosol scattering (Dubovik et al., 2002b, 2006), (ii) simulation of bi-directional land and
ocean surface properties (Sinyuk et al., 2007), (iii) both modelling of linear polarization
and using the polarimetric measurements in the retrieval (Dubovik et al., 2006; Li et al.,25

2009). Years of the algorithm exploitation has shown possibility to provide new valu-
able details of aerosol properties (e.g. Dubovik et al., 2002a; Eck et al., 2005, 2012,
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etc.). The algorithm by Dubovik and King (2000) has been developed with the idea
to achieve high flexibility in using the various observations and deriving the extended
set of aerosol parameters. Specifically, the algorithm is based (see Dubovik and King,
2000; Dubovik, 2004) on multi-term LSM (Least Square Method) that allows flexible and
rigorous inversion of the various combinations of the independent multi-source mea-5

surements. As a result, the modifications of algorithm have been used for inverting the
various combined data. For example, Sinyuk et al. (2007) used modified algorithm for
deriving both aerosol and surface properties from co-incident observations of ground-
based radiometer and satellite. Gatebe et al. (2010) have implemented a modification
for inverting the combination of the ground-based AERONET observations with the10

airborne observations by the photometer and up- and down- looking radiometer and
derived the detailed properties of aerosol both over and under airplane together with
properties of surface reflectance. The latest modification of the algorithm has been de-
veloped by Dubovik et al. (2011) for retrieving both properties of aerosol and surface
from observations of PARASOL/POLDER. This version of the algorithm generalizes15

and includes most of precedent modifications. Moreover, the main part of the computer
routine realizing the algorithm has been significantly rewritten with the objective of the
enhancing algorithm flexibility in order that it could be used in multiple applications with
no or only minor modifications of the main body of the algorithm routine. The algo-
rithm has nearly independent modules “forward model” and “numerical inversion” (see20

Fig. 1) in the respect that these modules can be modified independently. Correspond-
ingly, if a possibility of simulating new measured atmospheric characteristic is included
in the “forward model” this characteristic can be inverted with no modifications of the
”numerical inversion” module in the source code. Only input parameters of the inver-
sion program need to be changed. As a result, the algorithm by Dubovik et al. (2011)25

can be used with no modifications in multiple applications. For example, the same pro-
gram can be used for aerosol retrieval from satellite (e.g. POLDER/PARASOL), ground-
based (e.g. AERONET) or aircraft observations. In the present development we used
this last version of the algorithm and modified it by adding a possibility to invert lidar
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observations together with passive radiometric data. With that purpose modelling lidar
observations was included in the “forward model” and “numerical inversion” module
was adapted for inverting the combined radiometer and lidar observations. The details
of these modifications are described in two following sections.

3 Modifications employed in the “forward model”5

The previous versions of the retrieval code (Dubovik and King, 2000; Dubovik et al.,
2011) and its modifications (Sinyuk et al., 2007; Gatebe et al., 2010) were devel-
oped for inverting only passive observations by ground-based, satellite and airborne
radiometers. Therefore, for the needs of the current study a possibility of modelling li-
dar observations was included into the “forward model” module. The diagram in Fig. 210

illustrates the concept of accounting for the aerosol vertical variability in the “forward
model” module of the present algorithm. Although the concept has significant similari-
ties with LiRIC, it has several new aspects.

Similarly to the LiRIC, GARRLiC is designed to provide two independent vertical pro-
files of the concentrations of fine and coarse modes that are among the retrieved char-15

acteristics. Aerosol is described as a bi-component mixture of fine and coarse aerosol
modes. The microphysical properties of each mode (particle sizes, complex index of
refraction and shape) are height independent, while vertical profiles of concentrations
vary with altitude. Such approach minimizes the amount of a priori estimations used
in the retrieval, and it is expected to provide more detailed and accurate information20

about both vertical and columnar aerosol properties. In a contrast to LiRIC, in GAR-
RLiC model the size intervals of the modes may overlap and the size independent
complex refractive index may be different for each aerosol component.
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3.1 Attenuated backscatter

The attenuated backscatter L (λ,h) measured by lidar was modelled in single scattering
approximation using lidar equation:

L (λ,h) = A (λ)β (λ,h)exp

−2

h∫
0

σ (λ,h′)dh′

 (1)

where A (λ) is the lidar calibration parameter, σ (λ,h) is the vertical profile of atmo-5

spheric extinction, and β (λ,h) is the vertical profile of the atmospheric backscattering
that is modelled using profiles of atmosphere single scattering albedo ω0 (λ,h) and the
phase function P11 (Θ,λ,h) at scattering angle Θ= 180◦ as follows:

β (λ,h) =
1

4π
σ (λ,h)ω0 (λ,h)P11 (180◦,λ,h) (2)

The extinction and backscattering of the atmosphere are affected by gaseous absorp-10

tion, molecular scattering and aerosol scattering and absorption:

σ (λ,h) = σabs
gas (λ,h)+σscat

mol (λ,h)+σext
aer (λ,h) (3)

β (λ,h) = βmol (λ,h)+βaer (λ,h) (4)

The lidar measurements are made in window channels (0.355, 0.532 and 1.064 µm)15

with very minor gaseous absorption that is accounted using known climatological data.
The effects of molecular scattering are also can be accounted by usage of climato-
logical data. Specifically, the phase function P mol

11

(
180◦ ,λ,h

)
of molecular scattering

is constant and well known. The variability of molecular scattering profile σscat
mol (λ,h)

over observation site can be simulated with acceptable accuracy based on the in-20

formation about site geographical coordinates and elevation (Fleming et al. (1988),
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http://ccmc.gsfc.nasa.gov/modelweb/atmos/cospar1.html). However, the aerosol prop-
erties σext

aer (λ,h) and βaer (λ,h) are highly variable and can not be modelled using clima-
tologies. Therefore, in “forward model” these properties are driven by the parameters
included in the vector of unknowns that are retrieved during inversion. The radiometric
observations both from ground and space are mostly sensitive to columnar properties5

of aerosol, therefore the “forward model” in the previous version of the algorithm was
driven by the parameters describing these columnar properties. The aerosol was as-
sumed as a mixture of the several aerosol components. Each aerosol component was
represented by a sum of spherical and non-spherical fractions. The spherical fraction
was modelled as polydisperse mixture of the spheres. The non-spherical fraction was10

modelled as mixture of randomly oriented polydisperse spheroids. The distributions of
particle volumes and the complex refractive indices were assumed the same in both
spherical and non-spherical aerosol fractions. The extinction, absorption and scattering
properties of the aerosol in the total atmospheric column were modelled as:

τext/abs (λ) =
∑

k=1,...,Nk

[ ∑
i=1,...,Ni

(
csphKsph

ext/abs (...,ri )+

(
1−csph

)
Kns

ext/abs (...,ri )
) dVk (ri )

d lnr

] (5)15

ω0 (λ)Pi i (Θ,λ) =
∑

k=1,...,Nk

[ ∑
i=1,...,Ni

(
csphKsph

i i (...,ri )+

(
1−csph

)
Kns
i i (...,ri )

)
dVk (ri )
d lnr

] (6)

where Ksph
ext/abs (...,ri ) and Kns

i i (...,ri ) are the kernels of extinction, absorption and scat-
tering properties of spherical and non-spherical aerosol fractions (Dubovik et al., 2011).
For reducing calculation time in the numerical integration of spheroid optical properties20

over size and shape, these kernels were arranged as the look-up tables simulated for
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quadrature coefficients employed as discussed in detail by Dubovik et al. (2006). The
calculations of kernels for non-spherical fraction were done assuming non-spherical
aerosol as a mixture of randomly oriented polydisperse spheroids with the distribution
of the aspect ratios fixed to the one providing the best fit to the laboratory measure-
ments of mineral dust (feldspar sample) phase matrices by Volten et al. (2001). Such5

strategy of accounting for non-spherical shape of desert dust aerosol is successfully
used in the operational AERONET retrieval.

It is noteworthy that the spheroid model developed by Dubovik et al. (2002b, 2006)
appeared to be rather useful for other aerosol remote sensing applications. It was
shown that the spheroid model allows qualitative reproduction of the main features10

of lidar observations of non-spherical desert dust (Cattrall et al., 2005). Furthermore,
Veselovskii et al. (2010) and Di Girolamo et al. (2012) have incorporated the spheroid
model into the algorithm retrieving aerosol properties from lidar observations. That
were, probably, one of the first attempts to interpret quantitatively the sensitivity of the
lidar observations to particle non-sphericity.15

It should be noted that Eqs. (5) and (6) are written for aerosol composed by
Nk (k = 1, ..,Nk) components, where each component has different values of complex
refractive index nk ,kk and size distribution dVk (ri )

d lnr . Such possibility of modelling multi-
component aerosol is included in the previous version of the algorithm for both inverting
ground based (Dubovik and King, 2000) and satellite (Dubovik et al., 2011) observa-20

tions. In principle, such assumption allows for accurate modelling of scattering by mixes
of aerosols of different types with distinctly different indices of the refraction. Such sit-
uations often appear in the reality, for example, when smoke is mixed with transported
layer of desert dust. The differentiation and retrieval of both the size distributions and
the complex refractive indices for each fraction of mixed aerosol from remote sens-25

ing is highly demanded and recommended (Mishchenko et al., 2007). However, due
to the limited information content of radiometric observation, realizing such retrieval
is a very challenging task. For example, sensitivity studies by Dubovik et al. (2000)
demonstrated and studied such retrieval in a series of numerical tests with synthetic
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AERONET data and found that the retrieval of bi-component (Nk = 2) aerosol was non-
unique. Specifically, using different initial guesses the retrieval algorithm was finding
several different bi-component aerosol mixtures providing equally good fit of the ob-
servations. As a result of this feature, the operational AERONET algorithm uses the
assumption of mono-component aerosol with size independent complex refractive in-5

dex. Nonetheless, in the present study we use bi-component aerosol model, where
aerosol is composed by fine (k = 1) and coarse (k = 2) aerosol components with dif-
ferent size distributions and complex refractive indices. It is expected that combination
of the observations by ground-based radiometer with the spectral lidar observations
provide sufficient information for satisfactory retrieval of bi-component aerosol mix-10

ture properties. Indeed, the spectral observations of lidar have sensitivity to mixing
of aerosol layers at different altitudes. This sensitivity should help to differentiate the
properties of a bi-component mixture.

The vertical variability of atmosphere is modelled using vertical profiles of the
volume concentrations ck (h) of the aerosol components under an assumption that15

such characteristics as: size distribution, complex refractive index and particle shape
of each aerosol component are vertically independent. Therefore, aerosol backscatter-
ing βaer (λ,h) and extinction properties σaer (λ,h) can be modelled as:

βaer (λ,h) =
1

4π

∑
k=1,2

σk
aer (λ,h)ωk

0 (λ)P k
11 (180◦,λ) (7)

and20

σk
aer (λ,h) = τk (λ)ck (h) (8)

where the vertical profiles of the volume concentrations ck (h) of aerosol components

are normalized to unity:
hTOA∫

0
ck (h) dh = 1.

Thus, this approach is convenient for both modelling columnar aerosol properties by
Eqs. (5) and (6) and vertical lidar observations by Eq. (1).25
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In addition, vertical variability of aerosol may have some effect on the outgoing at-
mospheric radiances measured from space (Dubovik et al., 2011). This variability is
accounted by solving full radiative transfer equations in the plane parallel approxima-
tion using vertically dependent optical characteristics of the atmosphere:

∆τi = ∆τgas
i +∆τmol

i +
∑
k=1,2

∆τaer,k
i (9)5

ω0 (λ) =

∆τi
mol +

∑
k=1,2

∆τaer,k
i ω0 (λ)

∆τgas
i +∆τmol

i +
∑

k=1,2
∆τaer,k

i

(10)

Pi i
i (Θ,λ) =

∆τk
molPi i (Θ,λ)+

∑
k=1,2

∆τaer,k
i ωk

0 (λ)Pi i
aer,k (Θ,λ)

∆τimol +
∑

k=1,2
∆τaer,k

i ω0 (λ)
(11)

where ∆τi , ω
i
0 (λ) and P i

i i (Θ,λ) represent optical properties of i th homogeneous layer10

of the atmosphere. It should be noted that in AERONET retrieval algorithm (Dubovik
and King, 2000) the accountancy for aerosol vertical variability is also possible. How-
ever, the sensitivity studies by Dubovik et al. (2000) show practically no sensitivity to
aerosol vertical profile and, as a result, the operational AERONET retrievals are con-
ducted under the assumption of vertically homogeneous atmosphere. The PARASOL15

aerosol retrieval by Dubovik et al. (2011) accounts for vertical variability of aerosol (sim-
ilarly as shown in Eq. 8), and is designed to retrieve some information about aerosol
vertical distribution. However, the passive radiometric and polarimetric observations
from space have very moderate sensitivity to aerosol vertical variability. Therefore, ver-
tical profiles of aerosol concentrations ck (h) in PARASOL algorithm are approximated20
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by the normal distribution and only median height of aerosol layer ha is retrieved. In
contrast, the profiles ck (h) in the present study are not approximated by any specific
function and could have practically arbitrary shapes. Such approach is necessary for
adequate modelling of lidar observations. In principle, such accurate accounting for
aerosol vertical variability in radiative transfer calculations is not necessary for pro-5

cessing of passive observations, however, this may have some positive effects once
radiometric data are combined with lidar observations, as it was done in this study.

3.2 Adjustments of the “forward model” to model lidar observations

Theoretically, the profiles ck (h) should describe the variability of aerosol at all altitudes
from ground to space. However, the height range of lidar measurements has limita-10

tions. Usually ground-based lidar measurements do not cover all atmosphere altitudes
and are conducted between the upper hmax and the lower hmin limits. Therefore, the
vertical profiles ck (h) can be derived only between these limits and some assump-
tions about ck (h) for hmax < h < hmin should be made in order to describe the vertical
distribution of aerosol in the whole atmosphere column which is required for radiative15

transfer calculations. Here, the aerosol over hmax was assumed exponentially decreas-
ing from ck (hmax) to a value close to zero ( 10−30) on the top of the atmosphere hTOA,
and under hmin it was assumed constant and equal to the last measured point ck (hmin)
as following:

c (h) = c (hmin) ,h ≤ hmin20

c (h) = c (hmax)exp(−αh) ,h > hmax (12)

where α is chosen from the condition that ck (hTOA) → 0.
The actual lidar observations used in the present study had an altitude range from

0.5 km up to 10 km, with the altitude resolution ∆h of 15 m, which provides informa-
tion about aerosol backscatter properties in Nh ' 600 altitude points hi . In order to25

avoid excessively high number of the retrieved parameters in the algorithm Nh was
limited to a smaller number (60). Since air density decreases exponentially and similar
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scale is expected for the variability of aerosol profiles, the logarithmically equidistant
(∆ lnh = Const) hi have been chosen for describing profiles ck (h) in the algorithm.

The lidar measurements L (λ,h) were also scaled down from Nh ' 600 to a smaller
number. This decreases calculation time, and in addition, helps to decrease the ef-
fect of high frequency noise. Since the power of the laser pulse during lidar sounding5

decreases as square of the distance the level of noise strongly increases with the alti-
tude. Therefore, the decimation of lidar signal in logarithmic scale over altitude provides
practically useful noise suppression. Since lidar signal is measured with constant verti-
cal resolution (∆h = Const), the decimation in logarithmic scale results in a decrease of
sampling rate with the increase of altitude. According to the Kotelnikov-Nyquist theorem10

(Nyquist, 1928; Kotelnikov, 1933) the lower sampling rate at high altitudes decreases
the amplitudes of high frequency oscillations, which usually are attributed to noise. The
described decimation method could be considered as expanding sliding window low
pass filter, allowing efficient noise suppression without loss of significant information
about aerosol vertical structure.15

3.3 The calibration of lidar signal

Commonly, retrievals use the attenuated backscatter (Eq. 1) normalized by attenuated
backscatter at the reference altitude href. This reference altitude is chosen under the
assumption, that amount of the aerosol over that altitude is negligible, i.e.

L (λ,href) = βmol (λ,href)×exp(−2(τaer (λ)+
href∫
h0

(
σgas

(
λ,h′)+σmol

(
λ,h′))dh′)) (13)20

Correspondingly if τaer (λ) is known the above attenuated backscattering at the refer-
ence altitude href can be easily calculated. However, due to the high presence of the
noise at high altitudes the selection of the reference point remains a manual proce-
dure that influences lidar retrievals (Kovalev and Oller, 1994; Matsumoto and Takeuchi,
1994). To address this problem Chaikovsky et al. (2004) has introduced “calibration25
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coefficient” A (λ) in Eq. (1) and included this value into the set of the retrieved param-
eters. If error is small A (λ) → 1. Here we follow the same concept and derive A (λ)
together with the other unknowns (see the list of the retrieved parameters in Table 1).

4 “Numerical inversion” organization

The retrieval is organized as multi-term LSM (Least-Square-Method) fitting similarly to5

the previous developments (Dubovik and King, 2000; Dubovik, 2004; Dubovik et al.,
2011). This approach has shown to be convenient for designing efficient inversion of
combined complex data sets (Sinyuk et al., 2007; Gatebe et al., 2010). This approach
considers an inversion as statistically optimized simultaneous solution of a system of
several independent equations:10

f∗k = fk (a)+∆k (k = 1,2, ...,Nk) (14)

where f∗k are data from different sources i.e. f∗k are the estimations of the characteristics
fk (a). Since these estimations are originated from different sources their errors ∆k
are independent. Correspondingly, under the assumption of the Gaussian distribution
of errors ∆k the optimum solution is provided by multi-term LSM corresponding to a15

minimum of the quadratic form Ψ (a) defined as:

2Ψ (a) =
Nk∑
k=1

(
f∗k − fk (a)

)TC−1
k

(
f∗k − fk (a)

)
→ min (15)

where Ck are covariance matrices of the errors ∆k . According to the suggestion of
earlier studies (Dubovik and King, 2000, etc.) the above condition can be conveniently
reformulated using weighting matrices Wk = 1

ε2
k
Ck (ε2

k is the first diagonal element of20

Ck):

2Ψ (a) =
Nk∑
k=1

ε2
0

ε2
k

(
f∗k − fk (a)

)TC−1
k

(
f∗k − fk (a)

)
→ min (16)
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where ε2
0 is first diagonal element of Ck=1 – covariance matrix of data set corresponding

to k = 1. Correspondingly, the contribution of each term in Eq. (16) is scaled by the

ratios of error variances
ε2

0

ε2
k

. As outlined by Dubovik and King (2000) this coefficient can

be considered as Lagrange multiplier used in the constrained inversion techniques. In
addition, in a case of noise properties assumed correctly, the achieved minimum can5

be used for estimating ε2
0 as:(

Ψ (a)ε2
0

)
min

→ ε2
0 (17)

Additionally, in previous studies (Dubovik and King, 2000; Dubovik, 2004; Dubovik
et al., 2011) the data both obtained from actual observations and from a priori
knowledge are considered equally in equation system (Eq. 14). Such consideration10

allows convenient interpretation of a priori constraints and development of flexible re-
trieval formalism with use of multiple constraints. Specifically, for the convenience of
interpretation of the present algorithm, the quadratic form (Eq. 16) can be represented
by two terms:

2
(
Ψ (a)ε2

0

)
=

Nmeas∑
k=1

ε2
0

ε2
k

(
f∗k − fk (a)

)TW−1
k

(
f∗k − fk (a)

)
15

+
Nprior∑
p=1

ε2
0

ε2
p

(
s∗p − sp (a)

)TW−1
p

(
s∗p − sp (a)

)
(18)

Here, the first group unites Nmeas sets of independent measurements (with different
level of accuracies) and the second unites Nprior sets of known a priori data sets used
as a priori constraints. The measurements group has Nmeas = 5 and includes (i = 1) –20

AERONET spectral and angular measurements of atmospheric sky-radiances, (i = 2)
– AERONET spectral measurements of aerosol optical thickness and (i = 3, . . .,5) –
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lidar spectral measurements of attenuated backscatter. Thus, compared to AERONET
retrieval (Dubovik and King, 2000) the measurement group in Eq. (18) includes addi-
tional terms corresponding to the measurements of attenuated backscatter at different
wavelengths.

It should be noted that in many practical situations the observations are uncorre-5

lated and provide equally accurate data, i.e. weighting matrices are equal to unity
matrices Wk = I. Such weight matrix structure directly applicable to the passive mea-
surements both for sky-radiances and aerosol optical thickness performed at different
wavelengths. However such estimations that were implied in AERONET and POLDER
retrievals, are not applicable to lidar measurements, as their variances depend both on10

the altitude and on the wavelength. Thus the weight matrix of lidar measurement will
have a form of diagonal matrix that describes relative altitude dependence of variance
for the given spectral channel:

Wλ... =
1

ε2
λ...

Cλ... (hmin) 0 0

0
. . . 0

0 0 Cλ... (hmax)

 (19)

where ε2
λ...

is the minimum diagonal element of covariance matrix Cλ... whose elements15

are defined similar with the approach proposed for LiRIC (Chaikovsky et al., 2006a;
Denisov et al., 2006; Chaikovsky et al., 2012):

Cλj (hi ) =ω2 +
g2 +q2P ∗ (hi ,λj

)
AM

(
P ∗ −B∗ (λj))2

+
u2(

P ∗ −B∗ (λj))2
+4α1

2 +4α2
2 (20)

Where P ∗ (λj ,hi
)

is recorded during lidar measurements, B∗ (λj) is background noise
estimation, A is the accumulation of the signal, M is the number of the lidar signal20

counts in the altitude-averaging interval, g is the total deviation of the dark current
and noise in receiving channel, q is the index that characterizes fluctuation noise
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of the photo receiver and could be estimated on dark measurements of the photo-
receiving module, u is the coefficient that characterizes the amplitude of synchronous
noise in receiving channel, v is the non-linearity parameter; α1,α2 are the relative er-
rors of molecular optical thickness and backscatter coefficient estimations. Parameters
g,q,u,v are system dependent and estimated from testing of the lidar registration sys-5

tem and parameters α1,α2 are known for the used model of molecular atmosphere
(Fleming et al. (1988), http://ccmc.gsfc.nasa.gov/modelweb/atmos/cospar1.html). The
second group in Eq. (18) unites Nprior sets of known a priori derivatives of the aerosol
characteristics. Specifically, we used the derivatives of retrieved size distributions
dVf ,c (r)/dlnr , the complex refractive indices spectral dependencies nf ,c(λ), kf ,c(λ) and10

the vertical variability of profiles cf ,c (h). In order to avoid unrealistic oscillations of re-
trieved aerosol parameters, we assume that a priori values of sp are zeros, i.e. s∗p = 0
and Eq. (18) can be written as:

2
(
Ψ (a)ε2

0

)
=

Nmeas∑
k=1

ε2
0

ε2
k

(
f∗k − fk (a)

)TW−1
k

(
f∗k − fk (a)

)
+

Nprior∑
p=1

ε2
0

ε2
k

aST
pSpaT (21)

here matrix Sp represents coefficients for calculating finite differences used to esti-15

mate the derivatives. The explicit form of these matrices is given in Dubovik (2004)
and Dubovik et al. (2011). Thus, compared to the AERONET algorithm the a priori
constraint group uses limitations on the derivatives of vertical profiles of aerosol con-
centrations. In addition, in the present algorithm we use the limitation on the derivatives
separately for dVf ,c (r)/dlnr , nf ,c(λ) and kf ,c(λ) for both fine and coarse modes. As a20

result, the algorithm used Nprior = 8 complementary a priori constraints.
It should be noted that limitations of the derivatives of the vertical profiles appears to

be rather useful and very logical approach to avoid unrealistic spiky vertical variations
in profiling that is also used in the LiRIC algorithm by Chaikovsky et al. (2002) Surpris-
ingly, such apparently natural constraining is rarely used in profiling techniques (with25

few exceptions: Dubovik et al., 1998; Oshchepkov et al., 2002). For example, even the
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cornerstone methodological studies of atmosphere profiling (e.g. Rodgers, 1976) pro-
pose limiting directly the values of profile using a priori estimations. Such approach
is generally rather restrictive and can lead to the notable biases in the retrieval in the
case when a priori assumed profiles are significantly different from the real ones. For
example, in the aerosol microphysical applications where aerosol size distributions are5

retrieved from the measurements of spectral and angular scattering such approach
appears to be unfruitful. Indeed, the shape and magnitudes of aerosol size distribu-
tion may strongly vary and direct restriction of its magnitude by a priori values is too
restrictive. As a result, although the use of a priori estimates as a constrain in the
retrieval of size distribution was proposed and tried by Twomey (1963) much earlier10

than in atmospheric profiling (e.g. Rodgers, 1976) it was never widely used. Instead,
most of established aerosol retrieval algorithms (e.g. King et al., 1978; Nakajima et al.,
1983, 1996; Dubovik et al., 1995; Dubovik and King, 2000, etc.) use the limitations of
derivatives of aerosol size distribution. Such limitation are obviously more universal and
do not have apparent dependence on aerosol type, loading, etc. The same property of15

derivatives constraining seems to be very advantageous for constraining vertical profile
retrievals (as it was done in the present work).

The actual minimization of Eq. (21) in the present algorithm is performed in exactly
the same way as described by Dubovik et al. (2011) for “single-pixel” retrieval scenario.

5 GARRLiC algorithm functionality and sensitivity tests20

Series of sensitivity tests have been performed to verify the performance of the de-
veloped algorithm and to provide illustration of capabilities and limitations of the al-
gorithm to derive a set of aerosol parameters (see Table 1) from coincident lidar and
sun-photometer observations.

The sensitivity tests had been designed to conform with realistic conditions of each25

of the measurement. The tests were carried out for two cases representing situations
when desert dust is mixed with urban pollution and biomass burning aerosols. Six
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different scenarios were considered for the each mixture. Among them 3 scenarios
were performed for high aerosol loading with total AOT of τ0.532

a = 1 and 3 with very
low AOT of τ0.532

a = 0.05 at λ = 0.532 µm. These two situations where chosen from the
following considerations. At the high aerosol loading we expect that synergetic retrieval
would maximally benefit from information from radiometric observations, while at very5

low AOT, the lidar data should provide maximum benefits. Indeed, the accuracy of
AERONET retrievals is generally higher at high aerosol loading and significantly falls
at very low AOT (Dubovik et al., 2000). In contrast, the lidar data remain reliable even at
low aerosol loadings. For both high and low aerosol loading cases, three different cases
of fine/coarse mode partition were modelled: τf

/
τc = 4 , τf

/
τc = 1 and τf

/
τc = 0.25 .10

For each of the 6 scenarios, two series of the tests were made: (i) tests to estimate
the sensitivity to random noise were made without any noise added and with random
noise added to the simulated measurements, and (ii) tests to illustrate the possible
improvements introduced by using both radiometric and lidar measurements in com-
parison with the standard AERONET inversion.15

5.1 Description of aerosol and noise models used for sensitivity study

Two log-normal size distributions were used to generate 25 size bins (10 for fine
and 15 for coarse aerosol modes). To make the size distributions directly comparable
with actual AERONET observations the values of the generated bin radii were cho-
sen corresponding to the ones of the standard AERONET retrieval. The values used20

to model size distributions of fine and coarse modes (see Table 2) were taken from
AERONET retrieval climatology corresponding to desert dust and biomass-burning
aerosols (Dubovik et al., 2002a).

The values of complex refractive indices at λ = 0.44,0.67,0.87 and 1.02 µm for “ur-
ban pollution”, “biomass burning” and “desert dust” aerosol models were adapted from25

actual long-time observation statistics over the GSFC, Banizombou and Solar Vil-
lage AERONET sites correspondingly, where the listed types of the aerosols usually
dominate in aerosol load (Dubovik et al., 2002a). The values for spectral channels
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λ = 0.355,0.532 and 1.064 µm corresponding to lidar measurements were obtained by
the extrapolation.

Two realistic scenarios with clear vertical separation of fine and coarse aerosol com-
ponents were used. The fine mode was assumed to represent the background aerosol
with specific vertical distribution, while coarse mode distribution had a thick layer ap-5

proximately at 3 km. Both modes had significant amount of aerosol in the layers close
to the ground to mimic the properties of the boundary layer. Both distributions had
monotonous decrease over the altitude.

The values of the complex refractive indices as well as vertical distribution profiles of
the aerosol models could be found marked as “TRUE” in Figs. 3–4 and 7.10

To model realistic measurement conditions the random normally distributed noise
was added to the generated measurements. The variance of noise in optical thickness
measurement was set as 0.005, and the variance of noise in scattered irradiance was
chosen as 3 %, i.e. ∆I

I = 0.03; spectral and altitude dependent variances of lidar mea-
surements were defined as15

∆L (λ,h)

L (λ,h)
= ε (λ)n (h) (22)

where ε (λ) = 0.2,0.15,0.1 for λ = 0.355,0.532 and 1.064 µm correspondingly, and ver-
tical dependence was set as the following function:

n (h) = 1, log(h) < 1
n (h) = log(h) , log(h) ≥ 1

(23)

Using above described microphysical model the synthetic AERONET and lidar mea-20

surements were simulated and then inverted. The results were compared with the “as-
sumed” properties.

5.2 Sensitivity test results

The discussion of the sensitivity study results will focus on the retrievals of the aerosol
properties that were not part of the standard AERONET inversion. Specifically, we will25
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pay particular attention to the retrieval of aerosol vertical profiles and differentiation
between the properties of fine and coarse aerosol mode parameters including com-
plex refractive indices, size distributions, etc. In addition we would like to note that the
accuracy of aerosol size distribution retrieval is not discussed here. The results of our
sensitivity tests show generally very similar tendencies as observed in earlier studies5

by Dubovik et al. (2000).
The results of the sensitivity tests are presented in Figs. 3–8. These results show that

algorithm derives all aerosol parameters with good accuracy, and clearly distinguishes
both aerosol modes. The addition of the realistic random noise did not dramatically
affect the retrieval results, although once noise is added the retrieval results depart10

further from the “assumed” values.
Figures 3–5 show the retrievals of the aerosol complex refractive indices of each

aerosol component under noisy conditions performed for 6 different AOT and obtained
for two aerosol mixtures listed above. As it is seen in Figs. 3–5 method shows higher
accuracy of columnar property retrieval in cases with higher aerosol loadings. Similar15

tendency is observed for the retrieval of vertical profiles.
Another observed trend is that the accuracy of the retrievals of complex refractive

index for each aerosol mode strongly correlates with the contribution of this mode to
the signal. Specifically, two following tendencies are observed. First, the higher the
presence of the mode, the better retrieval accuracy of the refractive index for this mode.20

Second, the retrieval error of the refractive index increases from shorter wavelengths
to longer ones for the fine mode, and for the coarse mode the tendency is opposite.

Figure 6 illustrates that similar tendency is observed for the retrievals of the sin-
gle scattering albedo.This trend is especially evident in the situations with low total
AOT and when of one of the components dominates. As can be seen from Fig. 6, in25

such situation retrieval errors of the properties of minor aerosol mode become unac-
ceptably high. This leads to incorrect separation of the total single scattering albedo
between these two aerosol components at shorter wavelengths. The retrievals of total
single scattering albedo depend on the total optical thickness similarly as observed by
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(Dubovik et al., 2000). The scenario with high total AOT and equal partition between
the modes is the most favourable for overall retrieval.

Figure 7 shows the retrievals of the vertical distributions. As can be seen form these
plots the algorithm gives generally adequate vertical profiles for both modes. At the
same time, it tends to slightly overestimate the amount of the fine mode and to under-5

estimate coarse mode content in the layers that contain the mixture of aerosols of both
types. However, the algorithm always provides adequate total extinction estimations for
the given layer (see Fig. 8).

This tendency remains even in noise free conditions. It probably can be explained by
insufficient information content for perfect separation of fine and coarse mode contri-10

butions to the total lidar signal in the mixed layers.
Figure 8 illustrate the algorithm capability to retrieve vertical distributions of basic

aerosol optical properties such as extinction, absorption, single scattering albedo and
lidar ratio both in noise free conditions and with random noise added. The figures show
the retrievals for equally mixed dust and smoke fractions in a sense that τsmoke = τdust =15

0.5. Figure 8 demonstrates that the errors in estimations of single scattering albedo and
lidar ratios are generally higher compared to the errors of extinction and absorption.

Another tendency observed in the sensitivity study is lower sensitivity of the retrieval
to the fine mode properties, especially to the complex refractive index. These high
errors in derived complex indices of refraction propagate to the estimations of other20

optical properties of fine mode. The trend remains even in situations with high aerosol
loading in noise free conditions. Figure 9 shows that fundamental reason for this feature
is a selective sensitivity of the lidar measurement to the optical properties of the parti-
cles of different size and shape. Specifically, Fig. 9 indicates that lidar ratio of the fine
mode is less affected by the changes in refractive index compared to the coarse mode.25

This could be explained by smaller sensitivity of light scattering to the particle shape of
the fine mode that is well illustrated by Fig. 9, showing stronger dependence of the lidar
ratio on complex refractive index for the spherical particles of coarse mode. Therefore,
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since lidar measurements are sensitive mainly to lidar ratio, lidar measurements do not
provide significantly new information about refractive index of fine mode.

Also at shorter wavelengths the high molecular scattering reduces the aerosol con-
tribution to the lidar signal. This also leads to decrease of the sensitivity to the fine
mode aerosol properties since a significant part of information about fine fraction relies5

namely on shorter wavelengths.
It should be noted that a number of studies (Mishchenko et al., 2000, 2004; Dubovik

et al., 2006) indicate high sensitivity of polarimetric passive measurements to the re-
fractive index of the fine mode. Therefore, usage of radiometers with polarimetric capa-
bilities could potentially result in better retrievals of the aerosol parameters of the fine10

mode.

5.3 Improvements introduced by joint inversion of lidar and AERONET

A synergetic handling of co-incident radiometer and lidar data is obviously beneficial
for acquisition of improved vertical characterization of aerosol. The processing of li-
dar data always relies on assumptions about some aerosol properties. Obtaining this15

missing information from nearby radiometer is evidently preferable to a simple assump-
tion of these properties from climatologies. Therefore, the positive influence of the ra-
diometer data on the lidar retrievals was emphasized in a number of previous studies
(Chaikovsky et al., 2006c; Cuesta et al., 2008). However, all previous radiometer-lidar
synergy approaches used AERONET retrievals in the form of a priori assumptions for20

improving lidar retrievals. GARRLiC is the first development trying to explore possibility
of improving AERONET retrieval by using extra information of co-located lidar obser-
vations. The possibility to distinguish indices of the refraction of fine and coarse parti-
cles is one of the most significant innovations proposed by GARRLiC, since it was not
achievable using only AERONET data as shown in studies by Dubovik et al. (2000). The25

results of sensitivity tests presented in previous section showed the achievable levels of
retrieval accuracy of the complex refractive index using both lidar and radiometer data.
At the same time, it is clear that the lidar data provide additional information about
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aerosol properties because of high sensitivity of lidar data to aerosol lidar ratio. There-
fore, in order to provide additional illustration of positive effect from using lidar data
on aerosol columnar properties, we analyse the changes in accuracy of the retrieval
of lidar ratios by adding lidar data to AERONET observations. Also any improvement
in lidar ratio estimations brings straightforward enhancements in retrieval of vertical5

profiles of aerosol concentrations.
With a purpose to access and illustrate possible improvements in the retrieval of

aerosol columnar properties, additional scenario was added to the sensitivity study:
inversion, neglecting the measurements provided by lidar. Figure 10 shows the com-
parisons of errors of lidar ratio retrievals conducted for AERONET data only and for a10

combination of AERONET and lidar. The results demonstrate that joint retrieval allows
more accurate retrievals of lidar ratio for both aerosol components in such challenging
cases when one mode dominates in optical thickness. In such cases retrieval without
lidar measurements tends to estimate all properties of both modes close to those of
dominating one, leading to dramatic errors in lidar ratio estimations. The errors of the15

retrieval of the dominating mode lidar ratio remain almost the same for both inversion
strategies. These results lead to a conclusion that supplementing radiometer data by
lidar observations helps to improve the retrieval of aerosol properties of minor mode
in the aerosol mixture. Consequently, the retrieval of vertical profile of the minor mode
concentration is also should be more accurate compared to the retrievals by the ap-20

proaches of Chaikovsky et al. (2006c) and Cuesta et al. (2008) which assume lidar
ratios from AERONET retrievals.

Also, based on the observations made from Fig. 9 that lidar ratio is very sensitive
to the retrieval accuracy of spherical particles faction, we have evaluated the possible
improvements in the retrieval of this parameter by using joint inversion of AERONET25

and radiometer data.
Table 3 summarizes the relative errors of retrieval of this parameter for three cases

of aerosol with different partition of aerosol modes. The results were obtained for high
aerosol load within three inversion scenarios: the joint inversion of radiometer and lidar
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data without any noise added; the joint inversion with random noise added to the data
and the inversion of radiometer data only with random noise added to the observations.
Although without information about polarization the sensitivity to this parameter is quite
low and depends on aerosol optical thickness, the fact that backscatter depends on this
parameter (see Fig. 9) allows decreasing retrieval errors in the situations when coarse5

mode dominates in optical thickness. As it is seen from the Table 3, the absence of lidar
data in the presence of the random noise makes accurate GARRLiC retrieval of this
parameter impossible even in situation with significant amount of coarse mode, while
in the presence of lidar data sensitivity to this parameter remains for the same case of
aerosol load.10

Decrease of retrieval error with growth of the coarse mode concentration is explained
by higher sensitivity of the measurements to the shape parameters of bigger particles.

The analysis of test results allows making a conclusion that being supplied with
sufficient measurement information combined inversion could provide deep synergy of
two different types of aerosol remote sensing, resulting in more accurate and qualitative15

retrievals compared to the single instrument inversions.

6 GARRLiC applications to real lidar/sun-photometer observations

The algorithm has been applied to lidar/sun-photometer measurements collected at
observation site of the Laboratory of Scattering Media at Institute of Physics, Minsk,
Belarus. Station is equipped by standard AERONET sun-photometer and several20

multi-wavelength lidars that provided measurements of attenuated backscatter at
0.355,0.532 and 1.064 µm.

Parameters that characterize noise (Eq. 20) in these lidar systems were estimated
as shown in Table 4.

Two typical situations were chosen to illustrate the inversion results: (i) the obser-25

vation of dust outburst from Sahara desert transported over Minsk on 2 June 2008,
(ii) observation on 13 August 2010 of smoke plum transported from Russian forest
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fires over East Europe. Figures 11–12 show the atmosphere back trajectories provided
for Minsk AERONET site (http://croc.gsfc.nasa.gov/aeronet/, Schoeberl and Newman
(1995); Pickering et al. (2001)) for these cases. The analysis of these back trajectories
illustrates that air masses from mentioned regions should be present over Minsk during
measurement periods.5

Figures 13–14 present the retrieved aerosol columnar microphysical properties and
Figs. 16 and 17 show the retrieved columnar optical parameters all in comparison with
standard AERONET retrievals for this site. Figures 15 and 18–20 present the retrieved
vertical profiles of microphysical and optical aerosol properties. Figures 21 and 22 are
dedicated to qualifications of the vertical retrievals, Fig. 21 presents the comparison of10

GARRLiC results with LiRIC retrievals made for the same measurements and Fig. 22
presents achieved fits of the lidar measurements.

Retrieved size distributions (Fig. 13) are consistent with the expectations for ob-
served aerosol types: domination of fine mode for smoke and of coarse mode for desert
dust. Both retrievals show good agreement with AERONET retrievals, the difference15

in the fine mode retrievals between two methods in the dust observation case could
probably be explained by lower sensitivity of the AERONET inversion to minor aerosol
modes.

The retrieved refractive indices (Fig. 14) are clearly distinguished between modes
and are coherent with the values expected for these aerosol types: highly absorbing20

fine mode for smoke, real part of refractive index for coarse mode close to the observa-
tions of this parameter for dust (Dubovik et al., 2002a). Since, the AERONET retrieval
does not discriminate the refractive index of the modes, the AERONET derived values
can not be compared directly to the GARRLiC retrieval. Nonetheless, it is clear that
there is logical agreement between two retrievals since AERONET derived refractive25

indices are generally in the middle between values of fine and coarse modes obtained
by GARRLiC.

The vertical distributions of fine and coarse modes (Fig. 15) clearly discriminate
the vertical structure of the aerosols of different types. Both retrievals agree well with
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back-trajectory analysis: according to Figs. 11 and 12 the atmospheric layer from the
region of forest fires was expected at the altitude across 2 km, and the layer from
Sahara desert was expected around 4 km. Retrievals of lidar ratios shown in Fig. 16
demonstrate notable differences between AERONET and GARRLiC values. The main
difference is located at shorter wavelengths. These differences are probably caused by5

the significant differences in the sensitivities of both data sets, and by the differences
in assumptions. Specifically, AERONET radiometer does not include observations in
backscattering direction, and assumption of size independent refractive index may also
result in an additional error in the lidar ratio estimation. For example, in Fig. 9 the high
values of absorption for the coarse mode in AERONET retrieval, that could be caused10

by the presence of smoke in the mixture, lead to unnatural lidar ratios retrieved for the
desert dust (see for e.g. Cattrall et al., 2005).

The spherical particles faction retrieved for these two cases gave 40 % of spherical
particles for the smoke event and 25 % for the dust, compared to the 99 % and 2 % from
AERONET retrievals. This difference can be explained by high sensitivity of the lidar15

measurements to backscatter from non-spherical particles (see Dubovik et al., 2006
and Fig. 9).

Figure 17 illustrates the retrievals of columnar single scattering albedo. Total (i.e. mix-
ture of fine and coarse) SSA shows good agreement with AERONET retrievals and with
climatological values (Dubovik et al., 2002a). Both spectral dependencies of smoke20

and dust single scattering albedos were retrieved. The total single scattering albedo is
closer to the value of dominating aerosol mode for both retrievals.

Figures 18–20 demonstrate the vertical distributions of single scattering albedos,
lidar ratios and extinction calculated using retrieved parameters at the wavelengths
of lidar measurements. All distributions have noticeable vertical structure that agrees25

with the retrieved vertical distributions of aerosol concentrations. Both values of single
scattering albedo and lidar ratios at all single layers are in the ranges of typical values
for dust and smoke aerosols (Dubovik et al., 2002a; Cattrall et al., 2005). It should be
noted, that the particular behaviour of profiles in Fig. 18–19 at higher altitudes could
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be explained by a very small amount of the aerosol present in the upper atmosphere
layers and very weak signal returned from this altitude range.

Figure 21 shows vertical distributions retrieved by the GARRLiC compared with the
results of LiRIC inversion (Chaikovsky et al., 2012) made for the same measurement
set during dust event. Both retrieved profiles are in good agreement. The minor differ-5

ences could be explained by smaller amount of altitude layers in the GARRLiC retrieval
and differences in lidar ratios estimations for both modes. Such high similarity could be
explained by the small (see Fig. 14) difference in complex refractive indices of fine and
coarse aerosol modes, which should result in close values of derived lidar ratios, thus
not causing any significant effect on the retrieved aerosol concentration profiles. There-10

fore, for the situations when the usage of the same values of complex refractive index
for both aerosol modes could be justified, these two methods should provide similar
results. We have observed that in less favourable situations AERONET estimates of
lidar ratio can show more significant deviations, thus affecting the retrievals of vertical
concentration profiles more drastically.15

In Fig. 22 lidar measurements fits achieved during GARRLiC inversions are pre-
sented. Since both measurements were made with different duration, the noise at
higher altitudes is much stronger in the case with smoke observations due to the
smaller accumulation of the lidar signal. The use of lidar measurements down-sampling
and application of additional smoothness constrains allowed us to diminish the influ-20

ence of high noise and stabilize the retrievals in the presence of random noise. The
misfits at shorter wavelengths that could be observed at lower altitudes in the part of
Fig. 22 referring to the dust observation are caused by the non-uniform overlap of the
fields of view of receiver and emitter of the lidar system.

Thus, the results of GARRLiC application to real data and their comparisons with25

AERONET and LiRIC retrieval results showed an encouraging agreement for both
columnar and vertical properties of aerosol. At the same time, the GARRLiC retrieval
differentiates between columnar optical properties of fine and coarse modes of aerosol
relying on additional information contained in lidar observations.
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7 Conclusions

This paper has discussed in detail a concept for a new GARRLiC algorithm developed
for deriving detailed properties of two atmospheric aerosol components from coincident
lidar and photometric measurements. The algorithm is developed using the heritage of
the AERONET, PARASOL and LiRIC algorithms. The algorithm is designed to invert5

the co-incident observations of CIMEL sun/sky photometer that registers direct and
scattered atmospheric radiation at four wavelengths in up to 35 directions and multi-
wavelength elastic lidar that registers backscattered radiation at three wavelengths in
up to 1000 altitude layers. The algorithm derives an extended set of parameters for
both columnar and vertical aerosol properties, including aerosol sizes, shape, spectral10

complex refractive index for both fine and coarse aerosol modes, as well as vertical
profiles of mode concentrations.

The concept of the algorithm is aimed to achieve higher accuracy of the retrieval,
since in such an approach the solution usually relying only on passive measurement
of the radiometer is benefiting from information contained in coincident active observa-15

tions by lidar and method uses a smaller number of assumptions about aerosol. The
paper provided detailed description of the full set of formulations necessary for realizing
this concept.

The performance of the developed algorithm has been demonstrated by application
to both synthetically generated and real coincident sun-photometer and lidar obser-20

vations. First, a series of sensitivity tests were conducted by applying the algorithm
to the synthetic sun-photometer and lidar observations for the cases of aerosol mix-
tures containing desert dust with urban pollution and biomass burning aerosols. The
simulations were designed to mimic observations of real aerosol. With this purpose,
aerosol models derived from AERONET observations in Solar Village (Saudi Arabia),25

African savanna (Zambia) and GSFC (Greenbelt, MD) were used to generate synthetic
proxy measurements, both photometric and lidar. The data were perturbed by random
noise before applying the retrieval algorithm. The results of the tests showed that the
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complete set of aerosol parameters for each aerosol component can be robustly de-
rived with acceptable accuracy in all considered situations. The better accuracy was
observed for the higher aerosol load.

In addition, the GARRLiC algorithm was applied to coincident lidar and sun-
photometer observations performed at Minsk (Belarus) AERONET site. The com-5

parison of the derived aerosol properties with available observations by AERONET
ground-based sun/sky-radiometers indicated encouraging consistency of microphysi-
cal parameters of aerosol components derived from joint inversion with those obtained
by AERONET retrieval. More comprehensive studies for testing and tuning the devel-
oped algorithm including accountancy for polarization effects both for sun- photometer10

and lidar observations are planned in future efforts. Such important aspects of algo-
rithm implementation as coincident measurements requirements are to be addressed
in follow-on studies.

Described GARRLiC algorithm is not only limited by ground observations or by used
instrument types. Presented concept could be adapted to a variety of aerosol remote15

sensing instruments available, including ground-based polarimetric measurements of
both sun-photometers and lidars, Raman scattering lidars and spaceborne systems
like PARASOL and CALIPSO, providing wider opportunities in global comprehensive
aerosol characterization.
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Table 1. Parameters retrieved by the algorithm.

Aerosol
characteristics

dV k (ri )
d lnr (i = 1, ...,Nk

i ;k = 1,2) values of volume size distribution in
size bins of k-th aerosol component

ck (hi ) (k = 1,2) vertical distribution of aerosol concentration of k-th
aerosol component, normalized to 1

Csph Faction of spherical particles of coarse aerosol component
nk (λi ) (i = 1, ...,Nλ = 7;k = 1,2) the real part of the refractive index

for k-th aerosol component at every λi
of combined lidar-photometric measurement

kk (λi ) (i = 1, ...,Nλ = 7;k = 1,2) the imaginary part of the refractive
index for k-th aerosol component at every λi
of combined lidar-photometric measurement

Lidar calibration
parameters

A (λi ) (i = 1, ...,3) lidar calibration coefficient at each λi of the lidar
measurement
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Table 2. Parameters of log-normal distributions used for aerosol size distribution modelling.

Aerosol mode rmin, µm rmax, µm rmean, µm rstd τ, (τtotal = 1) τ, (τtotal = 0.05)

Fine 0.05 0.576 0.148 0.4 0.8, 0.5, 0.2 0.04, 0.025, 0.01
Coarse 0.355 15.0 2.32 0.6 0.2, 0.5, 0.8 0.01, 0.025, 0.04
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Table 3. Relative errors of spherical particles faction retrieval.

τc
τf

AERONET AERONET AERONET
+lidar +lidar

no noise noise added noise added

0.25 0.99 1.00 0.98
1 0.28 0.99 0.99
4 0.02 0.89 0.03
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Table 4. Parameters of noise estimations for the lidar system.

Parameter v g q u α1 α2

Value 10−5 10−4 10−1 1 10−1 10−3
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4 A. Lopatin et al.: GARRLiC — Synergetic inversion of lidar and sun-photometer coincident observations
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Fig. 1. General structure of the inversion algorithm.

tails of aerosol properties (e.g. Dubovik et al., 2002a; Eck
et al., 2005, 2012, etc.). The algorithm by Dubovik and
King (2000) has been developed with the idea to achieve
high flexibility in using the various observations and deriv-290

ing the extended set of aerosol parameters. Specifically, the
algorithm is based (see Dubovik and King, 2000; Dubovik,
2004) on multi-term LSM (Least Square Method) that al-
lows flexible and rigorous inversion of the various combi-
nations of the independent multi-source measurements. As a295

result, the modifications of algorithm have been used for in-
verting the various combined data. For example, Sinyuk et al.
(2007) used modified algorithm for deriving both aerosol and
surface properties from co-incident observations of ground-
based radiometer and satellite. Gatebe et al. (2010) have im-300

plemented a modification for inverting the combination of
the ground-based AERONET observations with the airborne
observations by the photometer and up- and down- look-
ing radiometer and derived the detailed properties of aerosol
both over and under airplane together with properties of sur-305

face reflectance. The latest modification of the algorithm
has been developed by Dubovik et al. (2011) for retrieving
both properties of aerosol and surface from observations of
PARASOL/POLDER. This version of the algorithm gener-
alizes and includes most of precedent modifications. More-310

over, the main part of the computer routine realizing the al-
gorithm has been significantly rewritten with the objective
of the enhancing algorithm flexibility in order that it could
be used in multiple applications with no or only minor mod-
ifications of the main body of the algorithm routine. The315

algorithm has nearly independent modules ”forward model”
and ”numerical inversion” (see fig.1) in the respect that these
modules can be modified independently. Correspondingly, if
a possibility of simulating new measured atmospheric char-
acteristic is included in the ”forward model” this character-320

istic can be inverted with no modifications of the ”numerical

inversion” module in the source code. Only input parame-
ters of the inversion program need to be changed. As a re-
sult, the algorithm by Dubovik et al. (2011) can be used with
no modifications in multiple applications. For example, the325

same program can be used for aerosol retrieval from satellite
(e.g. POLDER/PARASOL), ground-based (e.g. AERONET)
or aircraft observations. In the present development we used
this last version of the algorithm and modified it by adding a
possibility to invert lidar observations together with passive330

radiometric data. With that purpose modelling lidar obser-
vations was included in the ”forward model” and ”numerical
inversion” module was adapted for inverting the combined
radiometer and lidar observations. The details of these mod-
ifications are described in two following sections.335

3 Modifications employed in the ”forward model”

The previous versions of the retrieval code (Dubovik and
King, 2000; Dubovik et al., 2011) and its modifications
(Sinyuk et al., 2007; Gatebe et al., 2010) were developed
for inverting only passive observations by ground-based,340

satellite and airborne radiometers. Therefore, for the needs
of the current study a possibility of modelling lidar observa-
tions was included into the ”forward model” module. The
diagram in fig.2 illustrates the concept of accounting for the
aerosol vertical variability in the ”forward model” module of345

the present algorithm. Although the concept has significant
similarities with LiRIC, it has several new aspects.

Similarly to the LiRIC, GARRLiC is designed to provide
two independent vertical profiles of the concentrations of
fine and coarse modes that are among the retrieved charac-350

teristics. Aerosol is described as a bi-component mixture of
fine and coarse aerosol modes. The microphysical properties
of each mode (particle sizes, complex index of refraction

Fig. 1. General structure of the inversion algorithm.
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Fig. 2. General scheme of the measurements modelling using two-component vertically distributed aerosol model.

and shape) are height independent, while vertical profiles of
concentrations vary with altitude. Such approach minimizes355

the amount of a priori estimations used in the retrieval,
and it is expected to provide more detailed and accurate
information about both vertical and columnar aerosol prop-
erties. In a contrast to LiRIC, in GARRLiC model the size
intervals of the modes may overlap and the size independent360

complex refractive index may be different for each aerosol
component.

3.1 Attenuated backscatter

The attenuated backscatter L(λ,h) measured by lidar was365

modelled in single scattering approximation using lidar equa-
tion:

L(λ,h) =A(λ)β(λ,h)exp

−2

h∫
0

σ(λ,h′)dh′

 (1)

where A(λ) is the lidar calibration parameter, σ(λ,h) is
the vertical profile of atmospheric extinction, and β(λ,h)370

is the vertical profile of the atmospheric backscattering that
is modelled using profiles of atmosphere single scattering
albedo ω0(λ,h) and the phase function P11(Θ,λ,h) at
scattering angle Θ = 180◦ as follows:

375

β(λ,h) =σ(λ,h)ω0(λ,h)P11(180◦ ,λ,h) (2)

The extinction and backscattering of the atmosphere are
affected by gaseous absorption, molecular scattering and
aerosol scattering and absorption:

380

σ(λ,h) =σabsgas(λ,h)+σscatmol (λ,h)+σextaer (λ,h) (3)

β(λ,h) =βmol(λ,h)+βaer (λ,h) (4)

The lidar measurements are made in window channels
(0.355, 0.532 and 1.064µm ) with very minor gaseous ab-
sorption that is accounted using known climatological data.385

The effects of molecular scattering are also can be accounted
by usage of climatological data. Specifically, the phase
function Pmol11 (180◦ ,λ,h) of molecular scattering is con-
stant and well known. The variability of molecular scatter-
ing profile σscatmol (λ,h) over observation site can be simulated390

with acceptable accuracy based on the information about
site’s geographical coordinates and elevation (Fleming et al.
(1988), http://ccmc.gsfc.nasa.gov/modelweb/atmos/cospar1.
html). However, the aerosol properties σextaer (λ,h) and
βaer (λ,h) are highly variable and can not be modelled using395

climatologies. Therefore, in ”forward model” these proper-
ties are driven by the parameters included in the vector of un-
knowns that are retrieved during inversion. The radiometric
observations both from ground and space are mostly sensi-
tive to columnar properties of aerosol, therefore the ”forward400

model” in the previous version of the algorithm was driven
by the parameters describing these columnar properties. The
aerosol was assumed as a mixture of the several aerosol com-
ponents. Each aerosol component was represented by a sum
of spherical and non-spherical fractions. The spherical frac-405

tion was modelled as polydisperse mixture of the spheres.
The non-spherical fraction was modelled as mixture of ran-
domly oriented polydisperse spheroids. The distributions of
particle volumes and the complex refractive indices were as-
sumed the same in both spherical and non-spherical aerosol410

fractions. The extinction, absorption and scattering proper-
ties of the aerosol in the total atmospheric column were mod-

Fig. 2. General scheme of the measurements modelling using two-component vertically dis-
tributed aerosol model.
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Table 2. Parameters of log-normal distributions used for aerosol size distribution modelling.

Aerosol mode rmin,µm rmax,µm rmean,µm rstd τ,(τtotal =1) τ,(τtotal = 0.05)

Fine 0.05 0.576 0.148 0.4 0.8, 0.5, 0.2 0.04, 0.025, 0.01
Coarse 0.355 15.0 2.32 0.6 0.2, 0.5, 0.8 0.01, 0.025, 0.04
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Fig. 3. Retrievals of complex refractive index of ”Dust” aerosol
model under different AOT.
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Fig. 4. Retrievals of complex refractive index of ”Urban” aerosol
model under different AOT.

Specifically, two following tendencies are observed. First,
the higher the presence of the mode, the better retrieval ac-
curacy of the refractive index for this mode. Second, the
retrieval error of the refractive index increases from shorter860

wavelengths to longer ones for the fine mode, and for the
coarse mode the tendency is opposite.
Figure 6 illustrates that similar tendency is observed for the
retrievals of the single scattering albedo.This trend is espe-
cially evident in the situations with low total AOT and when865

of one of the components dominates. As can be seen from
fig. 6, in such situation retrieval errors of the properties of
minor aerosol mode become unacceptably high. This leads to
incorrect separation of the total single scattering albedo be-
tween these two aerosol components at shorter wavelengths.870

The retrievals of total single scattering albedo depend on
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Fig. 5. Retrievals of complex refractive index of ”Smoke” aerosol
model under different AOT.

the total optical thickness similarly as observed by (Dubovik
et al., 2000). The scenario with high total AOT and equal
partition between the modes is the most favourable for over-
all retrieval.875

Figure 7 shows the retrievals of the vertical distributions. As
can be seen form these plots the algorithm gives generally ad-
equate vertical profiles for both modes. At the same time, it
tends to slightly overestimate the amount of the fine mode
and to underestimate coarse mode content in the layers that880

contain the mixture of aerosols of both types. However, the
algorithm always provides adequate total extinction estima-
tions for the given layer (see fig. 8). This tendency remains
even in noise free conditions. It probably can be explained
by insufficient information content for perfect separation of885

fine and coarse mode contributions to the total lidar signal in
the mixed layers.
Figure 8 illustrate the algorithm capability to retrieve vertical
distributions of basic aerosol optical properties such as ex-
tinction, absorption, single scattering albedo and lidar ratio890

both in noise free conditions and with random noise added.
The figures show the retrievals for equally mixed dust and
smoke fractions in a sense that τsmoke = τdust = 0.5 . Fig. 8
demonstrates that the errors in estimations of single scatter-
ing albedo and lidar ratios are generally higher compared to895

the errors of extinction and absorption.
Another tendency observed in the sensitivity study is lower

sensitivity of the retrieval to the fine mode properties, espe-
cially to the complex refractive index. These high errors in
derived complex indices of refraction propagate to the esti-900

mations of other optical properties of fine mode. The trend
remains even in situations with high aerosol loading in noise

Fig. 3. Retrievals of complex refractive index of “Dust” aerosol model under different AOT.
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Table 2. Parameters of log-normal distributions used for aerosol size distribution modelling.

Aerosol mode rmin,µm rmax,µm rmean,µm rstd τ,(τtotal =1) τ,(τtotal = 0.05)

Fine 0.05 0.576 0.148 0.4 0.8, 0.5, 0.2 0.04, 0.025, 0.01
Coarse 0.355 15.0 2.32 0.6 0.2, 0.5, 0.8 0.01, 0.025, 0.04
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Specifically, two following tendencies are observed. First,
the higher the presence of the mode, the better retrieval ac-
curacy of the refractive index for this mode. Second, the
retrieval error of the refractive index increases from shorter860

wavelengths to longer ones for the fine mode, and for the
coarse mode the tendency is opposite.
Figure 6 illustrates that similar tendency is observed for the
retrievals of the single scattering albedo.This trend is espe-
cially evident in the situations with low total AOT and when865

of one of the components dominates. As can be seen from
fig. 6, in such situation retrieval errors of the properties of
minor aerosol mode become unacceptably high. This leads to
incorrect separation of the total single scattering albedo be-
tween these two aerosol components at shorter wavelengths.870

The retrievals of total single scattering albedo depend on
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Fig. 5. Retrievals of complex refractive index of ”Smoke” aerosol
model under different AOT.

the total optical thickness similarly as observed by (Dubovik
et al., 2000). The scenario with high total AOT and equal
partition between the modes is the most favourable for over-
all retrieval.875

Figure 7 shows the retrievals of the vertical distributions. As
can be seen form these plots the algorithm gives generally ad-
equate vertical profiles for both modes. At the same time, it
tends to slightly overestimate the amount of the fine mode
and to underestimate coarse mode content in the layers that880

contain the mixture of aerosols of both types. However, the
algorithm always provides adequate total extinction estima-
tions for the given layer (see fig. 8). This tendency remains
even in noise free conditions. It probably can be explained
by insufficient information content for perfect separation of885

fine and coarse mode contributions to the total lidar signal in
the mixed layers.
Figure 8 illustrate the algorithm capability to retrieve vertical
distributions of basic aerosol optical properties such as ex-
tinction, absorption, single scattering albedo and lidar ratio890

both in noise free conditions and with random noise added.
The figures show the retrievals for equally mixed dust and
smoke fractions in a sense that τsmoke = τdust = 0.5 . Fig. 8
demonstrates that the errors in estimations of single scatter-
ing albedo and lidar ratios are generally higher compared to895

the errors of extinction and absorption.
Another tendency observed in the sensitivity study is lower

sensitivity of the retrieval to the fine mode properties, espe-
cially to the complex refractive index. These high errors in
derived complex indices of refraction propagate to the esti-900

mations of other optical properties of fine mode. The trend
remains even in situations with high aerosol loading in noise

Fig. 4. Retrievals of complex refractive index of “Urban” aerosol model under different AOT.
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Table 2. Parameters of log-normal distributions used for aerosol size distribution modelling.

Aerosol mode rmin,µm rmax,µm rmean,µm rstd τ,(τtotal =1) τ,(τtotal =0.05)

Fine 0.05 0.576 0.148 0.4 0.8, 0.5, 0.2 0.04, 0.025, 0.01
Coarse 0.355 15.0 2.32 0.6 0.2, 0.5, 0.8 0.01, 0.025, 0.04
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Specifically, two following tendencies are observed. First,
the higher the presence of the mode, the better retrieval ac-
curacy of the refractive index for this mode. Second, the
retrieval error of the refractive index increases from shorter860

wavelengths to longer ones for the fine mode, and for the
coarse mode the tendency is opposite.
Figure 6 illustrates that similar tendency is observed for the
retrievals of the single scattering albedo.This trend is espe-
cially evident in the situations with low total AOT and when865

of one of the components dominates. As can be seen from
fig. 6, in such situation retrieval errors of the properties of
minor aerosol mode become unacceptably high. This leads to
incorrect separation of the total single scattering albedo be-
tween these two aerosol components at shorter wavelengths.870

The retrievals of total single scattering albedo depend on
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the total optical thickness similarly as observed by (Dubovik
et al., 2000). The scenario with high total AOT and equal
partition between the modes is the most favourable for over-
all retrieval.875

Figure 7 shows the retrievals of the vertical distributions. As
can be seen form these plots the algorithm gives generally ad-
equate vertical profiles for both modes. At the same time, it
tends to slightly overestimate the amount of the fine mode
and to underestimate coarse mode content in the layers that880

contain the mixture of aerosols of both types. However, the
algorithm always provides adequate total extinction estima-
tions for the given layer (see fig. 8). This tendency remains
even in noise free conditions. It probably can be explained
by insufficient information content for perfect separation of885

fine and coarse mode contributions to the total lidar signal in
the mixed layers.
Figure 8 illustrate the algorithm capability to retrieve vertical
distributions of basic aerosol optical properties such as ex-
tinction, absorption, single scattering albedo and lidar ratio890

both in noise free conditions and with random noise added.
The figures show the retrievals for equally mixed dust and
smoke fractions in a sense that τsmoke = τdust = 0.5 . Fig. 8
demonstrates that the errors in estimations of single scatter-
ing albedo and lidar ratios are generally higher compared to895

the errors of extinction and absorption.
Another tendency observed in the sensitivity study is lower

sensitivity of the retrieval to the fine mode properties, espe-
cially to the complex refractive index. These high errors in
derived complex indices of refraction propagate to the esti-900

mations of other optical properties of fine mode. The trend
remains even in situations with high aerosol loading in noise

Fig. 5. Retrievals of complex refractive index of “Smoke” aerosol model under different AOT.
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Fig. 7. Retrievals of the vertical distributions of aerosol components under different AOT.

free conditions. Figure 9 shows that fundamental reason for
this feature is a selective sensitivity of the lidar measure-
ment to the optical properties of the particles of different905

size and shape. Specifically, fig. 9 indicates that lidar ra-
tio of the fine mode is less affected by the changes in re-
fractive index compared to the coarse mode. This could be
explained by smaller sensitivity of light scattering to the par-
ticle shape of the fine mode that is well illustrated by fig. 9,910

showing stronger dependence of the lidar ratio on complex
refractive index for the spherical particles of coarse mode.
Therefore, since lidar measurements are sensitive mainly to
lidar ratio, lidar measurements do not provide significantly
new information about refractive index of fine mode. Also915

at shorter wavelengths the high molecular scattering reduces
the aerosol contribution to the lidar signal. This also leads to
decrease of the sensitivity to the fine mode aerosol properties
since a significant part of information about fine fraction re-
lies namely on shorter wavelengths.920

It should be noted that a number of studies (Mishchenko
et al., 2000, 2004; Dubovik et al., 2006) indicate high sensi-

tivity of polarimetric passive measurements to the refractive
index of the fine mode. Therefore, usage of radiometers with
polarimetric capabilities could potentially result in better re-925

trievals of the aerosol parameters of the fine mode.

5.3 Improvements introduced by joint inversion of lidar
and AERONET

A synergetic handling of co-incident radiometer and lidar
data is obviously beneficial for acquisition of improved ver-930

tical characterization of aerosol. The processing of lidar data
always relies on assumptions about some aerosol properties.
Obtaining this missing information from nearby radiometer
is evidently preferable to a simple assumption of these prop-
erties from climatologies. Therefore, the positive influence935

of the radiometer data on the lidar retrievals was emphasized
in a number of previous studies (Chaikovsky et al., 2006c;
Cuesta et al., 2008). However, all previous radiometer-lidar
synergy approaches used AERONET retrievals in the form
of a priori assumptions for improving lidar retrievals. GAR-940

Fig. 6. Retrievals of the single scattering albedo of aerosol components under different AOT.
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free conditions. Figure 9 shows that fundamental reason for
this feature is a selective sensitivity of the lidar measure-
ment to the optical properties of the particles of different905

size and shape. Specifically, fig. 9 indicates that lidar ra-
tio of the fine mode is less affected by the changes in re-
fractive index compared to the coarse mode. This could be
explained by smaller sensitivity of light scattering to the par-
ticle shape of the fine mode that is well illustrated by fig. 9,910

showing stronger dependence of the lidar ratio on complex
refractive index for the spherical particles of coarse mode.
Therefore, since lidar measurements are sensitive mainly to
lidar ratio, lidar measurements do not provide significantly
new information about refractive index of fine mode. Also915

at shorter wavelengths the high molecular scattering reduces
the aerosol contribution to the lidar signal. This also leads to
decrease of the sensitivity to the fine mode aerosol properties
since a significant part of information about fine fraction re-
lies namely on shorter wavelengths.920

It should be noted that a number of studies (Mishchenko
et al., 2000, 2004; Dubovik et al., 2006) indicate high sensi-

tivity of polarimetric passive measurements to the refractive
index of the fine mode. Therefore, usage of radiometers with
polarimetric capabilities could potentially result in better re-925

trievals of the aerosol parameters of the fine mode.

5.3 Improvements introduced by joint inversion of lidar
and AERONET

A synergetic handling of co-incident radiometer and lidar
data is obviously beneficial for acquisition of improved ver-930

tical characterization of aerosol. The processing of lidar data
always relies on assumptions about some aerosol properties.
Obtaining this missing information from nearby radiometer
is evidently preferable to a simple assumption of these prop-
erties from climatologies. Therefore, the positive influence935

of the radiometer data on the lidar retrievals was emphasized
in a number of previous studies (Chaikovsky et al., 2006c;
Cuesta et al., 2008). However, all previous radiometer-lidar
synergy approaches used AERONET retrievals in the form
of a priori assumptions for improving lidar retrievals. GAR-940

Fig. 7. Retrievals of the vertical distributions of aerosol components under different AOT.
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Fig. 9. Dependences of lidar ratio of fine and coarse modes on complex refractive index and particle shape.

RLiC is the first development trying to explore possibility of
improving AERONET retrieval by using extra information
of co-located lidar observations. The possibility to distin-
guish indices of the refraction of fine and coarse particles
is one of the most significant innovations proposed by GAR-945

RLiC, since it was not achievable using only AERONET data
as shown in studies by Dubovik et al. (2000). The results
of sensitivity tests presented in previous section showed the
achievable levels of retrieval accuracy of the complex refrac-
tive index using both lidar and radiometer data. At the same950

time, it is clear that the lidar data provide additional infor-
mation about aerosol properties because of high sensitivity
of lidar data to aerosol lidar ratio. Therefore, in order to pro-
vide additional illustration of positive effect from using lidar
data on aerosol columnar properties, we analyse the changes955

in accuracy of the retrieval of lidar ratios by adding lidar data
to AERONET observations. Also any improvement in lidar
ratio estimations brings straightforward enhancements in re-
trieval of vertical profiles of aerosol concentrations.
With a purpose to access and illustrate possible improve-960

ments in the retrieval of aerosol columnar properties, ad-
ditional scenario was added to the sensitivity study: inver-

sion, neglecting the measurements provided by lidar. Figure
10 shows the comparisons of errors of lidar ratio retrievals
conducted for AERONET data only and for a combination965

of AERONET and lidar. The results demonstrate that joint
retrieval allows more accurate retrievals of lidar ratio for
both aerosol components in such challenging cases when one
mode dominates in optical thickness. In such cases retrieval
without lidar measurements tends to estimate all properties970

of both modes close to those of dominating one, leading to
dramatic errors in lidar ratio estimations. The errors of the
retrieval of the dominating mode lidar ratio remain almost
the same for both inversion strategies. These results lead to
a conclusion that supplementing radiometer data by lidar ob-975

servations helps to improve the retrieval of aerosol properties
of minor mode in the aerosol mixture. Consequently, the re-
trieval of vertical profile of the minor mode concentration is
also should be more accurate compared to the retrievals by
the approaches of Chaikovsky et al. and Cuesta et al. which980

assume lidar ratios from AERONET retrievals.
Also, based on the observations made from fig. 9 that lidar

ratio is very sensitive to the retrieval accuracy of spherical
particles faction, we have evaluated the possible improve-

Fig. 8. Retrievals of the vertical distributions of aerosol optical properties under different noise
conditions.
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Fig. 9. Dependences of lidar ratio of fine and coarse modes on complex refractive index and particle shape.

RLiC is the first development trying to explore possibility of
improving AERONET retrieval by using extra information
of co-located lidar observations. The possibility to distin-
guish indices of the refraction of fine and coarse particles
is one of the most significant innovations proposed by GAR-945

RLiC, since it was not achievable using only AERONET data
as shown in studies by Dubovik et al. (2000). The results
of sensitivity tests presented in previous section showed the
achievable levels of retrieval accuracy of the complex refrac-
tive index using both lidar and radiometer data. At the same950

time, it is clear that the lidar data provide additional infor-
mation about aerosol properties because of high sensitivity
of lidar data to aerosol lidar ratio. Therefore, in order to pro-
vide additional illustration of positive effect from using lidar
data on aerosol columnar properties, we analyse the changes955

in accuracy of the retrieval of lidar ratios by adding lidar data
to AERONET observations. Also any improvement in lidar
ratio estimations brings straightforward enhancements in re-
trieval of vertical profiles of aerosol concentrations.
With a purpose to access and illustrate possible improve-960

ments in the retrieval of aerosol columnar properties, ad-
ditional scenario was added to the sensitivity study: inver-

sion, neglecting the measurements provided by lidar. Figure
10 shows the comparisons of errors of lidar ratio retrievals
conducted for AERONET data only and for a combination965

of AERONET and lidar. The results demonstrate that joint
retrieval allows more accurate retrievals of lidar ratio for
both aerosol components in such challenging cases when one
mode dominates in optical thickness. In such cases retrieval
without lidar measurements tends to estimate all properties970

of both modes close to those of dominating one, leading to
dramatic errors in lidar ratio estimations. The errors of the
retrieval of the dominating mode lidar ratio remain almost
the same for both inversion strategies. These results lead to
a conclusion that supplementing radiometer data by lidar ob-975

servations helps to improve the retrieval of aerosol properties
of minor mode in the aerosol mixture. Consequently, the re-
trieval of vertical profile of the minor mode concentration is
also should be more accurate compared to the retrievals by
the approaches of Chaikovsky et al. and Cuesta et al. which980

assume lidar ratios from AERONET retrievals.
Also, based on the observations made from fig. 9 that lidar

ratio is very sensitive to the retrieval accuracy of spherical
particles faction, we have evaluated the possible improve-

Fig. 9. Dependences of lidar ratio of fine and coarse modes on complex refractive index and
particle shape.
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Fig. 10. Retrieval errors of lidar ratio with and without accountancy
for lidar data.

Table 3. Relative errors of spherical particles faction retrieval.

τc
τf

AERONET AERONET AERONET
+lidar +lidar

no noise noise added noise added

0.25 0.99 1.00 0.98
1 0.28 0.99 0.99
4 0.02 0.89 0.03

ments in the retrieval of this parameter by using joint inver-985

sion of AERONET and radiometer data.
Table 3 summarizes the relative errors of retrieval of this pa-
rameter for three cases of aerosol with different partition of
aerosol modes. The results were obtained for high aerosol
load within three inversion scenarios: the joint inversion of990

radiometer and lidar data without any noise added; the joint
inversion with random noise added to the data and the inver-
sion of radiometer data only with random noise added to the
observations. Although without information about polariza-
tion the sensitivity to this parameter is quite low and depends995

on aerosol optical thickness, the fact that backscatter depends
on this parameter (see fig. 9) allows decreasing retrieval er-
rors in the situations when coarse mode dominates in optical
thickness. As it is seen from the table 3, the absence of li-
dar data in the presence of the random noise makes accurate1000

GARRLiC retrieval of this parameter impossible even in sit-
uation with significant amount of coarse mode, while in the
presence of lidar data sensitivity to this parameter remains
for the same case of aerosol load.
Decrease of retrieval error with growth of the coarse mode1005

concentration is explained by higher sensitivity of the mea-
surements to the shape parameters of bigger particles.

The analysis of test results allows making a conclusion
that being supplied with sufficient measurement information
combined inversion could provide deep synergy of two dif-1010

ferent types of aerosol remote sensing, resulting in more ac-
curate and qualitative retrievals compared to the single in-

Table 4. Parameters of noise estimations for the lidar system.

Parameter v g q u α1 α2

Value 10−5 10−4 10−1 1 10−1 10−3

Fig. 11. Air mass back trajectories for the Minsk measurement site
on 02.06.2008.

strument inversions.

6 GARRLiC applications to real lidar/sun-photometer
observations1015

The algorithm has been applied to lidar/sun-photometer mea-
surements collected at observation site of the Laboratory of
Scattering Media at Institute of Physics, Minsk, Belarus. Sta-
tion is equipped by standard AERONET sun-photometer and
several multi-wavelength lidars that provided measurements1020

of attenuated backscatter at 0.355,0.532 and 1.064µm.
Parameters that characterize noise (eq. 20) in these lidar sys-
tems were estimated as shown in table 4. Two typical situ-
ations were chosen to illustrate the inversion results: (i) the
observation of dust outburst from Sahara desert transported1025

over Minsk on 2.06.08, (ii) observation on 13.08.2010 of
smoke plum transported from Russian forest fires over East
Europe. Figures 11 – 12 show the atmosphere back trajec-
tories provided for Minsk AERONET site (http://croc.gsfc.
nasa.gov/aeronet/, Schoeberl and Newman (1995); Pickering1030

et al. (2001)) for these cases. The analysis of these back tra-
jectories illustrates that air masses from mentioned regions
should be present over Minsk during measurement periods.
Figures 13 – 14 present the retrieved aerosol columnar mi-

crophysical properties and figs. 16, 17 show the retrieved1035

columnar optical parameters all in comparison with standard
AERONET retrievals for this site. Figures 15 and 18 – 20
present the retrieved vertical profiles of microphysical and

Fig. 10. Retrieval errors of lidar ratio with and without accountancy for lidar data.
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Fig. 10. Retrieval errors of lidar ratio with and without accountancy
for lidar data.

Table 3. Relative errors of spherical particles faction retrieval.

τc
τf

AERONET AERONET AERONET
+lidar +lidar

no noise noise added noise added

0.25 0.99 1.00 0.98
1 0.28 0.99 0.99
4 0.02 0.89 0.03

ments in the retrieval of this parameter by using joint inver-985

sion of AERONET and radiometer data.
Table 3 summarizes the relative errors of retrieval of this pa-
rameter for three cases of aerosol with different partition of
aerosol modes. The results were obtained for high aerosol
load within three inversion scenarios: the joint inversion of990

radiometer and lidar data without any noise added; the joint
inversion with random noise added to the data and the inver-
sion of radiometer data only with random noise added to the
observations. Although without information about polariza-
tion the sensitivity to this parameter is quite low and depends995

on aerosol optical thickness, the fact that backscatter depends
on this parameter (see fig. 9) allows decreasing retrieval er-
rors in the situations when coarse mode dominates in optical
thickness. As it is seen from the table 3, the absence of li-
dar data in the presence of the random noise makes accurate1000

GARRLiC retrieval of this parameter impossible even in sit-
uation with significant amount of coarse mode, while in the
presence of lidar data sensitivity to this parameter remains
for the same case of aerosol load.
Decrease of retrieval error with growth of the coarse mode1005

concentration is explained by higher sensitivity of the mea-
surements to the shape parameters of bigger particles.

The analysis of test results allows making a conclusion
that being supplied with sufficient measurement information
combined inversion could provide deep synergy of two dif-1010

ferent types of aerosol remote sensing, resulting in more ac-
curate and qualitative retrievals compared to the single in-

Table 4. Parameters of noise estimations for the lidar system.

Parameter v g q u α1 α2

Value 10−5 10−4 10−1 1 10−1 10−3

Fig. 11. Air mass back trajectories for the Minsk measurement site
on 02.06.2008.

strument inversions.

6 GARRLiC applications to real lidar/sun-photometer
observations1015

The algorithm has been applied to lidar/sun-photometer mea-
surements collected at observation site of the Laboratory of
Scattering Media at Institute of Physics, Minsk, Belarus. Sta-
tion is equipped by standard AERONET sun-photometer and
several multi-wavelength lidars that provided measurements1020

of attenuated backscatter at 0.355,0.532 and 1.064µm.
Parameters that characterize noise (eq. 20) in these lidar sys-
tems were estimated as shown in table 4. Two typical situ-
ations were chosen to illustrate the inversion results: (i) the
observation of dust outburst from Sahara desert transported1025

over Minsk on 2.06.08, (ii) observation on 13.08.2010 of
smoke plum transported from Russian forest fires over East
Europe. Figures 11 – 12 show the atmosphere back trajec-
tories provided for Minsk AERONET site (http://croc.gsfc.
nasa.gov/aeronet/, Schoeberl and Newman (1995); Pickering1030

et al. (2001)) for these cases. The analysis of these back tra-
jectories illustrates that air masses from mentioned regions
should be present over Minsk during measurement periods.
Figures 13 – 14 present the retrieved aerosol columnar mi-

crophysical properties and figs. 16, 17 show the retrieved1035

columnar optical parameters all in comparison with standard
AERONET retrievals for this site. Figures 15 and 18 – 20
present the retrieved vertical profiles of microphysical and

Fig. 11. Air mass back trajectories for the Minsk measurement site on 02 June 2008.
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Fig. 12. Air mass back trajectories for the Minsk measurement site
on 13.08.2010.
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Fig. 13. Retrieved aerosol size distributions.

optical aerosol properties. Figures 21 and 22 are dedicated
to qualifications of the vertical retrievals, fig. 21 presents the1040

comparison of GARRLiC results with LiRIC retrievals made
for the same measurements and fig. 22 presents achieved fits
of the lidar measurements.
Retrieved size distributions (fig. 13) are consistent with the

expectations for observed aerosol types: domination of fine1045

mode for smoke and of coarse mode for desert dust. Both
retrievals show good agreement with AERONET retrievals,
the difference in the fine mode retrievals between two meth-
ods in the dust observation case could probably be explained
by lower sensitivity of the AERONET inversion to minor1050

aerosol modes.
The retrieved refractive indices (fig. 14) are clearly distin-
guished between modes and are coherent with the values ex-
pected for these aerosol types: highly absorbing fine mode
for smoke, real part of refractive index for coarse mode close1055

to the observations of this parameter for dust (Dubovik et al.,
2002a). Since, the AERONET retrieval does not discrimi-
nate the refractive index of the modes, the AERONET de-
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Fig. 14. Retrieved aerosol complex refractive indices.

rived values can not be compared directly to the GARRLiC
retrieval. Nonetheless, it is clear that there is logical agree-1060

ment between two retrievals since AERONET derived refrac-
tive indices are generally in the middle between values of fine
and coarse modes obtained by GARRLiC.
The vertical distributions of fine and coarse modes (fig.

15) clearly discriminate the vertical structure of the aerosols1065

of different types. Both retrievals agree well with back-
trajectory analysis: according to figs. 11 and 12 the atmo-
spheric layer from the region of forest fires was expected at
the altitude across 2 km, and the layer from Sahara desert was
expected around 4 km. Retrievals of lidar ratios shown in1070

fig. 16 demonstrate notable differences between AERONET
and GARRLiC values. The main difference is located at
shorter wavelengths. These differences are probably caused
by the significant differences in the sensitivities of both
data sets, and by the differences in assumptions. Specifi-1075

cally, AERONET radiometer does not include observations
in backscattering direction, and assumption of size indepen-
dent refractive index may also result in an additional error in
the lidar ratio estimation. For example, in fig. 9, the high
values of absorption for the coarse mode in AERONET re-1080

trieval, that could be caused by the presence of smoke in the
mixture, lead to unnatural lidar ratios retrieved for the desert
dust (see for e.g. Cattrall et al., 2005).
The spherical particles faction retrieved for these two cases
gave 40% of spherical particles for the smoke event and 25%1085

for the dust, compared to the 99% and 2% from AERONET
retrievals. This difference can be explained by high sen-
sitivity of the lidar measurements to backscatter from non-

Fig. 12. Air mass back trajectories for the Minsk measurement site on 13 August 2010.
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Fig. 12. Air mass back trajectories for the Minsk measurement site
on 13.08.2010.
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Fig. 13. Retrieved aerosol size distributions.

optical aerosol properties. Figures 21 and 22 are dedicated
to qualifications of the vertical retrievals, fig. 21 presents the1040

comparison of GARRLiC results with LiRIC retrievals made
for the same measurements and fig. 22 presents achieved fits
of the lidar measurements.
Retrieved size distributions (fig. 13) are consistent with the

expectations for observed aerosol types: domination of fine1045

mode for smoke and of coarse mode for desert dust. Both
retrievals show good agreement with AERONET retrievals,
the difference in the fine mode retrievals between two meth-
ods in the dust observation case could probably be explained
by lower sensitivity of the AERONET inversion to minor1050

aerosol modes.
The retrieved refractive indices (fig. 14) are clearly distin-
guished between modes and are coherent with the values ex-
pected for these aerosol types: highly absorbing fine mode
for smoke, real part of refractive index for coarse mode close1055

to the observations of this parameter for dust (Dubovik et al.,
2002a). Since, the AERONET retrieval does not discrimi-
nate the refractive index of the modes, the AERONET de-
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Fig. 14. Retrieved aerosol complex refractive indices.

rived values can not be compared directly to the GARRLiC
retrieval. Nonetheless, it is clear that there is logical agree-1060

ment between two retrievals since AERONET derived refrac-
tive indices are generally in the middle between values of fine
and coarse modes obtained by GARRLiC.
The vertical distributions of fine and coarse modes (fig.

15) clearly discriminate the vertical structure of the aerosols1065

of different types. Both retrievals agree well with back-
trajectory analysis: according to figs. 11 and 12 the atmo-
spheric layer from the region of forest fires was expected at
the altitude across 2 km, and the layer from Sahara desert was
expected around 4 km. Retrievals of lidar ratios shown in1070

fig. 16 demonstrate notable differences between AERONET
and GARRLiC values. The main difference is located at
shorter wavelengths. These differences are probably caused
by the significant differences in the sensitivities of both
data sets, and by the differences in assumptions. Specifi-1075

cally, AERONET radiometer does not include observations
in backscattering direction, and assumption of size indepen-
dent refractive index may also result in an additional error in
the lidar ratio estimation. For example, in fig. 9, the high
values of absorption for the coarse mode in AERONET re-1080

trieval, that could be caused by the presence of smoke in the
mixture, lead to unnatural lidar ratios retrieved for the desert
dust (see for e.g. Cattrall et al., 2005).
The spherical particles faction retrieved for these two cases
gave 40% of spherical particles for the smoke event and 25%1085

for the dust, compared to the 99% and 2% from AERONET
retrievals. This difference can be explained by high sen-
sitivity of the lidar measurements to backscatter from non-

Fig. 13. Retrieved aerosol size distributions.
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Fig. 12. Air mass back trajectories for the Minsk measurement site
on 13.08.2010.
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Fig. 13. Retrieved aerosol size distributions.

optical aerosol properties. Figures 21 and 22 are dedicated
to qualifications of the vertical retrievals, fig. 21 presents the1040

comparison of GARRLiC results with LiRIC retrievals made
for the same measurements and fig. 22 presents achieved fits
of the lidar measurements.
Retrieved size distributions (fig. 13) are consistent with the

expectations for observed aerosol types: domination of fine1045

mode for smoke and of coarse mode for desert dust. Both
retrievals show good agreement with AERONET retrievals,
the difference in the fine mode retrievals between two meth-
ods in the dust observation case could probably be explained
by lower sensitivity of the AERONET inversion to minor1050

aerosol modes.
The retrieved refractive indices (fig. 14) are clearly distin-
guished between modes and are coherent with the values ex-
pected for these aerosol types: highly absorbing fine mode
for smoke, real part of refractive index for coarse mode close1055

to the observations of this parameter for dust (Dubovik et al.,
2002a). Since, the AERONET retrieval does not discrimi-
nate the refractive index of the modes, the AERONET de-
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Fig. 14. Retrieved aerosol complex refractive indices.

rived values can not be compared directly to the GARRLiC
retrieval. Nonetheless, it is clear that there is logical agree-1060

ment between two retrievals since AERONET derived refrac-
tive indices are generally in the middle between values of fine
and coarse modes obtained by GARRLiC.
The vertical distributions of fine and coarse modes (fig.

15) clearly discriminate the vertical structure of the aerosols1065

of different types. Both retrievals agree well with back-
trajectory analysis: according to figs. 11 and 12 the atmo-
spheric layer from the region of forest fires was expected at
the altitude across 2 km, and the layer from Sahara desert was
expected around 4 km. Retrievals of lidar ratios shown in1070

fig. 16 demonstrate notable differences between AERONET
and GARRLiC values. The main difference is located at
shorter wavelengths. These differences are probably caused
by the significant differences in the sensitivities of both
data sets, and by the differences in assumptions. Specifi-1075

cally, AERONET radiometer does not include observations
in backscattering direction, and assumption of size indepen-
dent refractive index may also result in an additional error in
the lidar ratio estimation. For example, in fig. 9, the high
values of absorption for the coarse mode in AERONET re-1080

trieval, that could be caused by the presence of smoke in the
mixture, lead to unnatural lidar ratios retrieved for the desert
dust (see for e.g. Cattrall et al., 2005).
The spherical particles faction retrieved for these two cases
gave 40% of spherical particles for the smoke event and 25%1085

for the dust, compared to the 99% and 2% from AERONET
retrievals. This difference can be explained by high sen-
sitivity of the lidar measurements to backscatter from non-

Fig. 14. Retrieved aerosol complex refractive indices.
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Fig. 15. Retrieved vertical concentration profiles.
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Fig. 16. Retrieved aerosol lidar ratios.

spherical particles (see Dubovik et al. (2006) and fig. 9.)
Figure 17 illustrates the retrievals of columnar single scatter-1090

ing albedo. Total (i.e. mixture of fine and coarse) SSA shows
good agreement with AERONET retrievals and with clima-
tological values (Dubovik et al., 2002a). Both spectral de-
pendencies of smoke and dust single scattering albedos were
retrieved. The total single scattering albedo is closer to the1095

value of dominating aerosol mode for both retrievals.
Figures 18 – 20 demonstrate the vertical distributions of

single scattering albedos, lidar ratios and extinction calcu-
lated using retrieved parameters at the wavelengths of li-
dar measurements. All distributions have noticeable vertical1100

structure that agrees with the retrieved vertical distributions
of aerosol concentrations. Both values of single scattering
albedo and lidar ratios at all single layers are in the ranges of
typical values for dust and smoke aerosols (Dubovik et al.,
2002a; Cattrall et al., 2005). It should be noted, that the par-1105
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Fig. 18. Retrieved vertical profiles of aerosol single scattering
albedo.

ticular behaviour of profiles in fig. 18 – 19 at higher altitudes
could be explained by a very small amount of the aerosol
present in the upper atmosphere layers and very weak signal
returned from this altitude range.

Figure 21 shows vertical distributions retrieved by the1110

GARRLiC compared with the results of LiRIC inversion
(Chaikovsky et al.) made for the same measurement set dur-
ing dust event. Both retrieved profiles are in good agreement.
The minor differences could be explained by smaller amount
of altitude layers in the GARRLiC retrieval and differences1115

in lidar ratios estimations for both modes. Such high sim-
ilarity could be explained by the small (see fig. 14) differ-
ence in complex refractive indices of fine and coarse aerosol
modes, which should result in close values of derived lidar
ratios, thus not causing any significant effect on the retrieved1120

aerosol concentration profiles. Therefore, for the situations
when the usage of the same values of complex refractive
index for both aerosol modes could be justified, these two
methods should provide similar results. We have observed

Fig. 15. Retrieved vertical concentration profiles.
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spherical particles (see Dubovik et al. (2006) and fig. 9.)
Figure 17 illustrates the retrievals of columnar single scatter-1090

ing albedo. Total (i.e. mixture of fine and coarse) SSA shows
good agreement with AERONET retrievals and with clima-
tological values (Dubovik et al., 2002a). Both spectral de-
pendencies of smoke and dust single scattering albedos were
retrieved. The total single scattering albedo is closer to the1095

value of dominating aerosol mode for both retrievals.
Figures 18 – 20 demonstrate the vertical distributions of

single scattering albedos, lidar ratios and extinction calcu-
lated using retrieved parameters at the wavelengths of li-
dar measurements. All distributions have noticeable vertical1100

structure that agrees with the retrieved vertical distributions
of aerosol concentrations. Both values of single scattering
albedo and lidar ratios at all single layers are in the ranges of
typical values for dust and smoke aerosols (Dubovik et al.,
2002a; Cattrall et al., 2005). It should be noted, that the par-1105
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Fig. 18. Retrieved vertical profiles of aerosol single scattering
albedo.

ticular behaviour of profiles in fig. 18 – 19 at higher altitudes
could be explained by a very small amount of the aerosol
present in the upper atmosphere layers and very weak signal
returned from this altitude range.

Figure 21 shows vertical distributions retrieved by the1110

GARRLiC compared with the results of LiRIC inversion
(Chaikovsky et al.) made for the same measurement set dur-
ing dust event. Both retrieved profiles are in good agreement.
The minor differences could be explained by smaller amount
of altitude layers in the GARRLiC retrieval and differences1115

in lidar ratios estimations for both modes. Such high sim-
ilarity could be explained by the small (see fig. 14) differ-
ence in complex refractive indices of fine and coarse aerosol
modes, which should result in close values of derived lidar
ratios, thus not causing any significant effect on the retrieved1120

aerosol concentration profiles. Therefore, for the situations
when the usage of the same values of complex refractive
index for both aerosol modes could be justified, these two
methods should provide similar results. We have observed

Fig. 16. Retrieved aerosol lidar ratios.
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spherical particles (see Dubovik et al. (2006) and fig. 9.)
Figure 17 illustrates the retrievals of columnar single scatter-1090

ing albedo. Total (i.e. mixture of fine and coarse) SSA shows
good agreement with AERONET retrievals and with clima-
tological values (Dubovik et al., 2002a). Both spectral de-
pendencies of smoke and dust single scattering albedos were
retrieved. The total single scattering albedo is closer to the1095

value of dominating aerosol mode for both retrievals.
Figures 18 – 20 demonstrate the vertical distributions of

single scattering albedos, lidar ratios and extinction calcu-
lated using retrieved parameters at the wavelengths of li-
dar measurements. All distributions have noticeable vertical1100

structure that agrees with the retrieved vertical distributions
of aerosol concentrations. Both values of single scattering
albedo and lidar ratios at all single layers are in the ranges of
typical values for dust and smoke aerosols (Dubovik et al.,
2002a; Cattrall et al., 2005). It should be noted, that the par-1105
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Fig. 18. Retrieved vertical profiles of aerosol single scattering
albedo.

ticular behaviour of profiles in fig. 18 – 19 at higher altitudes
could be explained by a very small amount of the aerosol
present in the upper atmosphere layers and very weak signal
returned from this altitude range.

Figure 21 shows vertical distributions retrieved by the1110

GARRLiC compared with the results of LiRIC inversion
(Chaikovsky et al.) made for the same measurement set dur-
ing dust event. Both retrieved profiles are in good agreement.
The minor differences could be explained by smaller amount
of altitude layers in the GARRLiC retrieval and differences1115

in lidar ratios estimations for both modes. Such high sim-
ilarity could be explained by the small (see fig. 14) differ-
ence in complex refractive indices of fine and coarse aerosol
modes, which should result in close values of derived lidar
ratios, thus not causing any significant effect on the retrieved1120

aerosol concentration profiles. Therefore, for the situations
when the usage of the same values of complex refractive
index for both aerosol modes could be justified, these two
methods should provide similar results. We have observed

Fig. 17. Retrieved aerosol single scattering albedo.
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Fig. 16. Retrieved aerosol lidar ratios.

spherical particles (see Dubovik et al. (2006) and fig. 9.)
Figure 17 illustrates the retrievals of columnar single scatter-1090

ing albedo. Total (i.e. mixture of fine and coarse) SSA shows
good agreement with AERONET retrievals and with clima-
tological values (Dubovik et al., 2002a). Both spectral de-
pendencies of smoke and dust single scattering albedos were
retrieved. The total single scattering albedo is closer to the1095

value of dominating aerosol mode for both retrievals.
Figures 18 – 20 demonstrate the vertical distributions of

single scattering albedos, lidar ratios and extinction calcu-
lated using retrieved parameters at the wavelengths of li-
dar measurements. All distributions have noticeable vertical1100

structure that agrees with the retrieved vertical distributions
of aerosol concentrations. Both values of single scattering
albedo and lidar ratios at all single layers are in the ranges of
typical values for dust and smoke aerosols (Dubovik et al.,
2002a; Cattrall et al., 2005). It should be noted, that the par-1105
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Fig. 18. Retrieved vertical profiles of aerosol single scattering
albedo.

ticular behaviour of profiles in fig. 18 – 19 at higher altitudes
could be explained by a very small amount of the aerosol
present in the upper atmosphere layers and very weak signal
returned from this altitude range.

Figure 21 shows vertical distributions retrieved by the1110

GARRLiC compared with the results of LiRIC inversion
(Chaikovsky et al.) made for the same measurement set dur-
ing dust event. Both retrieved profiles are in good agreement.
The minor differences could be explained by smaller amount
of altitude layers in the GARRLiC retrieval and differences1115

in lidar ratios estimations for both modes. Such high sim-
ilarity could be explained by the small (see fig. 14) differ-
ence in complex refractive indices of fine and coarse aerosol
modes, which should result in close values of derived lidar
ratios, thus not causing any significant effect on the retrieved1120

aerosol concentration profiles. Therefore, for the situations
when the usage of the same values of complex refractive
index for both aerosol modes could be justified, these two
methods should provide similar results. We have observed

Fig. 18. Retrieved vertical profiles of aerosol single scattering albedo.
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Fig. 19. Retrieved vertical profiles of aerosol lidar ratio.
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Fig. 20. Retrieved vertical profiles of aerosol extinction.

that in less favourable situations AERONET estimates of li-1125

dar ratio can show more significant deviations, thus affecting
the retrievals of vertical concentration profiles more drasti-
cally.

In the figure 22 lidar measurements fits achieved during
GARRLiC inversions are presented. Since both measure-1130

ments were made with different duration, the noise at higher
altitudes is much stronger in the case with smoke observa-
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use of lidar measurements down-sampling and application of
additional smoothness constrains allowed us to diminish the1135
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dar system.
Thus, the results of GARRLiC application to real data and

their comparisons with AERONET and LiRIC retrieval re-
sults showed an encouraging agreement for both columnar
and vertical properties of aerosol. At the same time, the1145

GARRLiC retrieval differentiates between columnar optical
properties of fine and coarse modes of aerosol relying on ad-
ditional information contained in lidar observations.
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This paper has discussed in detail a concept for a new GAR-1150

RLiC algorithm developed for deriving detailed properties

Fig. 19. Retrieved vertical profiles of aerosol lidar ratio.
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that in less favourable situations AERONET estimates of li-1125

dar ratio can show more significant deviations, thus affecting
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cally.
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ments were made with different duration, the noise at higher
altitudes is much stronger in the case with smoke observa-
tions due to the smaller accumulation of the lidar signal. The
use of lidar measurements down-sampling and application of
additional smoothness constrains allowed us to diminish the1135

influence of high noise and stabilize the retrievals in the pres-
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could be observed at lower altitudes in the part of fig. 22 re-
ferring to the dust observation are caused by the non-uniform
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Fig. 22. Achieved lidar measurement fits.

dar system.
Thus, the results of GARRLiC application to real data and

their comparisons with AERONET and LiRIC retrieval re-
sults showed an encouraging agreement for both columnar
and vertical properties of aerosol. At the same time, the1145

GARRLiC retrieval differentiates between columnar optical
properties of fine and coarse modes of aerosol relying on ad-
ditional information contained in lidar observations.

7 Conclusions

This paper has discussed in detail a concept for a new GAR-1150

RLiC algorithm developed for deriving detailed properties

Fig. 20. Retrieved vertical profiles of aerosol extinction.
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that in less favourable situations AERONET estimates of li-1125

dar ratio can show more significant deviations, thus affecting
the retrievals of vertical concentration profiles more drasti-
cally.

In the figure 22 lidar measurements fits achieved during
GARRLiC inversions are presented. Since both measure-1130

ments were made with different duration, the noise at higher
altitudes is much stronger in the case with smoke observa-
tions due to the smaller accumulation of the lidar signal. The
use of lidar measurements down-sampling and application of
additional smoothness constrains allowed us to diminish the1135

influence of high noise and stabilize the retrievals in the pres-
ence of random noise. The misfits at shorter wavelengths that
could be observed at lower altitudes in the part of fig. 22 re-
ferring to the dust observation are caused by the non-uniform
overlap of the fields of view of receiver and emitter of the li-1140
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Fig. 21. Comparison of the retrieved vertical profiles with LiRIC
inversion for observations on 13.08.2010.
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Fig. 22. Achieved lidar measurement fits.

dar system.
Thus, the results of GARRLiC application to real data and

their comparisons with AERONET and LiRIC retrieval re-
sults showed an encouraging agreement for both columnar
and vertical properties of aerosol. At the same time, the1145

GARRLiC retrieval differentiates between columnar optical
properties of fine and coarse modes of aerosol relying on ad-
ditional information contained in lidar observations.

7 Conclusions

This paper has discussed in detail a concept for a new GAR-1150

RLiC algorithm developed for deriving detailed properties

Fig. 21. Comparison of the retrieved vertical profiles with LiRIC inversion for observations on
13 August 2010.
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that in less favourable situations AERONET estimates of li-1125

dar ratio can show more significant deviations, thus affecting
the retrievals of vertical concentration profiles more drasti-
cally.

In the figure 22 lidar measurements fits achieved during
GARRLiC inversions are presented. Since both measure-1130

ments were made with different duration, the noise at higher
altitudes is much stronger in the case with smoke observa-
tions due to the smaller accumulation of the lidar signal. The
use of lidar measurements down-sampling and application of
additional smoothness constrains allowed us to diminish the1135

influence of high noise and stabilize the retrievals in the pres-
ence of random noise. The misfits at shorter wavelengths that
could be observed at lower altitudes in the part of fig. 22 re-
ferring to the dust observation are caused by the non-uniform
overlap of the fields of view of receiver and emitter of the li-1140

0

2

4

6

8

10

0 0.1 0.2 0.3 0.4 0.5 0.6

Fine mode

GARRLiC retrieval
LiRIC retrieval

A
lti

tu
de

, k
m

c(h), km-1

0

2

4

6

8

10

0 0.1 0.2 0.3 0.4 0.5 0.6

Coarse mode

GARRLiC retrieval
LiRIC retrieval

A
lti

tu
de

, k
m

c(h), km-1
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inversion for observations on 13.08.2010.
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Fig. 22. Achieved lidar measurement fits.

dar system.
Thus, the results of GARRLiC application to real data and

their comparisons with AERONET and LiRIC retrieval re-
sults showed an encouraging agreement for both columnar
and vertical properties of aerosol. At the same time, the1145

GARRLiC retrieval differentiates between columnar optical
properties of fine and coarse modes of aerosol relying on ad-
ditional information contained in lidar observations.

7 Conclusions

This paper has discussed in detail a concept for a new GAR-1150

RLiC algorithm developed for deriving detailed properties

Fig. 22. Achieved lidar measurement fits.

2325

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/2253/2013/amtd-6-2253-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/2253/2013/amtd-6-2253-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

